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Editorial on the Research Topic 
Metallic alloys in medical applications

Biomaterials are natural or artificial materials used to manufacture implants to replace lost or diseased biological structures in order to restore form and function. Biomaterials that require long-term service, such as orthopedic implants, need good physical and chemical stability, such as stainless steel and titanium alloys. While biomaterials that need to disappear after a certain period of time such as vascular stents need biodegradability, such as magnesium alloys. In recent years, biomedical high entropy alloys (HEAs) as novel alloy systems are considered to have a greater potential in the biomedical field. In addition, there is an urgent need to use simulation and computation in the design and fabrication process of metallic implants for individual patient requirements.
In terms of traditional biomedical metals such as 316L stainless steel (316L SS) and Mg alloy, Li et al. prepared several 316L SS specimens with different angles (0°, 15°, 30°, 45°, 60°, 75°, and 90°) relative to the substrate by selective laser melting (SLM) and investigated the effects of different angles on the microstructure evolution, tensile properties, and corrosion resistance of 316L SS. The specimens with 90° relative to the substrate show higher toughness and corrosion resistance due to a higher volume fraction of low-angle grain boundaries and finer grains. Zhang et al. reviewed the recent developments in Mg alloys in optimizing composition and microstructure, enhancing mechanical properties, controlling degradation rates, and elucidating corrosion mechanisms. They pointed out that surface modification techniques should be utilized to improve the corrosion resistance of Mg alloys on the basis of ensuring biocompatibility and mechanical properties. Yang et al.prepared a mixture of metallic Fe and Mg in a layered composite using a one-step dip-coating method and evaluated the morphology, composition, crystal structure, and corrosion behavior of Mg/Fe sheets. Long-term open-circuit potential measurements showed that the Mg/Fe sheet specimens exhibited a “self-healing” effect in Dulbecco’s modified Eagle medium, which provides a new method to control the corrosion rate of Mg/Fe. Åhman et al. investigated the effect of powder bed laser melting and subsequent hot isostatic pressing (HIP) on the microstructure and weave of the specimens in different orientations and explored the corrosion behavior of Mg-Y-Nd-Zr alloys compared to the extruded specimens. The results show that more and coarser secondary phases lead to higher local corrosion rates in the powder bed laser melt specimens and HIPed specimens. Yang et al. prepared Mg-Ti composites with a bicontinuous interpenetrating phase structure by infiltrating Mg melt into 3D printed Ti scaffolds and explored its degradation behavior and effects on mouse embryonic osteoblast precursor cells. They found that Mg-Ti composite preferentially started to degrade near the interface and significantly enhanced osteogenic activity due to the positive effect of a moderate amount of Mg2+.
In the aspect of novel alloy systems, for example, Liu et al. summarized the superior mechanical properties and biocompatibility of biomedical HEAs. Moreover, biomedical HEAs show both high strength and low elastic modulus, which can meet the strength requirements and avoid stress shielding, and some of them exhibit good superelasticity. Regarding the biological properties, biomedical HEAs focus on the elements with good biocompatibility, such as Ti, Ta, Nb, Zr, and Hf. However, the biological behaviors of biomedical HEAs are currently limited to in vitro cell viability experiments, and relevant in vivo experiments still need to be carried out. Feng et al. summarized the composition of biomedical HEAs in recent years, introduced their biocompatibility and the mechanical properties matching with human bone, and gave suggestions for future directions. They concluded that there is a demand for advancing theoretical and simulation studies on the compositional design of biomedical HEAs, quantifying the effects of composition, process, and post-treatment on the performance of biomedical HEAs, as well as focusing on the depletion of biomedical HEAs under actual use conditions.
To meet individual service requirements, multi-level simulation and computation are utilized in the design of biomedical metallic implants. Hou et al. systematically investigated the phase stability, elastic modulus, and electronic structure of the body-centered cubic structure of β-TiX (X = Nb, Ta) alloy with the aid of first-principles calculations. The results show that the bonding strength between Ti and X atoms increases with the increase of the alloying element X content, which leads to an increase in phase stability and elastic modulus. Lv et al. designed porous scaffolds based on triply periodic minimal surface structures with the same porosity and different pore strategies by changing the minimal surface equation. They systematically investigated the effects of the pore strategy on the microstructure, mechanical properties, and permeability of the porous scaffolds, and the results showed that the continuous gradient distribution of pore size altered the stress distribution inside the scaffolds. Liang et al. proposed a reasonable cervical intervertebral range of motion after anterior cervical discectomy and fusion (ACDF) to offset the increased intervertebral facet joint forces and intradiscal pressures in the non-fusion segment after anterior cervical discectomy fusion. This study provides a new method to estimate reasonable range of motion after ACDF surgery from a biomechanical perspective, and further in vitro and clinical studies are needed for validation.
The contributions of the above work were summarized as follows: the traditional biomedical metals, especially 316L SS and Mg alloys (Li et al.; Zhang et al.; Yang et al.; Åhman et al.; Yang et al.); novel alloy system, biomedical HEAs (Liu et al.; Feng et al.); and simulation and computational methods (Hou et al.; Lv et al.; Liang et al.). This Research Topic focused on the recent development of metallic biomaterials for medical applications, which can promote the development of metallic biomaterials.
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In this study, seven 316L stainless steel (316L SS) bulks with different angles (0°, 15°, 30°, 45°, 60°, 75°, and 90°) relative to a build substrate were built via selective laser melting (SLM). The influences of different angles on the metallography, microstructure evolution, tensile properties, and corrosion resistance of 316L SS were studied. The 0° sample showed the morphology of corrugated columnar grains, while the 90° sample exhibited equiaxed grains but with a strong <101> texture. The 60° sample had a good strength and plasticity: the tensile strength with 708 MPa, the yield strength with 588 MPa, and the elongation with 54.51%. The dislocation strengthening and grain refinement play a vital role in the mechanical properties for different anisotropy of the SLM-fabricated 316L SS. The 90° sample had greater toughness and corrosion resistance, owing to the higher volume fraction of low-angle grain boundaries and finer grains.
Keywords: selective laser melting, construction angles, 316L SS, tensile properties, grain refinement
INTRODUCTION
Additive manufacturing (AM) has great development prospects in the medical, automotive, aerospace, and mold industries and is currently a global manufacturing trend, as stated by Song S. et al. (2020). Selective laser melting (SLM), as one of the AM technology, “prints” materials and components directly from a computer-aided design file, thereby offering unique advantages of design freedom for complex parts without the need for molds (Shu et al., 2020). As SLM is a layer-by-layer building technology, it provides ample opportunities for tailoring the microstructure and then mechanical properties (Xing et al., 2020). At present, the powder materials suitable for SLM technology mainly include 316L stainless steel, AlSi10Mg, Inconel 718, Inconel 625, and TC4 (Harun et al., 2018; Kreitcberg et al., 2017; Li et al., 2021; Luo et al., 2019; Yu et al., 2020).
Notably, 316L stainless steel (316L SS) has excellent comprehensive mechanical properties, corrosion resistance, good biocompatibility, and good SLMed formability (Kong et al., 2018a; Shin et al., 2021; Xu et al., 2021), but the release of Ni element may cause adverse health problems. Therefore, the important factor for the application of 316L SS in the biological field is the corrosion and element release of the SLM-formed part in the biological environment. The SLM-processed 316L SS had been extensively studied, including relative density, surface roughness, microstructure, and mechanical properties (Liverani et al., 2017; Agrawal et al., 2020; Marattukalam et al., 2020). However, the SLM-fabricated 316L SS displays microstructure anisotropy. Specifically, the difference of columnar grains of the vertical plane and equiaxed grains of the horizontal plane could cause anisotropy of mechanical properties and corrosion resistance. Additionally, defect distribution, residual stress, deformation mechanism, and melt pool boundary are affected by the performance anisotropy of the SLM-prepared 316L SS (Yin et al., 2018; Chen et al., 2019; Shifeng et al., 2014; Blinn et al., 2020). In order to alleviate this, some researchers have decreased defects in the SLM-processed 316L SS, such as cracks and pores, by optimizing the process parameters (Liverani et al., 2017). Several studies have changed the laser-scanning strategy and increased the preheating temperature to improve the residual stress level and the microstructure anisotropy within the SLM-fabricated 316L SS (Song Y.n. et al., 2020). AlMangour et al. (2017) have added nano-scale TiC particles to improve the SLM-processed 316L SS’ mechanical performances by refining the microstructure and increasing dislocation density. Additionally, many researchers have implemented post-processing techniques, such as heat treatment, promoting the homogenization of microstructures and improving the mechanical performances anisotropy from the SLM-formed 316L SS (Hong et al., 2021). Kong et al. (2018a) found that 316L SS formed under high laser power has a thicker passivation film and higher cell proliferation ability than that formed at low laser power.
It is crucial to study the influence of the construction angle on the SLM-prepared 316L SS’ microstructure evolution, mechanical performances, and corrosion under stable process parameters. During SLM, the relationship between the placement of the sample and the gas–flow direction can affect the relative density of the formed part (Agius et al., 2017). Build orientation, local heat input, and rapid solidification can change the grain orientation of SLM-prepared 316L SS. Additionally, Wen et al. (2019) found that the spatial orientation of the molten pool boundary affected the SLM-fabricated 316L SS’ toughness. The fatigue–crack direction of SLM-fabricated 316L SS was correlated with the laser scanning angle, and the formation of defects impacts the type of fractures (Zhang et al., 2019). Liu et al. (2020) reported that the crystal plasticity model accurately captured and forecasted the yield strength anisotropy behavior of SLM-fabricated 316L, which is mainly influenced by the crystallographic structure. During deformation, the vertical sample was deformed by grain extension then dislocation slip and had the stability of work hardening, whereas grain rotation occurred through slipping and massive twinning in the horizontal sample, which exhibited a smaller effective grain size (Bahl et al., 2019; Liu et al., 2020; Kale et al., 2021). Thus, the 0° sample had higher yield strength than the 90° sample. Atapour et al. (2020) studied the corrosion resistance of SLM-formed 316L SS from different build orientations before and after heat treatment in dilute hydrochloric acid (HCl, PH = 1.5). Compared with as-built, the heat-treated sample could release more Ni element, which may be attributed to the reduction of the surface oxide layer thickness.
In this study, seven groups of 316L SS samples with different angles relative to a build substrate were designed and then formed through SLM technology using optimized process parameters. The effects of construction angles (from 0° to 90° relative to build plate) on the microstructure evolution, texture, tensile properties, and corrosion resistance of SLM-prepared 316L samples were researched. This study drew an outlook on the gradient in microstructure evolution, tensile properties, and corrosion resistance from different construction angles relative to the build substrate in SLM-fabricated 316L SS.
EXPERIMENT
SLM Technique
A gas-atomized 316L stainless steel powder with a particle size ranging from 20 to 50 μm was produced by Avimetal Powder Metallurgy Technology Co., Ltd. The SLM samples were prepared employing the Renishaw AM 400 system. The beam size of laser was 70 μm in diameter. The SLM processes were proceeded in high-purity Ar (≥99.99%) gas atmosphere with an O2 content below 0.1%. Optimized printing parameters of 50-μm powder layer thickness, 185-W laser power, 100-μs exposure time, and 120-μm hatch distance were used to ensure good material density. The selection of optimal parameters was determined on the basis of a large number of experiments. During the SLM process, a rotation of 67° laser scanning strategy between successive layers was used, as shown in Figure 1C. Seven samples with different angles relative to the build plate were manufactured. One sample was prepared every 15° from 0° to 90°. Figure 1A,B shows the models of the 45° sample and 75° sample. There was no dangling part in the SLM-processed sample, and the deposition area of the sample (construction angle from 0° to 90°) gradually decreased with the increase in the built height. Among them, the 0° sample had the largest deposition area (55 × 10 mm), and the 90° sample had the largest Z-axis dimension (55 mm).
[image: Figure 1]FIGURE 1 | Model design: (A) 45° sample, (B) 75° sample, (C) selected laser scanning strategy, and (D) dimensions (in mm) used in the fabrication of the tensile samples.
Microstructure Characterization and Mechanical Properties
To experimentally study the mechanical anisotropy, tensile samples were fabricated along different construction angles relative to the build subtrate: 0°, 15°, 30°, 45°, 60°, 75°, and 90°. The selection of the construction angles was conducive to a more comprehensive understanding of the force on each part of the SLM-fabricated sample. Blocks close to the net dimension were cut out of each sample via electric discharge machining (EDM) and used for producing tensile samples. Figure 1D shows the three-dimensional size of a tensile sample. The cut blocks were ground using SiC paper, polished by diamond suspension, and etched with an acid mixture (HCl:HNO3 = 3:1). Using an Axiovert 200MAT optical microscope (OM) and a TESCAN VEGA3 scanning electron microscope (SEM), we observed the macrostructure or microstructure of each samples. Electron backscatter diffraction (EBSD) results were obtained on a Hitachi S-3400N SEM equipped with an HKL EBSD. The EBSD measurements were done on extractions from the 0°, 45°, 60°, and 90° samples, and the test plane was selected to be perpendicular to the load–direction plane. Using a calibrated E43.504 electronic universal testing machine, we performed the tensile tests of each sample at room temperature, with a 2 mm/min tensile speed. Samples were tested in triplicate to ensure accuracy.
Electrochemical Testing
The electrochemical measurements were performed in 3.5 wt% NaCl solution at 25°C, and the etching surface zone was 5 mm × 5 mm. A three-electrode arrangement was used: the sample is the working electrode, saturated calomel is the reference electrode, and a Pt is the counter electrode. All of the samples were welded by a copper wire and then embedded in the epoxy resin. The working surfaces were ground with SiC paper, polished, ultrasonically cleaned in absolute ethyl alcohol for 3 min, and air-dried before testing. The corrosion resistance of all samples was characterized by polarization curves. The corrosion current and sweep potential of each sample were analyzed by CHI604E software. Each sample’s current density is based on the total current divided by the exposed area during the corrosion test. The surface roughness is not generally considered in the calculation. The calculation can be expressed as follows:
[image: image]
where icorr is current density with A/cm2, Icorr is total anodic current with unit of A.
RESULTS
Macrostructure Evolution
In Figure 2, the OM images show the morphologies form in the horizontal and vertical planes of the SLM-formed 316L SS from different angles (relative to build subtrate). Figure 2A1-g1 shows the “track–track” overlap trajectory that was the overlapping trajectory between the nth laser track and the (n+1)th laser track. Consistent with the scanning pattern, the laser track of samples with different construction angles displayed intersection angles of 67° (shown by the white line in Figure 2A1). Shortened and even overlapped average laser tracks were observed for each set of construction angle samples (for which the sum of construction angles = 90°) with the construction angle changes. The sets of construction angles were: 0° and 90° samples, 15° and 75° samples, and 30° and 60° samples. The laser track of the horizontal plane of the 45° sample showed a semicircular melt channel, similar to the shape of the molten pool.
[image: Figure 2]FIGURE 2 | OM images of SLM-processed 316L SS from different angles relative to the build substrate: (a1-g1) cross section and (a2-g2) longitudinal section.
Figure 2A2-g2 shows the microscopic morphology of the vertical planes of the SLM-formed 316L SS from different angles (relative to build subtrate). Fish scale–like melt pools were observed in the vertical plane of all samples and were repeatedly stacked to form dense SLM-processed parts. Each sample showed similar melt pool morphology, which showed a “layer–layer” overlap. The tilt angle of the melt pools between the adjacent layers also changed with the construction angle. The melt pool orientation of the 0° and 90° samples was perpendicular to the build plate, see in Figure 2A2 and g2, while a part of the melt pool orientation from the 15° sample was at an angle of 15° relative to the build plate; other samples followed similar patterns.
Microstructure Evolution
As shown in Figure 3A1-g1, the SEM morphology of the cross section from the SLM-formed 316L SS with different angles (relative to build subtrate) were exhibited. The grains of SLM-formed 316L SS were mainly composed of columnar subcrystals, cellular subcrystals, and cellular dendrite subcrystals. The 60° samples exhibited finer cellular subcrystals and cellular dendrite subcrystals, followed by the 45°, 30°, 0°, and 15° samples in the order of fineness. The 75° and 90° samples had larger cellular subcrystals and cellular dendrite subcrystals. Cellular dendrite subcrystals were observed in the 0° sample and 60° sample, while columnar subcrystals of different orientations appeared in the 30° sample, 45° sample, and 75° sample. The 15° sample and 90° sample displayed columnar subcrystals perpendicular to the molten pool boundary.
[image: Figure 3]FIGURE 3 | SEM images of SLM-processed 316L SS with from different angles relative to the build substrate: (a1-g1) cross section and (a2-g2) longitudinal section.
Figure 3A2-g2 exhibits the SEM morphology of the longitudinal section from the SLM-formed 316L SS with different construction angles. There were cellular subcrystals inside the melt pool of the 0° and 45° samples, and a small number of cellular dendrite subcrystals outside the melt pool boundary (MPB). The 15° sample displayed cellular dendrite sub-grains inside the melt pool. Figure 3C2 shows that the columnar subcrystals were perpendicular to the MPB from the 30° sample. The 60° sample and 90° sample exhibited mostly cellular dendrite subcrystals and cellular subcrystals. The cellular dendrite subcrystals of the 60° sample were of an uniform size, while the cellular dendrite subcrystals of the 90° sample were slightly larger, as shown in Figure 3E2 and g2.
Comparing the SEM images in Figure 3A1-g1, the proportion of columnar sub-grains in the longitudinal section was higher than that in the cross section, especially in the 75° and 90° samples. The proportion of dendrite sub-grains increased in order of 15°, 0°, 60°, 30°, and 45° samples. The orientation of dendrite sub-grains from 75° sample and 90° sample exhibited obvious differences, as shown in Figure 3F2 and g2. Figure 3F2 shows the epitaxial growth of dendrites in the 75° sample. The dendrite grains inside the melt pool continued to cross and grow along the melt pool boundary to a new melt pool, and dendrite grains of different orientations appeared.
Figure 4 shows the inverse pole figures (IPF) of the sample with different angles of 0°, 45°, 60°, and 90°. The microtexture was analyzed based on the EBSD data obtained from a plane perpendicular to the load direction. The grain orientation maps were mainly identified by three color: red is <001>, green is <101>, and blue is <111> (Kale et al., 2021). No sign of MPBs appears due to epitaxial grain growth in remelted zones, shown in Figure 4A. The 0° sample’ grains show a ripple pattern and a strong <101> texture (represented by green) obtained parallel to the build direction. The 45° and 60° sample exhibited a non-uniform grain structure and numerous finer grains appeared, as shown in the red boxes in Figure 4B,C. The portion of <111> oriented grains (displayed by blue color) of the 45° sample was higher than those of the 0° and 90° samples, while the portion of <111> oriented grains of the 60° sample was higher compared with the 45° sample. The <111> oriented grains showed an increasing trend with the increase in the construction angle. The 90° sample showed rectangular beam–shaped grains, which were marked with equiaxed grains in the scanning direction, and an intense <101> texture was acquired along the scan direction. An additional, minor <001> texture component was visible in all the samples.
[image: Figure 4]FIGURE 4 | EBSD inverse pole figures of SLM-processed 316L SS from different angles relative to the build substrate: (A–D) angle of 0, 45, 60, and 90.
According to the EBSD data, the 0°, 45°, 60°, and 90° samples included 1,929, 2,980, 2,583, and 3,316 crystal grains, respectively. The average grain sizes of these samples were 25.18, 20.19, 22.49, and 19.93 μm, as measured by the interception method. The proportions of grains smaller than 11.0 μm in the 0°, 45°, 60°, and 90° samples were 5.02, 0.00, 5.13, and 5.94%, respectively. In addition, the aspect ratios of grains from the 0°, 45°, 60°, and 90° samples were 3.12, 2.45, 2.52, and 2.18, respectively. The larger the aspect ratio of the grains, the higher the proportion of columnar grains in the plane (Spittle, 2013). Therefore, the 0° sample showed a high proportion of columnar grains, followed by the 60° sample, and the 45° sample.
Figure 5 shows the pole figures (PF) of each samples with different angles of 0°, 45°, 60°, and 90°, corresponding to the 0° sample, 45° sample, 60° sample, and 90° sample. The grains of the 0° sample were symmetrically arranged in parallel to the X0 axis, and an intense <110> crystallographic texture was acquired parallel to the BD. The 90° sample showed a preferred <110> texture perpendicular to the XY plane. The diffusion ring seen from the {110} PF demonstrated a fiber texture parallel to the X-orientation. Based on the Channel 15 analysis, the maximum texture was a shear texture of 45° with the build direction, as shown in the {110} PF of the 45° sample. Figure 5C shows that the maximum texture was a shear texture of 60° with the build direction in the {110} PF of the 60° sample. It illustrated that the grain orientation of the different angle planes was related to the build direction. The multiple of the uniform density (MUD) value depicts the relative texture strength of a particular orientation in a sample. The 90° sample showed a larger MUD value (5.80), followed by the 0° sample (MUD = 4.29). The MUD of the 60° sample was 3.63, and the 45° sample had the minimum mud value of 3.18.
[image: Figure 5]FIGURE 5 | PF of SLM-processed 316L SS from different angles relative to the build substrate: (A–D) angle of 0, 45, 60, and 90.
Figure 6 shows the grain boundary misorientation angle distribution of SLM-formed 316L SS with different angles of 0°, 45°, 60°, and 90°, corresponding to the 0° sample, 45° sample, 60° sample, and 90° sample, respectively. The green and black lines in Figure 6 correspond to the locations of LAGBs and HAGBs, respectively. Among them, grain boundaries with an orientation angle less than 15° were defined as LAGBs, while the rest were defined as HAGBs. The statistical results are summarized in Figure 6E. The linear fractions of LAGBs from the 0°, 45°, 60°, and 90° samples were 45.4, 41.6, 46.9, and 47.1%, respectively. Of them, the linear fractions of LAGBs were the lowest in the 45° sample, while the 60° and 90° samples had similar linear fractions of LAGBs.
[image: Figure 6]FIGURE 6 | Grain boundary misorientation angles of SLM-processed 316L SS from different angles relative to the build substrate: (A–D) angle of 0, 45, 60, and 90 and (E) the proportion of LAGBs in each sample.
The kernel average misorientation (KAM) diagrams represent the average misorientation of a given point relative to the third nearest neighbor (upper limit of 5°), as shown in Figure 7. The green color corresponds to a high stress concentration and high degree of plastic deformation. Based on the qualitative analysis of the KAM image, the SLM-prepared 316L SS exhibited high residual stress, which results from multiple thermal cycles and especially thermal shrinkage stress during rapid melting and solidification. To convert local misorientation into the density of geometrically necessary dislocation (GND), the following formula is used:
[image: image]
where [image: image] is the GND density at points, θ denotes the local misorientation angle (Gao et al., 2020), b represents the Burger’s vector (0.25 nm), and u is the scan step (3 μm) of EBSD. The average [image: image] of the 0°, 45°, 60°, and 90° samples were 3.89 × 1015 m−2, 4.26 × 1015 m−2, 4.29 × 1015 m−2, and 4.56 × 1015 m−2, respectively.
[image: Figure 7]FIGURE 7 | KAM map of SLM-processed 316L SS from different angles relative to the build substrate: (A–D) angle of 0, 45, 60, and 90.
Tensile Performance and Fracture Examination
Figure 8 depicts the stress and strain curves of all samples, and the corresponding ultimate tensile strength (UTS), yield strength (YS), and elongation are listed in Table 1. The samples with different construction angles showed obvious mechanical anisotropy. The 45° and 60° samples exhibited the maximum tensile strengths of 701 and 708 MPa, respectively. This tensile strength was significantly better than the SLM-formed 316L SS of Song Y.n. et al. (2020) and Chao et al. (2021). The 90° sample had lower tensile strength (623 MPa) than the other samples. The 45° sample and 60° sample had approximately equal yield strength, with values of 586 and 588 MPa, respectively. The 0° and 90° specimens showed lower yield strength, with values of 538 and 513 MPa, respectively. The 90° sample displayed the best plasticity, with a maximum elongation of 62.57%. The elongation of the 45° sample (49.25%) was only slightly better than that of the 0° sample (45.21%).
[image: Figure 8]FIGURE 8 | Stress–strain curve of SLM-processed 316L SS from different angles relative to the build substrate.
TABLE 1 | Tensile properties of SLM-processed 316L SS with different angles relative to the build substrate.
[image: Table 1]Figure 9 displays the fracture morphologies of the SLM-formed 316L SS from different angles relative to the build substrate, and the illustrations show the corresponding macroscopic fracture morphology. It can be seen that the fractures of each sample were smooth fracture facets, showing the necking phenomenon. The 0° sample and 45° sample exhibited slight necking, while the 75° and 90° samples displayed more necking, corresponding to the stronger plasticity. The 45°, 75°, and 90° samples were relatively flat in the fracture surface, while the 0°, 30°, and 60° samples had fine cracks, which results from the necking stage causing the fast fracture of a sample. Pores were visible in the fracture plane of the 15° sample, indicating that stress preferentially accumulated at the pore. A dimple morphology was observed in every alloy, indicating that the SLM-processed 316L SS had good plasticity. The 60° sample displayed relatively smaller and uniform dimples, indicating uniformity of the microstructure. The 90° sample had large and deep dimples with a diameter of about 5 μm, indicating that the sample had a great capability to lose stability locally. Thus, the 90° sample had high plasticity.
[image: Figure 9]FIGURE 9 | Characterization of fracture surface of the SLM-processed 316L SS from different angles relative to the build substrate: (A–G) angle of 0, 15, 30, 45, 60, 75, and 90.
Corrosion Resistance
Figure 10 depicts the polarization curve of all sample. The current density was not stable with the increase of sweep potential, which indicates the formation of an unstable passive film in the surface. Table 2 generalizes the sweep potential (Ecorr) and current density (Icorr) of each sample. The sweep potential range of each sample was between −0.33 V and −0.37 V, and the 30° specimen displayed the largest sweep potential of −0.33 V. According to thermodynamics, the greater the sweep potential, the better the corrosion resistance of the sample (Zhang et al., 2012). Additionally, the current density of all samples ranged from 1.12 × 10–5 A/cm2 to 2.20 × 10–5 A/cm2, except for the 90° sample (8.8 × 10–6 A/cm2). The corrosion rate was directly proportional to the Icorr (Zhang et al., 2012). Therefore, the 90° sample had the lowest corrosion rate.
[image: Figure 10]FIGURE 10 | Potentiodynamic polarization curves of SLM-processed 316L SS from different angles relative to the build substrate in a 3.5 wt% NaCl solution.
TABLE 2 | Potentiodynamic polarization results of SLM-formed 316L SS.
[image: Table 2]DISCUSSIONS
Effect of Angles Relative to Build Substrate on Microstructure Evolution
Reasonable process parameters can ensure that the powder is melted, and the spheroidization does not appear, which could ensure the full density of all samples, and offer high mechanical strength and corrosion resistance. Then the premature fracture or pinning corrosion would not appear due to pores during service.
The microstructure of the sample (construction angle relative to build plate) was affected due to the change of the construction angle, and the morphology of the horizontal plane was similar for each set of construction angle samples. In addition, the laser radiation and remelting of the plane of the same area increased, which caused shortened and even overlapped average laser tracks of each sample with the increase of the construction angle. When construction angle is 45°, the melt pool morphology of the vertical plane from the sample was almost the same as the laser trace of the horizontal plane. This might indicate that two samples (45° and 135° relative to the build plate) had less differences between the microstructures.
When the construction height increased, the deposition layer was continuously preheated and remelted, causing continuous accumulation of heat, while the temperature gradient and the degree of subcooling on the next layer decreased. Thus, the sub-grains nucleated and grew, leading to a larger grain size. During solidification, the growth of adjacent dendrites was inhibited due to fast cooling. Thus, columnar sub-grains were formed with obvious orientation. Portions of the columnar sub-grains exhibited epitaxial growth because of continuous remelting. During cooling, the sub-grains at the MPB continued to grow along the growth direction of the initial sub-grains inside of molten pool. The columnar grains crossed and grew further beyond the MPB. Due to the large temperature gradient during solidification, a part of the columnar grains possessed a strong epitaxial growth trend, even passing through the multilayer melt pool boundary.
The columnar sub-grains were largely different in each direction plane (relative to build plate) in SLM-fabricated 316L stainless steel. The proportion of columnar sub-grains decreased with the increase of the angle when the inclination angle of the plane was less than 45° (compared to build plate). In contrast, the proportion of columnar grains slightly increased when the inclination of the plane ranged from 45 to 60° (relative to build plate). During solidification, the heat flow dissipated through the deposited layer or the argon gas. The direction of heat transfer was parallel to the direction of grain growth, leading to competitive growth between grains (Larimian et al., 2020). Thus, the columnar grains grew upward along the BD, while the equiaxed grains appeared on the horizontal surface, but the heat transfer of each deposition layer changed with the increase in the construction angle. Based on rapid solidification, the Marangoni convection affected the heat and solute diffusion at the tip of the dendrite sub-grains, causing different aspect ratios of columnar grains in different planes (Spittle, 2013).
Nguyen et al. (2018) prepared Inconel 718 alloy with different powder layer thickness by SLM technology. When the powder layer is 20 μm, the sample exhibits a stable three-dimensional size, fine grain size, and high tensile properties. With the increase of the powder layer thickness, the porosity of the sample increases under the same process parameters. The sample exhibited partial unfused defects when the layer thickness is 50 μm. During the SLM process, when a thin powder layer is used, the sample could experience more thermal cycles. Meanwhile, the sufficient marangoni convection is conducive to a more uniform microstructure and element distribution. Compared with the thick powder layer, the columnar crystals could display the tendency of epitaxial growth in the molten pool when thin powder layer is used to build the same height, during SLM.
Figure 4 shows that <101> orientated grains decreased with the increase in the construction angle (<60°). During SLM processing, with the construction angle increases, the processing area of the block gradually decreases, that is, the area of the deposition layer decreases, which affects the liquid phase isotherm of the powder (Liu et al., 2018). During solidification, the direction of energy dissipation is affected by the building height of each sample. The growth direction of some dendrite sub-grains was perpendicular to the liquid phase isotherm, while some had a certain angle with the liquid phase isotherm. Thermal diffusivity and conductivity and element segregation led to changes of the thermal field at the melt pool. Therefore, the orientations of the grains changed. A similar phenomenon was reported in SLM-fabricated Inconel 718 (Du et al., 2019). In addition, the crystal lattice rotation due to deformation and nitriding affects texture evolution (Poulsen et al., 2003; Stinville et al., 2010). Based on the SLM process, remelting and differences in thermal fields may cause lattice rotation. Similar to the grain orientation in the build direction, the grains of different angle planes might also have undergone lattice rotation. Thus, the different planes exhibited various grain orientations.
Based on rapid melting and solidification, numerous dislocations were accumulated inside the cellular grain and columnar grain. The dislocation density gradually increased, intertwining to form dislocation walls, and further evolved into sub-grain boundaries. As the stress accumulated to a certain critical value, the sub-grain boundaries continued to absorb dislocations and then dynamic recrystallization occurred. Finally, the sub-grain boundaries gradually transformed into HAGBs (Wen et al., 2019). As the built height increased, the temperature gradient along the build direction changed greatly, increasing the density of geometrically necessary dislocation inside the sample (Mercelis and Kruth, 2006).
Effect of Angles Relative to Build Substrate on Mechanical Properties
In this study, the yield strength (YS) of the SLM-fabricated 316 SS with different construction angles exceeded 510 MPa, much higher than that of cold-rolled 316L SS (Shin et al., 2021). This may have been related to grain refinement, solid solution strengthening, and dislocation strengthening.
During the deformation process, grain boundaries can hinder the sliding of dislocations, causing accumulation of dislocations. Therefore, the need for greater stress promoted plastic deformation and even fracture of the material. The average grain size of each sample was below 26 μm, and the volume fraction of finer grains was greater than 5% except for the 45° sample. Based on the Hall–Petch formula:
[image: image]
where [image: image] is the friction stress (≈188 MPa), k is the strength coefficient (275 MPa·μm1/2 for 316L steel), and dm represents the average grain size (Li et al., 2018; Kumar et al., 2020). For most alloys, yield strength improves with a decreasing grain size. The theoretical yield strengths of the samples due to Hall–Petch contribution were 242.8, 249.2, 245.9, and 249.6 MPa, in order of increasing construction angles (Table 3).
TABLE 3 | Contribution of each strengthening mechanism on the yield strength of the SLM-fabricated 316L SS with different angles relative to the build substrate based on the models.
[image: Table 3]Each samples had a high proportion of LAGBs and dislocation densities. During the load process, LAGBs became the nucleation center of dislocations; dislocations slipped, entangled, and formed dense dislocation walls, resulting in many secondary interfaces and leading to strain hardening. In addition, the LAGBs were related to the KAM diagram. Based on the KAM diagram, many dislocations and dislocation loops appeared in each sample. During the deformation process, the grain boundaries inhibited the movement of the dislocations, thereby leading to a high YS of the material. The dislocation strengthening is described as:
[image: image]
where B for FCC materials is taken as 0.2, Gm is the shear modulus of the 316L steel (77 GPa), b is burgers vector, and [image: image] represents the dislocation density, which includes GNDs, estimated by the KAM analysis (Li et al., 2020). Based on theoretical calculations, the [image: image] of each sample were 243.2, 254.5, 255.4, and 263.4 MPa, in order of increasing construction angles (Table 3).
The solid solution atoms (alloying elements) dissolved in the 316L stainless steel affected yield strength. The solid solution strengthening is given by:
[image: image]
where ki is the strengthening coefficient and ci is the i-th alloying element’s concentration (Mohd Yusuf et al., 2020). Mohd Yusuf et al. (2020) calculated [image: image] to be 115.4 MPa.
After theoretical calculation, the theoretical yield strength of 316L stainless steel can be expressed as follows:
[image: image]
Grain refinement and dislocation strengthening played key roles in YS improvement of the SLM-processed 316L SS, as shown in Table 3. The results show that the theoretical strength of each sample was larger than the experimental strength. This might be attributed to the effects of defects, micro-textures, the spatial orientation of the melt pool boundary, and element segregation. Among them, the 90° sample contained large pore, which affects the yield strength of the sample.
In addition, the plasticity of the SLM-processed 316L SS was greater than 45% in this study. Some researchers consider that the high ductility of SLM-prepared 316L SS is owed to the interaction between deformation twins and dislocations in the unit cell. The strain-induced texture evolution played a character in improving the ductility of SLM-processed 316L SS before deformation (Dryepondt et al., 2021). Pham et al. (2017) found that the twinning activity was very active near the necking area, and the slip could re-orient the twinning direction. During deformation, the microstructure of the 316L SS underwent grain rotation, slipping, and twinning (Liu et al., 2020). The dispersion of the refined grain structure could improve the strength and ductility of the alloy. In addition, the association of both fine grains and coarse grains was beneficial to improve the elongation (Agius et al., 2017). All the samples exhibited a combination of fine grains and coarse grains, except for the 45° sample, which ensured the high elongation of the SLM-processed 316L SS. During the deformation process, a greater accumulation of dislocations occurred near the grain boundaries in the 90° sample due to the differences in grain sizes. Meanwhile, based on the rough-induced crack termination mechanism, friction stress occurred and slowed the propagation of cracks in the 90° sample, thus the 90° sample had higher ductility than the other samples (Koyama et al., 2017).
The strength and toughness of each set of construction angle samples (for which the sum of the construction angles was 90°) seemed to be similar (within the error of 20 MPa or 3%, respectively), except for the 0° and 90° specimens. Each set of construction angle samples (for which the sum of construction angles = 90°) showed similar macrostructure on the vertical plane and the horizontal plane. This shows that the SLM-processed 316L SS had similar macrostructures on planes with different angles, for which the sum of the construction angles = 90° (relative to build plate). During SLM, the laser acted on the powder layer, melting the metal powder, which solidified and formed a good metallurgical bond. The horizontal plane of each sample shows the morphology of “track–track,” and the vertical plane of each sample shows the morphology of “layer–layer,” which is the typical macrostructure morphology of SLM-processed samples. Based on rapid cooling, the SLM-processed samples had a fine microstructure and few element segregations at the grain boundaries. Thus, the 316L SS showed strength and plasticity comparable to forging.
Effect of Angles Relative to Build Substrate on Corrosion Resistance
During corrosion, the oxide bonding of the passive film became weak and dissolved when Cl− ions attacked through the pores of the 316L SS sample surface. The passive film could rupture, thereby affecting the corrosion properties. In addition, based on ASTM G102, the corrosion rate of each sample is calculated by Faraday’s law, and the mass loss rate (MR) is calculated as follow:
[image: image]
where MR is given in g/m2d, icorr in A/m2, K2 is a constant (0.8953 g/Ad),[image: image] is the density of materials, and EW may be thought of as the mass of metal, which may be oxidized. According to the icorr in Table 2, the mass loss rate of each sample is different. It can be related to the pore, dislocation density, grain size, and microstructure.
The few of pores had an important role in improving corrosion performance (Mohd Yusuf et al., 2018). The metastable pits were more easily transformed into stable pits due to grain refinement. Therefore, the austenitic stainless steel was hardly affected by corrosion (Abbasi Aghuy et al., 2015). Based on rapid melting and solidification, manganese sulfide (MnS) inclusions were eliminated or significantly refined in the SLM-formed 316L SS, which improved the corrosion resistance (Laleh et al., 2019a).
The higher the proportion of LAGBs in the sample, the stronger the corrosion resistance due to the low interface energy of LAGBs (Laleh et al., 2019b). The greater dislocation density in SLM-formed 316L SS provided further nucleation sites for the passive film (Wang et al., 2015). The increased grain boundary density was conducive to enhancing the formation and adhesion of the passive film on the sample surface (Al-Mamun et al., 2020). The performance of the passive film directly affected the corrosion resistance of each sample. The passive film of 316L SS is made up of Fe oxide on the outer layer and Cr oxide on the inside layer, which has semiconductor properties (Kong et al., 2018b). When the semiconductor was immersed in the NaCl solution, a Helmholtz layer formed on the solution side while a space–charge layer formed on the semiconductor side. The surface of the p-type semiconductor electrode (Cr oxide) had a negative residual charge, and the Helmholtz layer was a cationic layer, which prevented the adsorption of Cl on the sample and thus the passive film’s erosion (Hatakeyama et al., 2020). Hence, the 90° sample had high LAGBs, dislocation density, and finer grains, thus it exhibited good corrosion resistance.
CONCLUSION
In this study, the effects of construction angles (from 0° to 90° relative to build plate) on the microstructure evolution, texture, tensile properties, and corrosion resistance of SLM-prepared 316L samples were researched. The main conclusions are made as follows:
1) With the increase of angle, “track–track” overlap track showed various variations on the horizontal surface. Each set of construction angle samples (for which the sum of construction angles = 90°) exhibited shortening and even overlapping of the laser track.
2) Increasing the angle relative to the build substrate gradually changed the grain morphology of the 316L SS from columnar grains to equiaxed grains. The 0° sample and 90° sample showed a strong <101 > texture. The grain orientation showed a trend from <101> to <111> with an increasing construction angle (<60°).
3) A good unity of high strength (UTS = 708 MPa, YS = 588 MPa) and ductility (54.51%) exhibited in the 60° sample.
4) The 90° sample showed higher elongation (62.57%) and corrosion resistance than the other samples. The passive film had more nucleation sites and formed on the sample surface, by reason of the higher dislocation density and a refined grain structure.
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Iron and magnesium are being considered as promising candidates for biodegradable materials in medical applications, both materials having their specific advantages and challenges. A hybrid of metallic iron and magnesium in a layered composite is studied in the present work, to combine the merits of both metals. A single-step dip-coating method was employed to prepare the layered composite material. Morphology, composition, crystal structure and corrosion behavior of the Mg/Fe sheet were assessed by SEM, EDX, XRD, and electrochemical measurements. The Mg/Fe layered composite sheet is composed of the magnesium substrate, a 1–2 µm metallic iron coating, and a pompon-like Mg(OH)2/MgO top layer. Long-term open-circuit potential measurements revealed that the Mg/Fe sheet samples exhibit a “self-healing” effect in Dulbecco’s modified Eagle’s medium.
Keywords: iron, magnesium, one-step fabrication, composite, “self-healing” effect
1 INTRODUCTION
Since Lane introduced the application of metal plates for bone fracture fixation 100 years ago, metallic biomaterials have achieved huge development for a variety of biomedical applications (Hornberger et al., 2012; Mao et al., 2017; Li et al., 2019). The most well-known metallic biomaterials are high corrosion-resistant materials, such as 316 stainless steel (Tan et al., 2003; Shih et al., 2004; Patnaik et al., 2020), cobalt-chromium alloys (Ducheyne and Healy, 1988; Que and Topoleski, 2000; Kereiakes et al., 2003; Watanabe et al., 2021), titanium and its alloys (Helary et al., 2009; Huang et al., 2010; Niinomi et al., 2012; Jin et al., 2015; Lourenço et al., 2020), tantalum alloys (Miyazaki et al., 2000; Shimko et al., 2005; Zhou et al., 2007; Rodriguez-Contreras et al., 2021), as well as precious alloys (O’Brien, 1997; Chen et al., 2005; Niinomi et al., 2015). Another group of metals consists of biodegradable materials, such as pure iron and a variety of Fe-based alloys as well as pure magnesium and Mg alloys (Wu et al., 2016; Mao et al., 2017; Yang et al., 2018; Gorejová et al., 2019; Costantino et al., 2020; Zhu et al., 2021).
In the meantime, elements such as Fe and Mg are also considered as essential trace elements participating in a wide variety of metabolic processes, such as enzyme catalysis, oxygen transport, energy metabolism, and DNA and RNA synthesis (Zhang et al., 2018; Lee et al., 2021). Released Fe and Mg ions during biodegradation reactions directly incorporate into the metabolic processes, affecting the metabolic functions and the biodegradation of metallic implants.
Compared with non-degradable materials, biodegradable metals should not cause permanent physical irritation and they avoid the need to remove a temporary implant in a second operation (Schinhammer et al., 2013; Mao et al., 2017). In principle, a controllable degradation rate should be achieved as this is a key requirement for degradable metallic biomaterials. Regarding degradation, Mg (Mg alloys) and Fe (Fe alloys) present different challenges. For example, the high dissolution rate of magnesium in biological environments largely limits its biomedical application (Fischerauer et al., 2013). Therefore, various surface modification and coating methods (Rajabalizadeh and Seifzadeh, 2014; Seifzadeh and Farhoudi, 2016; Nezamdoust et al., 2019; Abdi-Alghanab et al., 2020; Ouyang et al., 2020; Chen et al., 2021) are applied to tailor the undesired fast degradation rate into a moderate one to fulfill the therapeutic tasks. For instance, Zhu (Zhu et al., 2021) prepared a poly (d,l-lactic acid)-coated magnesium alloy-based rapamycin drug-eluting bioresorbable stent. In vivo and in vitro studies showed that the polymeric coatings provided a suitable degradation rate of magnesium alloy stents.
Compared with Mg-based alloys, pure iron and its alloys exhibit better mechanical properties and cause no excessive hydrogen evolution during degradation. On the contrary, several studies have been performed to increase the degradation rate of Fe-based materials for the possible application in temporary implants, as Fe-based materials show a too slow corrosion rate in biological environments (Abou Neel et al., 2005; Moravej et al., 2010; Zhang et al., 2010; Francis et al., 2015; Gorejová et al., 2019; Lee et al., 2021). For example in the research of Lee et al. (Lee et al., 2021) a novel combination of nanostructured surface topography and galvanic reaction was reported to achieve a uniform and accelerated degradation of a Fe implant.
Based on related research work on tailoring the degradation behavior of both biodegradable Mg materials (to decrease degradation) and Fe materials (to increase degradation), the idea of combining Mg and Fe together, especially by using iron coating as temporary protection of Mg substrates, is a feasible approach. In this design, two biocompatible metallic materials are introduced in one system, which greatly enhances the biocompatibility of the combined material for further investigation. On the other hand, the metallic iron serving as temporary protection on Mg would achieve the goal of tailoring the degradation rate of both Mg and Fe at the same time. Metallic iron coatings could protect magnesium substrates from aggressive corrosion attacks in the physiological environment until the metallic iron coatings are fully biodegraded. Meanwhile, by comparing with the degradation performance of bulk Fe materials, the degradation behavior of Fe coatings will be intensively affected by their thickness and structure.
Hence, in this study, metallic iron coatings are produced on magnesium substrates by a simple single-step dip-coating method. The reactions taking place in an aqueous solution are spontaneously driven by the electrochemical properties of the participating elements Mg and Fe, and no external energy was introduced during the process (Yan and Xue, 2006). This approach is in contrast to previous attempts to produce metallic coatings via several deposition ways, such as high velocity oxygen fuel, plasma spraying, physical vapor deposition, laser cladding, sol-gel, and kinetic spraying (Livsey, 1981; Liu et al., 2009; Nezamdoust and Seifzadeh, 2017; Dayani et al., 2018; Ferrández-Montero et al., 2019; Lin et al., 2021; Akhter et al., 2022). In most of these methods, fine powders as feedstock and a complex apparatus are needed to fabricate the metallic coatings on the substrate. The here explored one-step dip-coating method combines biodegradable metallic magnesium and iron together in one composite, and the different degradation behaviors of the two metals are exploited. The principle of the coating process is the immersion plating of Fe, taking advantage of the difference in the electrochemical potentials of the substrate and the coating material.
2 EXPERIMENTAL
2.1 Materials Preparation
Commercially pure magnesium rod of 25.4 mm diameter and 99.9% purity, (Chempur Feinchemikalien und Forschungsbedarf GmbH, Germany) was cut into 2–4 mm thickness slices to be used as substrates. A 1200 grit Microcut fleece (Buehler GmbH, Germany) was used for grinding with an ethanol/glycerol (3:1) mixture as lubricant. After that, the samples were cleaned in ultra-sonic bath in ethanol for 3 min. Subsequently, the samples were polished in three steps with diamond paste (6 µm, 3 µm, 1 µm) and a lubricant which consisted of distilled water/ethanol/neutral soap (1,000 ml:250 ml:10 g), followed by ultrasonic cleaning immediately after each polishing step. All samples were rinsed with ethanol and dried with hot air stream.
The fabrication of the layered composite coating was carried out by a dip-coating method. According to the electrochemical series of the elements, a metal cation in an electrolyte can be reduced by any metal with a lower electrochemical potential. In this study, a less noble Mg substrate was applied to reduce Fe3+ into Fe and, as a consequence, Mg was oxidized into Mg2+ during the dipping process. The chemical reaction is according to Eq. 1.
[image: image]
For this process, 1 g iron (III) chloride hexahydrate (Sigma-Aldrich) was completely dissolved in 20 ml de-ionized water under magnetic stirring for 5 min. The Mg substrates were immersed in the coating solution. The dip coating procedure was carried out at room temperature for 90 s. Immediately after being taken out from the suspension, the samples were rinsed in ethanol for 20 s and dried with hot air stream. As shown in Figure 1, mirror-like polished magnesium samples were completely covered by a brown composite coating after the treatment. A thin outer oxidized iron layer formed after taking the samples out from the suspension which could contribute to the brown color.
[image: Figure 1]FIGURE 1 | Evidence of the change of the Mg sample surface upon treatment in Fe-bearing coating solution.
2.2 Microstructure and Composition of the Coatings
The surface and cross-section morphology and the chemical composition of the fabricated layered composite coatings were examined via a scanning electron microscope (SEM, model Auriga, Zeiss) equipped with energy-dispersive X-ray spectroscopy (EDX). The cross-sectional samples were prepared by Ar ion milling system (IM4000, HITACHI). X-ray diffraction (XRD) was performed using an X’pert Philips MPD instrument (equipped with Panalytical X’celerator detector, Germany) employing graphite monochromized Cu Kα radiation (Wavelength 1.54056 Å).
2.3 Electrochemical Measurements
Electrochemical behavior of the samples was investigated by using an electrochemical workstation “IM6eX” (Zahner-Elektrik GmbH and Co. KG, Kronach, Germany). Dulbecco’s modified Eagle’s medium (DMEM, Biochrome AG) was used as the electrolyte. The measurements were carried out in a conventional three-electrode cell assembly which consisted of the coated sample as the working electrode, a platinum plate as the auxiliary electrode and an Ag/AgCl electrode in 3-M KCl as the reference electrode. Long-term open-circuit potential (OCP) was monitored continuously up to 8 h in DMEM at room temperature. DMEM was refreshed every 8 h to mimic the physical buffering environment. To accelerate corrosoin, the samples were potentiodynamically polarized with sweep rate of 3 mV/s into the anodic direction.
3 RESULTS AND DISCUSSION
3.1 Microstructure and Composition
Morphology and elemental composition of freshly prepared samples were studied via SEM coupled with EDX and representative results are shown in Figure 2. EDX analysis was carried out on the whole surface and at special locations to determine the composition of the layered composite coating. Clusters, as magnified in Figure 2A, precipitated randomly on the entire surface. These clusters were principally composed of metallic iron, such as at Spot 2 in Figure 2B. The iron signal indicates successful chemical conversion reaction, namely reduction of Fe3+ into Fe by the less noble Mg substrate (subsequent XRD results confirm this observation as discussed below). In the general survey 62.43 wt% iron was detected, with 25.73 wt% of O, 8.27 wt% of Mg, and 3.57 wt% of Cl. The small amount of chlorine is incorporated in the coating as a contamination from the reaction solution. The weight percentage of Mg at Spot 1 in Figure 2A, that is the rather flat area between the clusters, represents the highest value (12.34 wt%) compared with that of the whole area and that in Spot 2. In any case, the surface of the sample mostly consists of iron.
[image: Figure 2]FIGURE 2 | SEM images. (A) with EDX analysis (B) of a freshly prepared sample.
3.2 Crystal Structure of the Coatings
XRD measurements were conducted to characterize the crystal structure of the formed coatings. Figure 3 shows the XRD patterns of pure Mg, pure Fe and the treated sample. All peaks in the pattern of the hybrid laminate appear in the exactly corresponding position to those of pure Mg and pure Fe substrates. Besides, a weak peak at approx. 60°, 2θ are assigned to Mg(OH)2. XRD results therefore confirm that the layered composite coating is mainly composed of metallic Mg and Fe, and small amount of Mg(OH)2, which is in good agreement with the EDX results.
[image: Figure 3]FIGURE 3 | X-ray diffraction patterns of pure Mg, pure Fe and the freshly prepared composite laminate.
The proposed formation mechanism of the particular structure shown in Figure 2A is schematically illustrated in Figure 4. The chemical reactions occurring during the dipping process are schematically shown to explain the mechanism. As Mg is less noble than Fe, metallic Fe can be formed on Mg from the Fe3+ ion containing solution. Therefore, upon immersion of pure Mg samples in FeCl3 solution, the following chemical reactions take place:
[image: image]
[image: Figure 4]FIGURE 4 | Schematic illustration for the formation of the coating.
The sites of Fe3+ ion reduction and deposition as metallic Fe coincide with the sites of metallic Mg oxidation into Mg2+ and its dissolution. Simultaneously, with the hydrolysis of water, H2 is produced and OH− released. Mg2+ can easily precipitate with OH− as Mg(OH)2, hence depositing on the surface as well.
After 2 weeks storage in air, the surface morphology and chemical composition of the prepared samples were observed again by SEM coupled with EDX, as shown in Figure 5. Compared with the fresh sample, a characteristic “pompon-like” structure is formed at the sites between clusters, for instance near Spot 3 and framed areas in Figure 5A. The framed areas are shown in magnification to reveal the nano scale features on the surface, showing the presence of nano needles or nano wires branching out in all directions from the center of the pompon. EDX analysis revealed that the locations of the pompons are primarily enriched with Mg (35.89 wt%) and O (57.98 wt%), but contain only traces of Fe (0.1 wt%), such as in Spot 3. Conversely, much less Mg (4.61 wt%) and O (4.04 wt%) are detected in other areas, such as in Spot 5, where the random disorganized clusters are observed, while 84.43 wt% Fe is discovered in this spot. As regards the chemical composition in Spot 4, the total weight percentage of Mg and O takes up more than 99% throughout the coating. In addition, many fine cracks are observed, which is a typical observation for conversion coatings on magnesium (Cui et al., 2012). Storage in air results in strongly increasing amounts of O and Mg on the whole surface, namely, from 25.73 wt% and 8.27 wt% in the fresh sample (in Figure 2B) up to 49.79 wt% and 37.32 wt% after lying in air (Figure 5B). Since Mg is more active than Fe under atmospheric conditions, galvanic corrosion has occurred between these two metals. As a result, Mg has been oxidized into pompon-like MgO/Mg(OH)2 structures gradually forming on the whole surface, and metallic iron has remained unattacked. The process is schematically shown in Figure 6. Eventually, the resulting structure is a metallic Fe coating buried under a Mg(OH)2 layer, as shown by the cross-sectional element mapping in Figure 7.
[image: Figure 5]FIGURE 5 | SEM images. (A) of the surface and EDX analysis. (B) of a sample after 2 weeks exposure to air.
[image: Figure 6]FIGURE 6 | Schematic illustration to represent the oxidation process on investigated samples.
[image: Figure 7]FIGURE 7 | SEM images and EDX mapping of the cross-section of the hybrid laminate after 2 weeks exposure to air.
3.3 Cross-Section Morphology and Composition
For observing the morphology and element distribution from cross sections of the hybrid laminate after 2-week exposure to ambient air, SEM observations and EDX elemental mapping were carried out, as shown in Figure 7. The total thickness of the coating was determined to be approximately 19.4 µm. Elemental mapping of the cross-section revealed an uneven distribution of Mg, O, Fe, and Cl through the thickness of the coating. The top layer contains mainly Mg and O, this layer also shows cracks which are typical for MgO/Mg(OH)2 surface layers. In addition, the chlorine contamination is only present in the uppermost part of the surface layer. Interestingly, the Fe coating with a thickness of 1–2 µm is buried under the top MgO/Mg(OH)2 layer, as suggested in the schematic diagram in Figure 6. Additional MgO/Mg(OH)2 formation can be seen at sites of cracks through the top MgO/Mg(OH)2 and the Fe layers.
3.4 Corrosion Behavior
3.4.1 OCP Measurements
To investigate the corrosion behavior of the new layered metals, long-term open-circuit potential (OCP) measurements were carried out in DMEM for the coated sample, as well as for pure Fe and pure Mg. The OCP variation as a function of time for the different samples is shown in Figure 8. Clearly, pure Mg and pure Fe samples reach a rather stable value around −1.75 V after 2500 s and −0.7 V after 4000 s, respectively, whereas the OCP of the coated sample fluctuated markedly between −0.2 V and −1.2 V during the first 8 h immersion time. However, interestingly, the OCP always recovered back to near −0.2 V every time after a sharp drop down to values close to −1.2 V. These oscillations in the OCP indicate breakdown events in the coating (sharp drop of OCP), followed by “self-healing” of the coating, for instance by precipitation of Mg(OH)2 or other corrosion products blocking the sites of coating breakdown. Similar oscillations occurred again during the 27–35 h OCP observation, but the potential in this case recovers back to around -500mV and the fluctuation frequency is reduced compared with that during the first 0–8 h of immersion. After 46 h immersion in DMEM, OCP dropped down to around -1200mV and stayed stable in the following 4 h.
[image: Figure 8]FIGURE 8 | Open-circuit potential as a function of immersion time in DMEM.
The “self-healing” effect in OCP curves mainly embodies the “pulling up” of the dropped OCP values to a much higher OCP level. It can be speculated that the pulling-up and dropping-down processes shown in OCP curves are strongly linked to the initiating and hindering of the galvanic reactions which are non-continuously happening between the magnesium substrate and the iron coating in DMEM. In the first 8 h of OCP measurement, the upper level of OCP curves was maintained at around −0.2 V. This upper level of OCP values was even less negative than that of pure iron, which stayed at around −0.7 V after 8 h tests. The reason behind this unique phenomenon might be the existence of iron oxides and other depositions in DMEM precipitating on the surface of the magnesium substrate. Meanwhile, galvanic reactions would be initiated at the defect sites where the magnesium substrate was not fully coated by metallic iron coatings and the deposited products. At this stage, the OCP curve demonstrates a sharp drop-down to a lower level, which reflects the proceeding of galvanic reactions. The galvanic reaction products, mainly composed of Mg(OH)2 and other hydrated and carbonated (Mg,Ca)-phosphate (Wagener and Virtanen, 2016) formed near the micro-crack sites, would separate the connection between the magnesium substrate and the iron coating in the medium and impeding the galvanic reaction process. The prevailed “OFF” mode of the galvanic reaction induces the “self-healing” effect in OCP curves and the occasional “ON” mode of the galvanic reaction leads to the lower OCP level. The similar case can also be found in the curves of 27–35 h OCP, only the sharp potential dropping-down times and upper level of OCP decrease. The pH variation curve during the first 6 h of immersion and the potentiodynamic polarization curves of samples are displayed in the Supporting Information part.
In order to investigate changes in the morphology during the long-term OCP immersion experiment, samples were observed after 8 h (in Figures 9A,B) and 50 h (in Figures 9C,D) OCP monitoring in DMEM. As shown in Figure 9A, randomly distributed clusters are still displayed on the whole surface after 8 h OCP measurement. In the magnified images, many precipitates deposited on the surface can be observed. A typical magnesium conversion coating morphology with cracks is observed after 50 h OCP monitoring in Figure 9C. Protuberances, such as in Spot 11, could be seen on the separated pieces of the cracked coating in high magnification images in Figure 9C. The results in Figure 9B,D show the coating composition in overview for the whole surface and for three different sites. Since the depositions formed on the top surface, EDX data in Figures 9B,D shows a nearly 50% reduced iron signals as compared with a fresh sample (in Figure 2B). On the other hand, the O content increased significantly from 25.73 wt% in Figure 2B to about 50 wt% in Figures 9B,D. With longer immersion time in DMEM, the weight percentage of Mg increased from ca. 10 wt% at 8 h up to 30 wt% at 50 h. The growing amount of O and Mg coincides with the formation of the typical cracked coating, as observed in Figure 9C.
[image: Figure 9]FIGURE 9 | SEM images with EDX analysis of the hybrid layers after 8 h (A,B) and 50 h (C,D) OCP monitoring in DMEM.
Compounds containing Na, P, K, and Ca are incorporated in the surface layer and stem from the DMEM solution, which was employed as electrolyte for the OCP measurements. Overall, the levels of Na, P, K and Ca decrease from the values at 8 h in Figure 9B to the values at 50 h in Figure 9D. The decreasing trend might be due to the fact that the compounds containing such elements are buried by the subsequently formed Mg(OH)2 on top.
3.4.2 Micromorphology and Composition After Electrochemical Measurements
To demonstrate the coating behavior under a highly accelerated corrosion scenario, the coated samples were polarized up to +1 V (this condition does not correspond to a normal corrosion scenario of Mg alloys, but the experiment was carried out to indicate a worst-case behavior). Corrosion products after the electrochemical measurement were examined by SEM along with EDX to determine the morphology and chemical composition. As shown in Figure 10A, the coating is still present on the surface, exhibiting some large clusters of compact precipitates. The tiny cracks spread between or through the clusters on the rough surface. The chemical composition of the corrosion products was analyzed by EDX. The results in Figure 10 2) show the composition in overview for the whole surface and for three different sites. For the overview, strong signals for Fe (54.53 wt%) and O (34.17 wt%) are observed, with some Ca (5.17%) and minor amounts of Mg, Na, Cl, P and K (in total 5 wt%). A similar case for element distribution is found at Spot 13 and Spot 14 in Figure 10B. The Fe content in Spot 12 (73.69 wt%) is even higher than in the whole surface. The comparable presence of Fe and the significant decreased Mg content after the electrochemical measurement as compared with the average amount present in the fresh treated samples (see Figure 2B) may be attributed to the unstable MgO or Mg(OH)2 and other components in the top layer that have dissolved during the testing period in DMEM, exposing the underlying Fe compact coating, as shown in Figure 10A. Noteworthy is that the Fe coating has not been destroyed by polarization up to + 1 V in DMEM. The Fe coating will work as a barrier against the penetration of external corrosive ions onto the magnesium substrate. Furthermore, the weight percentage ratio of oxygen to iron in the fresh sample (Figure 2) and after electrochemical tests (Figure 10) increases approximately from 1:3 to 1:2, revealing partial oxidation of the metallic iron.
[image: Figure 10]FIGURE 10 | SEM image (A) and EDX result (B) of the surface morphology of hybrid laminate after electrochemical tests.
4 CONCLUSION AND OUTLOOK
A simple, single-step dip coating process was used to fabricate a layered composite coating composed of metallic Fe and Mg(OH)2 on a Mg substrate. A metallic Fe coating with a thickness of 1–2 µm is formed between the Mg substrate and a Mg(OH)2/MgO top layer. Under immersion conditions in DMEM, the open-circuit potential of the coated samples shows large oscillations, indicating local breakdown events followed by a self-healing behavior of the coated samples.
The simple coating process developed here; based on spontaneous electrochemical reactions, combined with the self-healing nature of the composite coating, represent a promising approach for tackling the challenge of controlling the corrosion rate of both Mg and Fe. Further research will focus on attempting to increase the thickness of the coatings and decrease the presence of cracks in the coatings, as well as on further elucidation of the degradation mechanisms and the origin of the self-healing property of the coatings.
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The pore strategy is one of the important factors affecting the biomedical porous scaffold at the same porosity. In this work, porous scaffolds were designed based on the triply periodic minimal surface (TPMS) structure under the same porosity and different pore strategies (pore size and size continuous gradient distribution) and were successfully prepared using a novel Ni46.5Ti44.5Nb9 alloy and selective laser melting (SLM) technology. After that, the effects of the pore strategies on the microstructure, mechanical properties, and permeability of porous scaffolds were systematically investigated. The results showed that the Ni46.5Ti44.5Nb9 scaffolds have a low elastic modulus (0.80–1.05 GPa) and a high ductility (15.3–19.1%) compared with previous works. The pore size has little effect on their mechanical properties, but increasing the pore size significantly improves the permeability due to the decrease in specific surfaces. The continuous gradient distribution of the pore size changes the material distribution of the scaffold, and the smaller porosity structure has a better load-bearing capacity and contributes primarily to the high compression strength. The local high porosity structure bears more fluid flow, which can improve the permeability of the overall scaffold. This work can provide theoretical guidance for the design of porous scaffolds.
Keywords: additive manufacturing, triply periodic minimal surfaces, NiTi-Nb, porous scaffolds, pore strategy
INTRODUCTION
Biomedical metal materials are one of the ideal materials for treating bone defects because of their high strength, corrosion resistance, and biocompatibility (Wang et al., 2020; Guo et al., 2022), but the solid metal material has a much higher elastic modulus than that of human bone, easily resulting in “stress shielding” and degradation of the bone tissue around the implant (Geetha et al., 2009). The porous scaffolds can be used to replace the solid materials, which can not only reduce the elastic modulus but can also promote cell adhesion and the growth of bone tissue (Chen et al., 2020; Mao et al., 2022). The traditional processing methods are difficult to achieve the preparation of complex porous structures, limiting the development of metal porous scaffolds. The development of additive manufacturing technology provides a solution for the preparation of complex porous structures. Additive manufacturing can both personalize bone scaffolds with precise dimensions to match the shape of the bone defect and precisely control their porosity, pore size, and distribution (Wang et al., 2020). Therefore, additive manufacturing of metal porous scaffolds has great potential in the field of bone defect treatment.
The structure design of porous scaffolds is one of the focuses of scientists in various countries. Previous studies have mainly focused on lattice structures based on the CAD method and topology optimization (Wang et al., 2016; Wang et al., 2019). The common types of lattice structural units are the diamond structure (Zhang et al., 2018; Cutolo et al., 2020; Li et al., 2020), body-centered cubic (BCC) structure (Arabnejad et al., 2016; Li et al., 2019), and dodecahedral structure (Liu et al., 2017; Guo et al., 2020). However, the lattice structures have an uneven transition of structural units, stress concentration, and difficult parametric design, which makes it difficult to meet the requirements of high-performance porous scaffolds (Giannitelli et al., 2014). Triply periodic minimal surfaces (TPMSs) are surfaces with the periodic distribution of zero mean curvature in three-dimensional space (Yuan et al., 2019). Zhang et al. (2020)designed a Ti6Al4V scaffold with a single directional gradient variation by changing the minimal surface equation and found that the scaffold had good mechanical properties and permeability matching those of natural bone tissue. Previous investigations have indicated that the minimal surface method has significant advantages in improving the mechanical properties and parametric design of scaffolds (Lv et al., 2021).
The human bone has a porous structure, and the different areas have various pore sizes and size distribution (Onal et al., 2018). The porous scaffold prepared by different pore strategies can be used to simulate human bone pore size features. Ran et al. (2018) found that the mechanical properties of the scaffolds decreased with the increase in the pore size and porosity, and the small pore was favorable for cell adhesion, and the large pore was favorable for cell proliferation; when the pore size was 600 μm, the scaffolds showed the optimal bone tissue growing-in ability. Therefore, from the present investigations, increasing the pore size or porosity can match the biomechanical properties of bone tissue and improve the biological properties of the scaffold (Ouyang et al., 2019). Under the same porosity, the pore strategy is the main factor affecting the mechanical properties and permeability of porous scaffolds, which includes pore size and pore size distribution. However, as far as we know, the effect of pore strategy based on the triply periodic minimal surface structure on the mechanical properties and permeability of porous scaffolds has rarely been mentioned.
NiTi system alloy has superelasticity, shape-memory function, good biocompatibility, and corrosion resistance; thus it is a good functional biomedical material (Habijan et al., 2012; Li et al., 2014). However, the Ni4Ti3 second phase in the NiTi alloy reduces the toughness and ductility of the alloy, so it is necessary to introduce a high strength second phase to improve the mechanical properties. It is well-known that Nb is a typical wide hysteresis phase transformation element and also has good biocompatibility. Therefore, the addition of Nb can not only change the microstructures (Lin et al., 2013; Gu et al., 2019) but can also improve the biocompatibility of NiTi alloy (Guo et al., 2021). The research on the additive manufactured NiTi-Nb alloy is still in the initial stage, and it is mainly prepared as a bulk alloy. Liu et al. (2020) prepared NiTi-Nb eutectic bulk alloy by additive manufacturing and found that Nb particles could accelerate the eutectic phase transition and the precipitation of the β-Nb phase, which improved the mechanical properties of the scaffold. However, the study of additive manufacturing of NiTi-Nb porous scaffolds has not been reported.
Therefore, in this work, the porous scaffolds were designed and simulated by human bone pore size features based on minimal surface structures under the same porosity and different pore strategies, including uniform scaffolds with different pore sizes and scaffolds with continuous gradient distribution of pore sizes. The porous scaffolds were successfully prepared using a novel Ni46.5Ti44.5Nb9 alloy and selective laser melting (SLM) technology, and the effects of the pore strategies on the formability, mechanical properties, and permeability of the porous scaffolds were systematically investigated.
MATERIALS AND METHODS
Design and Preparation of the Scaffolds
In this work, porous scaffolds with the same porosity and different pore strategies were obtained by controlling minimal surface structural units, including three uniform distributed porous scaffolds with different pore sizes (500, 750, and 900 μm) and two porous scaffolds with a gradient distribution of pore sizes along the radial direction (pore sizes of 500–900 μm from inside to outside and 900–500 μm from inside to outside). Correspondingly, the scaffolds were named G500, G750, G900, G500-900, and G900-500, and the designed models are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Design model of the scaffold.
The G-structure of the minimal surface was selected to prepare the scaffolds. The equation of the G-structure is as follows:
[image: image]
where L is the period of the minimal surface, i.e., the structure unit size, and C is the threshold, which is used to control the volume of the solid part. At a certain L, the pore size varies over the range (0, L). The structural unit sizes of the uniform scaffolds are 0.845, 1.242, and 1.522 mm, respectively (Figure 1). Furthermore, when the C value is replaced with a function related to the radius, a pore size distribution with continuous gradient variation in the radial direction can be obtained. The internal and external porosities (Cin, Cout) of the G500-900 scaffold are 41 and 90%, respectively, and the opposite is true for the G900-500 scaffold. Eventually, the porosity distribution function of the G-structure is as follows:
[image: image]
The G-structure equations and pore size distribution functions were imported into Mathematica soft to generate the model with a height of 15 mm and a diameter of 10 mm, and then, the models were repaired by importing into MagicSoft before SLM preparation.
NiTi alloy powder and Nb powder were used as raw materials, and the powder ratio was 91:9. Thus, the nominal chemical composition of the blended powder was Ni46.5Ti44.5Nb9. After a high-energy ball mill for 3 h, the blended powder was used to prepare the scaffolds by SLM. The processing parameters were set as follows: the laser power was 200 W, powder layer thickness was 30 μm, spot size was 120 μm, laser scanning speed was 600 mm/s, scanning direction rotated 67° between successive layers, and substrate preheating temperature was 160°C. The scaffolds were washed three times with anhydrous ethanol in an ultrasonic cleaner to remove the unmelted metal powder from the surface.
Macro Morphologies and Microstructure Observation
The Archimedes method and dry weight method were used to calculate the density and porosity of the scaffolds. Micro-CT (PerkinElmer, Quantum GX II) was used to observe the macroscopic morphology of the scaffolds. The scanning voltage and current were 90 Kv and 80 μA, respectively, and the scanning time was 14 min. The 3D reconstruction was carried out using the device’s built-in software with the same threshold values. A scanning electron microscope (SEM, JSM-7600F, JEOL) was used to observe the surface morphology and microstructure of the scaffolds. For the microstructure observation, the samples were ground and polished to a mirror finish by standard metallographic procedures and etched by using a reagent (composed of 10 vol% HNO3, 20 vol% HF, and 70 vol% H2O) for 15 s.
Compression Tests and Finite Element Simulation
Compression tests were carried out by using an MTS servo-hydraulic press (MTS 810, MTS, USA) at room temperature and a rate of 0.5 mm/min. The elastic modulus, compression strength, and maximum strain of the scaffolds were calculated based on the stress–strain curves.
The mechanical analysis of the G-structure unit with different porosities and the porous scaffolds was performed by ANSYS 16.0. The mesh type for the finite element analysis was a tetrahedral mesh with a size of 0.1 mm. The material model is chosen to be a nonlinear material, which needs to be created in ANSYS software. The material had an elastic modulus of 37 GPa, a compressive strength of 960 MPa, a Poisson’s ratio of 0.3, a density of 6,475 kg/m3, a bulk modulus of 36 GPa, and a shear modulus of 14 GPa. The boundary conditions were set as follows: fixing the bottom of the scaffold, applying a 10% displacement load on the top of the scaffold, and a compression rate of 0.5 mm/min. After the finite element analysis, the stress distribution of the scaffold was the output.
Permeability Tests and Fluid Finite Element Simulation
In order to evaluate the permeability of the scaffold, the permeability was tested by the falling head method, and the schematic diagram of the device is shown in Figure 2A. In the course of the experiment, the water level in the seepage tube gradually drops from h1 to h2, which was kept constant for each test. The permeability K of the scaffolds was calculated from the equation of Darcy’s law:
[image: image]
where H is the height of the scaffold, A is the cross-sectional areas of the seepage tube, a is the cross-sectional areas of the scaffold, μ is the viscosity of the water, ρ is the density of the water, and g is the acceleration of gravity.
[image: Figure 2]FIGURE 2 | Permeability experiments and finite element simulations: (A) schematic representation of the experimental device used in the falling head permeability test, (B) scaffold model, (C) model for finite element simulation, and (D) boundary setting for finite element simulation.
In order to simulate the flow of human body fluids inside the porous scaffold, ANSYS software was used to simulate the permeability of the scaffold using human body fluid as media, as shown in Figures 2B–D. The density of the fluid was 1,050 Kg/m3, the viscosity was 0.0035 Pa٠s, the inlet flow velocity was set to 0.01 m/s, and the outlet pressure was set to 0 Pa (Truscello et al., 2012). After the finite element simulation, the inlet pressure was calculated, and the pressure distribution cloud and flow velocity distribution of the fluid model were the output.
RESULTS AND DISCUSSION
Macroscopic Morphology Analysis
Figure 3A shows the macroscopic morphologies of the Ni46.5Ti44.5Nb9 porous scaffolds. As can be seen, except for the G900-500 scaffold, all the scaffolds are structurally intact with no obvious defects. The height and the diameter of the scaffolds are 15.11 ± 0.12 mm and 10.06 ± 0.08 mm, respectively, which are basically consistent with the designed model. The density of the porous scaffold measured by the Archimedes drainage method is 6.62 g/cm3. The porosity of the scaffold was calculated by the dry weight method and Micro-CT built-in software, as shown in Table 1. The porosity of the porous scaffold is basically consistent with the designed porosity. The surface area of the scaffold model is also obtained by Magics software (Table 1), and it can be found that the surface area of the scaffold increases with the decrease in the pore size. Figure 3B shows the Micro-CT 3D reconstruction image of the porous scaffold, and the results indicated that the prepared porous scaffold has good connectivity, and no pore blockage occurs.
[image: Figure 3]FIGURE 3 | (A) Macroscopic morphologies of Ni46.5Ti44.5Nb9 porous scaffolds and (B) micro-CT 3D reconstruction model of the scaffolds.
TABLE 1 | Modeling parameters and actual porosity of the scaffolds.
[image: Table 1]Figures 4A–C show SEM images of the surface morphology of the porous scaffolds with pore size strategy. As can be seen, the surface of the Ni46.5Ti44.5Nb9 porous scaffold is uneven and has an obvious step effect (Cheng et al., 2014). The support thicknesses of the scaffolds are found to be larger than the designed dimensions, and the dimensional errors are between 5 and 25%. It should be noted that the center of the G900-500 scaffold shows defect, and the support thickness is also much smaller than the design size (200 μm) (Figure 4D), which is due to the fact that the minimum support thickness of the G900-500 scaffold (200 μm) is close to the processing limit of the SLM (80–250 μm) (Tofail et al., 2018), which lead to the generation of cracks. Therefore, the accuracy of the processing and the minimum design size of the scaffold should be considered in the design of the scaffold. Figures 4E,F show the surface morphology of the G500-900 scaffold, it can be found that the gradient structure of the scaffold varies significantly.
[image: Figure 4]FIGURE 4 | Surface morphologies of the scaffolds: (A) G500, (B) G750, (C) G900, (D) G900-500, (E) and (F) G500-900.
Compression Property Analysis
Figure 5 illustrates the macroscopic shape and compression performance of Ni46.5Ti44.5Nb9 scaffolds after compression tests. As can be seen from Figure 5A, the angle between the fracture surface and the loading direction is 45°; this is because the scaffolds are subjected to shear stress during the compression process (Yan et al., 2015; Liu et al., 2018). The compressive stress–strain curves of the Ni46.5Ti44.5Nb9 scaffolds are shown in Figure 5B. Due to the small thickness of support in the G500 scaffold (280 μm), when the stress reached the compressive strength of the scaffold, the local support broke first during the compression process, and the stress dropped sharply. However, the scaffold was not completely broken but was gradually compacted (as shown in Figure 5A), and the stress increased again, resulting in stress fluctuation of compressive curves. The mechanical properties of the Ni46.5Ti44.5Nb9 porous scaffold are listed in Table 2 from which it can be seen that the scaffold has an elastic modulus between 0.80–1.05 GPa, a compressive strength between 42.3–65.8 MPa, and an elongation between 15.3–19.1%. With the same porosity, the difference in mechanical properties of uniform scaffolds with different pore sizes is not significant, indicating that the pore size strategy has little effect on mechanical properties. However, the compression strength of G500-900 and G900-500 scaffolds is significantly higher than that of uniform scaffolds. This is because the radial gradient strategy increases the local support thickness of the scaffolds and improves their load-bearing capacity.
[image: Figure 5]FIGURE 5 | Compression properties of the scaffolds: (A) morphologies of the post-compression test, (B) compression stress–strain curve, and (C) comparison of mechanical properties of the scaffold with different materials under similar porosity (Sevilla et al., 2007; Ataee et al., 2018; Cutolo et al., 2018; Cutolo et al., 2020; Liu et al., 2020; Luo et al., 2020).
TABLE 2 | Mechanical properties of Ni46.5Ti44.5Nb9 scaffolds.
[image: Table 2]Figure 5C shows the mechanical properties of porous scaffolds of different materials with similar porosity. As can be seen, the Ni46.5Ti44.5Nb9 scaffolds have higher compressive strength than most of the scaffolds of other materials and also have a high elongation (comparable to CoCr and Ti scaffolds). The Ni46.5Ti44.5Nb9 porous scaffold with 70% porosity has an elastic modulus matching cancellous bone (0.02–2 GPa) and higher compressive strength than cancellous bone, meeting the performance requirements of bone implants (Sevilla et al., 2007). Lu et al. (2021) also prepared porous scaffolds by SLM using the NiTi shape memory alloy. The elastic modulus of the scaffolds with a porosity of 66% was 1.75–2.45 GPa, which could match cancellous bone and avoid stress masking. The NiTi porous scaffold also has good elongation and superelasticity with a maximum recoverable strain of 5.1%. Therefore, NiTi-based porous scaffolds with high porosity have good potential for cancellous bone repairing.
The elastic modulus of the G-structure unit with different porosities was calculated by the finite element simulation software, and the results are shown in Table 3. It can be found that the elastic modulus of the G-structure unit gradually decreases with the increase in porosity, which is consistent with the results obtained by Bartolomeu et al. (2020). The porous scaffolds with different pore size distribution strategies have different porosities. The mechanical properties of the G500-900 scaffold gradually decrease as the porosity increases from the center of the scaffold to the outside. As the porosity of the G900-500 scaffold gradually decreases from the center to the outside of the scaffold, the mechanical properties of gradient scaffolds change gradually along the radius direction. Figure 6 shows the stress distribution in the scaffolds after the compression simulation. We can also observe that the stress in the uniform scaffolds is evenly distributed, while the stress in the G500-900 and G900-500 scaffolds shows a gradient distribution. The G500-900 scaffold has a small pore size and thick support in the center (red dashed line), which is subjected to more stress during compression. Also, the G900-500 scaffold has a small pore and thickness support on the edge (red dashed line), which increases the load-bearing capacity of the scaffold. As a result, the compression strength of the gradient scaffolds is higher than that of the uniform scaffolds under the same porosity.
TABLE 3 | Modulus of the elastic modulus of G structural units with different porosities.
[image: Table 3][image: Figure 6]FIGURE 6 | Stress distribution cloud images of the scaffolds under 10% displacement load.
Phase Structure and Microstructure Analysis
Figure 7 shows the SEM images of the Ni46.5Ti44.5Nb9 scaffold. As seen in Figure 7A, the inside of the scaffold is very dense, no large cracks or inclusions are observed, and only a few voids exist. Figure 7B shows an enlarged image of the red rectangle area in Figure 7A, which clearly shows the melt pool formed by the layer-by-layer build-up with a pool thickness of approximately 30 μm. The microstructure of the scaffold mainly consists of a matrix and round second phase with particle sizes of 10–30 μm. The EDS energy spectra of the matrix and particles (Figure 7C) show that the matrix is mainly NiTi with an Nb content of about 6%, and the particles are Nb particles. This indicates that during the additive manufacturing, part of the Nb is solidly dissolved into the NiTi matrix, forming the solution strengthening. Part of the Nb is retained and uniformly distributed in the matrix, forming second phase strengthening (Liu et al., 2021; Wang et al., 2018). A high magnification image of the Nb particle is shown in Figure 7D, where a fine eutectic structure is formed around the Nb. According to the investigation, the higher cooling rate of the SLM process promotes the diffusion of Nb and produces fine eutectic microstructures, which can improve the strength and ductility of the porous scaffold (Liu et al., 2020).
[image: Figure 7]FIGURE 7 | XRD pattern and microstructure images: (A) microstructure images of the scaffold in the XZ section, (B) enlarged image of the red rectangle in (A,C) and EDS spectrums of points 1 and 2 in (B,D) eutectic phase and Nb particles.
Permeability of the Porous Scaffold
Permeability indicates the ability of a fluid to pass through a porous medium and can reflect the ability of the scaffold to transport nutrients and metabolites (Yu et al., 2020). It is an important parameter for biomedical porous scaffolds and is crucial for cell proliferation, differentiation, and the growth of bone tissue (Singh et al., 2009). Figure 8A shows the measured permeability of the scaffolds using the falling head method, and it can be seen that the permeability of the uniform scaffolds gradually increases with the increasing pore size. The G500-900 scaffold with a radial gradient structure exhibits comparable permeability to the G900 scaffold. Figure 8B shows the inlet pressure of the fluid model. The lower inlet pressure indicates that the porous scaffold has less obstruction to the fluid. For uniform scaffolds, the fluid simulation results are the same as for the falling head method, whereas the permeability of the G500-900 and G900-500 scaffolds are comparable to that of the G750 scaffold. It should be noted that the pore size has significantly affected the permeability and the surface area of the scaffolds (Table 1). This is because the surface area of the scaffold decreases with the increasing pore size, which reduces the friction drag of the scaffold during fluid flow, thus increasing the permeability of the scaffold (Ali and Sen, 2018).
[image: Figure 8]FIGURE 8 | Results of the permeability test and finite element simulation of porous scaffolds: (A) permeability test results (the permeability of the G900-500 scaffold is not recorded due to the formation of preparation defects). (B) Inlet pressure results are calculated by finite element simulation. (C) Fluid pressure distribution cloud diagram. (D) Fluid flow velocity distribution diagram. (It should be noted that media of the experiment and simulation are water and human body fluid, respectively).
To investigate the fluid flow inside the porous scaffold, the pressure and flow velocity clouds of the fluid model were the output via ANSYS CFD, as shown in Figures 8C,D. In Figure 8C, the section of the uniform scaffold in the axial direction has a stable pressure field, and the pressure gradually decreases, which facilitates the entry of body fluids into the scaffold (Ma et al., 2020). It is worth noting that the G500-900 gradient scaffold has the lowest pressure at the edge in the radial direction, where the scaffold has the largest pore size. This may be the reason why the gradient scaffold has a good comparative permeability with the G750 scaffold. Figure 8D shows the flow distribution of the scaffold. As can be seen, the G500-900 scaffold has the highest flow velocity at the edge, which improves the permeability of the overall scaffold.
CONCLUSION
In this study, Ni46.5Ti44.5Nb9 porous scaffolds with different strategies were successfully prepared and simulated by human bone pore size features based on the triply periodic minimal surfaces and selective laser melting technology. The microstructures, mechanical properties, and permeability of the scaffolds were systematically investigated, and the main conclusions are obtained as follows:
1) The Ni46.5Ti44.5Nb9 porous scaffolds have a modulus of elasticity of 0.80–1.05 GPa, a compressive strength of 42.3–65.8 MPa, and an elongation of 15.3–19.1%. For the uniform scaffolds, the pore size strategy has little effect on the mechanical properties of porous scaffolds, and porosity with a continuous gradient distribution can significantly improve the mechanical properties. This is because continuous gradient scaffolds have a low porosity area in the inner or outer regions, and the denser part can bear more stress, thus improving the mechanical properties of the scaffolds.
2) The microstructures of the Ni46.5Ti44.5Nb9 porous scaffolds mainly contain NiTi matrix and Nb particles. The addition of Nb to the NiTi alloy can promote the formation of the eutectic microstructure and precipitation of the rich Nb phase, thus simultaneously increasing the strength and toughness of the alloy.
3) Under the same porosity, increasing the pore size can improve the permeability of porous scaffolds due to the decrease in the specific surface. The local high porosity structure in the continuous gradient scaffolds bears more fluid flow, which can improve the permeability of the overall scaffold.
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The compensatory increase in intervertebral range of motion (ROM) after cervical fusion can increase facet joint force (FJF) and intradiscal pressure (IDP) in non-fusion segments. Guiding the post-ACDF patient cervical exercise within a specific ROM (defined as reasonable ROM) to offset the increase in FJF and IDP may help prevent segmental degeneration. This study aimed to determine the reasonable total C0–C7 ROM without an increase in FJF and IDP in non-fusion segments after anterior cervical discectomy and fusion (ACDF). A three-dimensional intact finite element model of C0–C7 generated healthy cervical conditions. This was modified to the ACDF model by simulating the actual surgery at C5–C6. A 1.0 Nm moment and 73.6 N follower load were applied to the intact model to determine the ROMs. A displacement load was applied to the ACDF model under the same follower load, resulting in a total C0–C7 ROM similar to that of the intact model. The reasonable ROMs in the ACDF model were calculated using the fitting function. The results indicated that the intervertebral ROM of all non-fusion levels was increased in the ACDF model in all motion directions. The compensatory increase in ROM in adjacent segments (C4/5 and C6/7) was more significant than that in non-adjacent segments, except for C3/4 during lateral bending. The intervertebral FJF and IDP of C0–C7 increased with increasing ROM. The reasonable ROMs in the ACDF model were 42.4°, 52.6°, 28.4°, and 42.25° in flexion, extension, lateral bending, and axial rotation, respectively, with a decreased ROM of 4.4–7.2%. The postoperative increase in FJF and IDP in non-fusion segments can be canceled out by reducing the intervertebral ROM within reasonable ROMs. This study provided a new method to estimate the reasonable ROMs after ACDF from a biomechanical perspective, and further in vitro and clinical studies are needed to confirm this.
Keywords: anterior cervical discectomy and fusion, range of cervical motion, adjacent segment degeneration (ASD), facet joint force (FJF), intradiscal pressure (IDP), finite element analysis
INTRODUCTION
Due to aging, lack of neck muscle exercise, and chronic abnormal use of the cervical spine, cervical degeneration diseases have become a common problem in the middle-aged and elderly population (Buyukturan et al., 2017; Wada et al., 2018; Kumagai et al., 2019; Tamai et al., 2019). Anterior cervical discectomy and fusion (ACDF) has become the standard clinical procedure for the treatment of cervical myelopathy and radiculopathy, which can directly remove the compression of intervertebral discs, posterior longitudinal ligaments, and osteophytes on the spinal cord to relieve the symptoms of nerve compression (Zhu et al., 2013; Findlay et al., 2018). Implantation of an interbody cage plus plate system can effectively restore the stability and normal physiological curvature of the cervical spine (Oliver et al., 2018). Although ACDF is widely accepted by spinal surgeons worldwide, the high incidence of non-fusion segmental degeneration after ACDF surgery, especially adjacent segment degeneration (ASD), is a big challenge. Alhashash et al. followed up on 70 patients treated with ACDF for more than 3 years and found that the incidence of ASD in patients with single-level fusion was 54%, most commonly after C5/6 fusion (28%) (Alhashash et al., 2018).
The postoperative non-fusion segmental degeneration mainly includes disc degeneration, facet joint degeneration, osteophyte formation, endplate abnormalities, and abnormal curvature of the cervical spine (Harada et al., 2021). In addition, many scholars believed that fusion can significantly increase the endplate and disc stress load at the adjacent segments, thereby accelerating segmental degeneration (Eck et al., 2002; Goffin et al., 2004; Lopez-Espina et al., 2006). Many studies have shown that the compensatory increase in the range of motion (ROM) of the non-fusion motion segments in patients after ACDF surgery may increase the intradiscal pressure (IDP), leading to segmental degeneration (Matsunaga et al., 1999; Eck et al., 2002; Elsawaf et al., 2009; Prasarn et al., 2012). Eck et al. (2002) found a significant increase in segmental motion and IDP of the adjacent upper and lower segments after single-level fusion at the C5/6 level with normal cervical ROM. The compensatory increase in the ROM of non-fusion segments can lead to an increase in facet joint force (FJF), which is closely related to the aggravation of segmental degeneration (Cai et al., 2020). In an in vitro experiment (Li et al., 2015), it was also demonstrated that the FJFs in the adjacent segments increased after ACDF fusion, which is one of the possible factors that accelerate ASD.
The previous studies demonstrated that the increase in the intervertebral ROM, FJF, and IDP of both the adjacent segments and other non-adjacent segments after ACDF surgery leads to segmental degeneration (Eck et al., 2002; Prasarn et al., 2012; Li et al., 2015; Wong et al., 2020; Choi et al., 2021). As mentioned above, the effect of postoperative ROM compensation on non-fusion segmental degeneration after ACDF surgery has been studied. However, no research has proposed a postoperative prevention method for segmental degeneration. Therefore, we proposed a reasonable cervical ROM based on biomechanism, which can offset the increase in IDP and FJF caused by the abnormal increase in ROM in non-fusion segments (Elsawaf et al., 2009). Guiding the patients to conduct postoperative neck activities within reasonable ROMs to decrease the abnormal load on the facet joints and discs may help delay the progression of non-fusion segment degeneration.
In the present study, we constructed an intact finite element (FE) model and a single-level C5/6 ACDF model of C0–C7. This study aimed to determine the specific total C0–C7 ROM (defined as reasonable total C0–C7 ROM) of the entire cervical spine after single-level ACDF operation without an increase in FJF and IDP and explore the ROM compensation changes of non-fusion segments after fusion and the effect of the increased total C0–C7 ROMs on the FJF and IDP values.
MATERIALS AND METHODS
Establishment of the Intact Finite Element Model
The geometric characteristics of the intact cervical FE model were constructed from computed tomography (CT) images of a healthy woman without cervical spondylosis history and vertebrae abnormities. The FE model of the C0–C7 cervical spine is shown in Figure 1. The CT image was first imported into Mimics (Materialise Inc., Belgium) and transformed into a geometric structure of C0–C7. The geometric model was meshed using Hypermesh (Altair Engineering, Inc., United States). The FE models were preprocessed and analyzed using Abaqus (Dassault Systemes Simulia Corporation, United States).
[image: Figure 1]FIGURE 1 | Images of the C0–C7 intact FE model imposed with different direction moment and 73.6 N follower load, and the decomposition views of intervertebral disc plus endplates were listed.
According to the previous studies, the main material properties and element types used in the FE models are presented in Table 1 (Zhang et al., 2006; Leahy and Puttlitz, 2012; Burkhardt et al., 2018; Lu and Lu, 2019; Herron et al., 2020). A vertebra consists of a cortical bone (thickness, 1 mm), a cancellous bone, and end plates (thickness, 0.5 mm) (Lu and Lu, 2019). The cortical shell and cancellous bone were meshed using tetrahedral elements, while cortical endplates of the facet joints and intervertebral discs were meshed using hexahedral elements. The occiput bones are discretized as rigid bodies. The intervertebral discs comprised the nucleus pulposus and annulus fibrosus. The nucleus pulposus was modeled as a nearly incompressible hyperelastic body, accounting for approximately 40% of the intervertebral volume (Cai et al., 2020). A neo-Hookean material was used to model the annulus ground substance. The annulus fibers of eight layers were created and meshed with truss elements. The angles between the annulus fibers and the mid-height plane were approximately ±30° (Kallemeyn et al., 2010; Chen et al., 2018; Lu and Lu, 2020).
TABLE 1 | Main material properties of the cervical finite element model.
[image: Table 1]In addition, the tectorial membrane (TM) and transverse ligament (TL) surfaces were modeled using S4 elements with a thickness of 1mm, and the main ligaments were established with nonlinear tension-only spring elements in the appropriate anatomical location: apical ligament, alar ligament, anterior atlanto-occipital membrane, anterior atlantoaxial membrane, posterior atlanto-occipital membrane, posterior atlantoaxial ligament, anterior longitudinal ligament, posterior longitudinal ligament, ligament flavum, interspinous ligament, and facet joint capsules (Herron et al., 2020).
Establishment of the Single-Level ACDF Finite Element Model
The details of the established single-level ACDF FE model are shown in Figure 2, and the surgical process was illustrated as follows. At first, the anterior longitudinal ligaments, posterior longitudinal ligaments, and intervertebral disc at the C5/6 segments were completely resected (Liu et al., 2019; Herron et al., 2020; Wong et al., 2020). After decompression, a cage (Medtronic Sofamor Danek USA, Minnesota, United States) was implanted at the C5/6 segments, and both contact surfaces of the cages were ensured to be in complete contact with the corresponding endplates (Liu et al., 2019; Herron et al., 2020; Wong et al., 2020). Finally, an anterior plate-screw structure was placed at C5 and C6 segments to further stabilize the surgical segments, and the ACDF model was successfully established.
[image: Figure 2]FIGURE 2 | FE model of single-level C5/6 ACDF implanted with a cage plus plate system was shown.
Loading and Boundary Conditions
In every FE model, loads were applied to the rigid reference point of C0, while the bottom surface of the lower endplate of C7 was fully fixed in all displacement degrees of freedom, and other vertebrae were not constrained (Zhang et al., 2006; Wong et al., 2020). First, only a pure moment of 1.0 Nm was applied to validate the intact model. A pressure load of 0.1 MPa was applied to each nucleus pulposus to mimic the biomechanical environment of the intervertebral disc during daily life in vivo (Wilke et al., 1999). Under a 73.6 N follower load, a 1.0 Nm moment was also applied in the intact model to produce different postures. The follower load of 73.6 N is a physiological compressive load along the physiological curve of the cervical spine to simulate the effect of head weight and muscle force (Mo et al., 2015; Yu et al., 2016; Wong et al., 2020) (Figure 1). The connector elements were created by coupling the intermediate nodes of each endplate with the endplate surface. Then, the follower load was applied at each level through the connector elements (Du et al., 2015). Under the same follower load, the ACDF model was subjected to the displacement loads of the three planes to produce different postures. The nodes in the interface region of the screws, plate, and bone were shared to connect them in the ACDF model. Soft and frictionless contact properties were used to simulate the sliding contact between the cortical endplate of the facet joints (Mo et al., 2015). The total C0–C7 ROMs with FJF or IDP constraints in the ACDF model were calculated using the fitting function. First, the FJF or IDP values corresponding to the specific ROM of the ACDF model in the movement process were recorded. These limited numerical points were synthesized into a continuous function, which was used to calculate the function values under the specific ROM values.
RESULTS
Model Validation
To validate the intact model, the total C0–C7 ROM was calculated and compared with two FE studies (Zhang et al., 2006; Herron et al., 2020) and an in vitro experimental study (Panjabi et al., 2001) (Figure 3A). In the present study, the ROM of total C0–C7 in flexion-extension, lateral bending, and axial rotation was 97.7°, 66.7°, and 95.3°, respectively. Then, the intact model was compared with the FE analysis (Östh et al., 2016; Herron et al., 2020) and in vitro experiment (Lysell, 1969; Panjabi et al., 2001) results of the intervertebral ROM of the upper cervical spine (C0–C3) and total ROM of the lower cervical spine (C3–C7) (Figures 3B–D). The abovementioned validation results showed that the ROM values in the present intact model are consistent with those of the previously studies, suggesting that the present intact model was successfully constructed and could be used for further FE analysis.
[image: Figure 3]FIGURE 3 | (A) Total C0–C7 ROM, (B-D) intervertebral ROM of the upper cervical spine (C0–C3) and the total ROM of the lower cervical spine (C3–C7) in the intact model under a 1.0 Nm moment were compared with those of the previously published studies. Fle-Ext: flexion-extension.
Range of Motion
The intact model was loaded under a 1.0 Nm moment and 73.6 N follower load to determine the ROMs. The total C0–C7 ROMs in the six motion directions are shown in Figure 4A. The displacement loads were applied in the ACDF model under the same follower load such that the total C0–C7 ROM matched that of the intact model. In this process, the intervertebral ROM, FJF (Figure 5), and IDP (Figure 6) and the total C0–C7 ROM in the ACDF model were determined. Compared with the intact model, the total ROM of the upper cervical spine (C0–C3) was compensatorily increased by 4.17–7.64% in the six motion directions (Figure 4B). Conversely, the total ROM of the lower cervical spine (C3–C7) was significantly decreased by 8.18–16.94% (Figure 4C). Then, the effect of C5/6 fusion on the intervertebral ROM of each segment was explored. Compared with the intact model, the results showed a compensatory increase in intervertebral ROMs in all non-fusion segments in the ACDF model, increasing from 2.04 to 18.15% (Figures 4D–I). The intervertebral ROM of the C5/6 surgical segments in the ACDF model was close to 0°. Moreover, the increase in ROM in adjacent segments (C4/5 and C6/7) was more significant than that in non-adjacent segments, except for C3/4 during left and right bending. Furthermore, with the increase in the distance from the surgical fusion segments, the intervertebral ROM compensation revealed a decreasing trend.
[image: Figure 4]FIGURE 4 | Comparison of the ROM in the intact model and the ACDF model under the same displacement (A) Displacement load was applied to the ACDF model under a 73.6 N follower load resulting in a total C0–C7 ROM same as that of the intact model. (B,C) Total ROMs of the upper (C0–C3) and the lower (C3–C7) cervical spine (D–I) and the intervertebral ROMs of C0–C7 in the six motion directions was shown. Note: changes (%) = (ACDF model value—intact model value)/intact model value × 100%.
[image: Figure 5]FIGURE 5 | Changes of FJF of non-fused segments in the ACDF model with increasing total C0–C7 ROM (A) FJF values in each segment change with increasing total C0–C7 ROM in the ACDF model. (B) ROMs were calculated with FJF constraints in the ACDF model, and the minimum ROM in each motion direction was labeled*.
[image: Figure 6]FIGURE 6 | Changes of IDP of non-fused segments in the ACDF model with increasing total C0–C7 ROM and the final reasonable total C0–C7 ROM was calculated (A) IDP values of C2/3, C3/4, C4/5, and C6/7 levels change with the increasing total C0–C7 ROM in the ACDF model. (B) ROMs were calculated with IDP constraints in the ACDF model, and the minimum ROM in each motion direction was labeled*. (C) Reasonable total C0–C7 ROM with FJF and IDP constraints was shown. Note: changes (%) = (ACDF model value—intact model value)/intact model value × 100%.
Facet Joint Force
For extension and flexion, the FJFs of both the left and right facet joints were recorded and averaged for each level. For lateral bending and axial rotation, only the forces from the loading facet joints were used. In flexion, the FJF values cannot be measured at C2–C7 because the bilateral facet joints were not in contact. Therefore, only the FJF values in the atlanto-occipital (C0/1) and the atlanto-axial (C1/2) joints were recorded during flexion. As shown in Figure 5A, the FJF values of each level increased by increasing total C0–C7 ROMs in all six motion directions in the ACDF model. Furthermore, the FJF values of the C0/1 and C1/2 levels were higher than those in the C2/3, C3/4, C4/5, C5/6, and C6/7 levels at the same ROM. As shown in Figure 5B, the total C0–C7 ROM of the ACDF model was calculated at the point where the FJF value of the ACDF model reached the maximum FJF value of the intact model. The minimum ROMs with FJF constraints in each motion direction are labeled in Figure 5B and are presented in Table 2.
TABLE 2 | Reasonable total C0–C7 ROM with FJF and IDP constraints.
[image: Table 2]Intradiscal Pressure
The relationship between the IDP values and the increase in total C0–C7 ROMs in the ACDF model was explored (Figure 6A). Because there is no disc in the C0/1 and C1/2 levels and the discs at C5/6 levels were removed in the ACDF model, only four intervertebral levels (C2/3, C3/4, C4/5, and C6/7) were analyzed. In all motion directions, the IDP values increased with increasing total C0–C7 ROMs. During flexion, left bending, right bending, left rotation, and right rotation, the IDP values of C2/3 and C3/4 levels were higher than those in the C4/5 and C6/7 levels. As shown in Figure 6B, the total C0–C7 ROM of the ACDF model was calculated at the point where the IDP value of the ACDF model reached the maximum IDP value of the intact model. The minimum ROMs with IDP constraints in each motion direction are labeled in Figure 6B and are presented in Table 2.
Reasonable Total C0–C7 Range of Motion After ACDF
The reasonable total C0–C7 ROMs of the ACDF model satisfied the “ROM with FJF constraint” and “ROM with IDP constraint” items, and the lower minimum total C0–C7 ROM value of each motion direction in the two constraint items was selected as the reasonable ROM (Table 2). As a result, the reasonable total C0–C7 ROMs were 42.4°, 52.6°, 28.4°, and 42.3° in flexion, extension, lateral bending, and axial rotation, respectively. When compared with the intact model, the reasonable ROMs of the ACDF model decreased by 4.4–7.2% (Figure 6C; Table 2).
DISCUSSION
The long-term follow-up studies of patients with ACDF surgery have shown different degrees of degeneration in non-fusion cervical segments, which are closely related to postoperative biomechanical changes in the cervical spine (Carrier et al., 2013). However, previous studies have not proposed further corresponding strategies to prevent postoperative segmental degeneration. The C5–C6 segments are found to be the most flexible segments and have a high incidence of degeneration (Miyazaki et al., 2008). To find a good way to decrease abnormally increased load on the facet joints and intervertebral disc after ACDF, we constructed a single-level C5/6 ACDF FE model of C0–C7 to determine the reasonable total C0–C7 ROMs.
Anatomically, the upper cervical vertebra was defined as the C1 and C2 vertebra. To reflect the compensatory increase in intervertebral ROM between C0/1, C1/2, and C2/3 levels of the upper cervical vertebra, the ROM of the upper cervical vertebra measured in this study was defined as C0–C3, while the ROM of the lower cervical vertebra was measured at C3–C7. Under the displacement load and 73.6 N follower loads, we found that the total ROM of the upper cervical spine was increased in the ACDF model and the total ROM of the lower cervical spine was decreased, indicating that the upper cervical spine compensated for the partial loss of C5/6 ROM.
Some studies suggested that ROMs of the adjacent segments and other non-adjacent segments showed an apparent compensatory increase after ACDF surgery (Hua et al., 2020; Wong et al., 2020; Choi et al., 2021). Many researchers have recognized that the increase in intervertebral ROM in non-fusion segments after ACDF surgery is accompanied by an increase in FJF and IDP (Eck et al., 2002; Prasarn et al., 2012; Li et al., 2015). The results of the present study were consistent with those of previous studies. Our results showed that the intervertebral ROMs of all non-fusion segments were increased for the loss of C5/6 ROM in the ACDF model when compared with the intact model. Notably, the ROM compensatory increases in adjacent segments (C4/5 and C6/7) were more significant than those in the non-adjacent segments, except for C3/4 during lateral bending. Previous studies also reported the phenomenon of more ROM compensatory in non-adjacent segments versus adjacent segments (Hua et al., 2020; Choi et al., 2021). Our results also indicated that non-adjacent segments close to the fusion segments were more likely to have more compensation for intervertebral ROM, which may result in a greater risk of degeneration.
The in vitro experiments have demonstrated that FJF values significantly increased in non-fusion segments after fusion, which may be the initial factor for the occurrence of segmental degeneration (Chang et al., 2007; Li et al., 2015). It was reported that when the ROM of the degenerative cervical segment was small, the segment’s FJF did not significantly increase (Cai et al., 2020). However, when the ROM of the degenerative segments was increased to a certain extent, the FJF value increased significantly. This finding is consistent with the results of the present study, wherein the FJF values of each non-fusion segment increased with an increase in the total C0–C7 ROM in the ACDF model, showing a significant positive correlation. Arokoski et al. (2000) revealed that an abnormal increase in stress rate and load in daily activities leads to structural damage and mechanical failure of the articular cartilage, suggesting that changes in cervical motion state before and after ACDF surgery may lead to facet joint degeneration. Therefore, studying the reasonable motion method after cervical fusion is beneficial for finding a new solution to slow down facet joint degeneration. Moreover, the studies have shown that FJF increases with increasing disc degeneration, which may be related to the disc’s abnormal morphology and reduced height (Matsunaga et al., 1999; Hussain et al., 2010).
Non-fusion segment degeneration is also always accompanied by intervertebral disc degeneration, although it remains inconclusive whether disc or facet joint degeneration occurs first (Li et al., 2015). In an in vitro study, Eck et al. (2002) found that a part of the disappeared ROM of the fusion segment led to a significant increase in the intervertebral disc pressure at the adjacent level, which may be the mechanism of early disc degeneration after cervical fusion. This also revealed that the IDP values increased with increasing total C0–C7 ROM in all six motion directions in the ACDF model. The increased IDP values were directly associated with a compensatory increase in intervertebral ROM at the same level. Moreover, the IDP values of the C2/3 and C3/4 segments were higher than those in the C4/5 and C6/7 segments, which may be due to the smaller stress area of C2/3 and C3/4 intervertebral discs. The mid-disc cross-sectional area at C2/3, C3/4, C4/5, and C6/7 levels were 260.00, 253.10, 283.12, and 310.34 mm2, respectively.
As the main result of this study, reasonable ROMs of total C0–C7 in the ACDF model without an increase in FJF and IDP were determined. The reasonable total C0–C7 ROMs of all six motion directions decreased by 4.4–7.2% compared with those in the intact model. This result was consistent with the view that reducing intervertebral ROM compensation can reduce IDP and FJF, thereby slowing down the degeneration progress in non-fusion segments (Li et al., 2015; Cai et al., 2020; Wong et al., 2020). The present study may provide scientific guidance for postoperative rehabilitation exercise and help solve the clinical problems associated with postoperative non-fusion segment degeneration.
There are several limitations to the present study. First, the cervical spine FE model was developed based on the geometric information of the cervical spine from a single healthy person, which cannot calculate the statistical significance. Second, the neck muscles were not constructed in this model, although a widely recognized physiological follower load (Mo et al., 2015; Yu et al., 2016; Wong et al., 2020) was applied to simulate the effect of head weight and muscle force. Nevertheless, the follower load could not entirely replace the muscle functions, which might have more complex contributions to cervical motion. Third, the FE models were constructed without considering the degenerative changes such as facet hyperplasia, annular tearing, endplate sclerosis, or vertebral osteoporosis.
CONCLUSION
The present study proposed reasonable cervical ROMs to offset the increase in intervertebral FJF and IDP in non-fusion segments after ACDF. Guiding patients to perform postoperative neck exercises within reasonable ROMs to decrease the abnormal load on the facet joints and disc may help delay non-fusion segment degeneration progression. This biomechanical research approach for reasonable cervical ROMs still needs to be investigated in various single- or multi-level ACDF in the future. More relative biomechanical and clinical studies are necessary to verify the results presented in this study.
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Orthopedic hybrid implants combining both titanium (Ti) and magnesium (Mg) have gained wide attraction nowadays. However, it still remains a huge challenge in the fabrication of Mg-Ti composites because of the different temperatures of Ti melting point and pure Mg volatilization point. In this study, we successfully fabricated a new Mg-Ti composite with bi-continuous interpenetrating phase architecture by infiltrating Mg melt into Ti scaffolds, which were prepared by 3D printing and subsequent acid treatment. We attempted to understand the 7-day degradation process of the Mg-Ti composite and examine the different Mg2+ concentration composite impacts on the MC3T3-E1 cells, including toxicity, morphology, apoptosis, and osteogenic activity. CCK-8 results indicated cytotoxicity and absence of the Mg-Ti composite during 7-day degradation. Moreover, the composite significantly improved the morphology, reduced the apoptosis rate, and enhanced the osteogenic activity of MC3T3-E1 cells. The favorable impacts might be attributed to the appropriate Mg2+ concentration of the extracts. The results on varying Mg2+ concentration tests indicated that Mg2+ showed no cell adverse effect under 10-mM concentration. The 8-mM group exhibited the best cell morphology, minimum apoptosis rate, and maximum osteogenic activity. This work may open a new perspective on the development and biomedical applications for Mg-Ti composites.
Keywords: 3D printing, Mg-Ti composite, degradation, Mg2+, MC3T3-E1 cells
1 INTRODUCTION
In the last few decades, there has been an overwhelming increase in the research on medical devices and implants because of aging population and ever-increasing human life expectancy. In particular, in the field of orthopedics, the number of orthopedic implant surgeries is constantly increasing. Ideal orthopedic implant materials should be outlined with the following characteristics (Witte 2010; Attarilar et al., 2020a): 1) good biocompatibility, 2) sufficient mechanical strength without the stress shielding effect, and 3) biological activity to promote healing.
Metals, ceramics, polymers, and composites are the commonly used orthopedics. Among them, metals are most suitable for wide applications in clinical conditions (Kandala et al., 2021). Ti and its alloys represent a feasible choice among materials for metallic orthopedic implants because of their satisfactory biocompatibility, high corrosion resistance, and excellent mechanical properties (Geetha et al., 2009; He et al., 2015; Zhu et al., 2016). Despite the mentioned advantages, their further clinical application remains a challenge due to some major drawbacks such as the stress shielding effect and being biologically inert (Stanec et al., 2016; Bobbert et al., 2017). Various methods of fabricating less stiff modulus orthopedic implants have been reported (Ouyang et al., 2019; Esen et al., 2020; Liang et al., 2021; Xu et al., 2021), and the control of porosity is considered a promising method (Meenashisundaram et al., 2020; Zhang et al., 2020; Zhang et al., 2021). On one hand, the porous structure of Ti-based materials effectively reduced the stress shielding effect between the implant and the surrounding bone. On the other hand, it can induce blood supply to the scaffold to supply oxygen and nourishment needed for tissue repair, promoting the generation and calcification of new bone tissues (Liu et al., 2015; Claros et al., 2016; de Krijger et al., 2017). Furthermore, the bioactivity of Ti and Ti alloys can also be improved by adding other elements, such as magnesium and zinc, into the porous structure (Wong et al., 2017; Yao et al., 2022).
Recently, Mg and Mg alloys have been widely designed and reported as potential biodegradable orthopedic implant materials (Witte et al., 2005). Compared with other biomedical metals, Mg-based implants have become increasingly attractive because of their appropriate mechanical properties, such as low density, high specific strength, and low elastic modulus (Mps et al., 2006). The elastic modulus of Mg is close to that of the bone, and it can effectively decrease the stress shielding effect at the bone-implant interface (Li et al., 2016; Wang N et al., 2020). Moreover, as one of the most abundant elements in the human body, Mg can be degraded and absorbed along with the human body’s self-healing. In addition, the functional effects of Mg include regulating bone metabolism, stimulating new bone formation, and increasing bone cell adhesion (Li et al., 2018).
For the aforementioned reasons, the combination of Ti and Mg seems a promising new idea for fabricating ideal biomedical materials. Martin et al. and Balog et al., (2019) successfully produced Ti+ (12, 17, and 24 vol.%) Mg composites by powder metallurgy. The mechanical and bioactive properties of the composites demonstrated immense potential for application as dental implants. However, Mg filaments were arrayed along the extrusion direction and embedded in the Ti matrix. In the case of low Mg content, the filaments could barely connect with each other. Ouyang et al. (2019) reported that a new Mg-Ti composite was manufactured through the process of spark plasma sintering (SPS). Despite the composite exhibiting good mechanical properties, the Mg-rich regions were non-uniformly distributed among the Ti matrix. In general, it is difficult to achieve ideal Mg-Ti composite biomedical materials using the traditional casting methods. In this context, 3D printing offers many advantages in manufacturing orthopedic implants, including free designation and high precision (Campanelli et al., 2017). Three-dimensional printing takes full advantage of the possibilities to realize the addition of functional elements in Ti alloys and the processing of implants with porous structures (Attarilar et al., 2020b; Fan et al., 2021). The type of repeating unit cell and its dimensions can be chosen to adjust the mechanical properties of the porous biomaterials to achieve an excellent match for the mechanical properties of bone (Eltorai, Nguyen and Daniels 2015; Stanec et al., 2016).
In our previous study (Zhang et al., 2020), we proposed a new fabrication approach to create a good combination of properties in a Mg-NiTi composite. This approach is also applicable in engineering other material systems to improve performance. In the present study, a pure Ti scaffold with three-dimensional (3D) interpenetrating phase architecture was fabricated by the 3D printing technology. We fabricated a Mg-Ti composite by pressureless infiltration of the Mg melt into the scaffold. The degradation behavior of the Mg-Ti interpenetrating phase composite in vitro and the bio-compatibility of the Mg-Ti composite degradation process were evaluated. Then, the effect of Mg2+, produced in the degradation process, on MC3T3-E1 cells was investigated by various Mg2+ concentration tests.
2 MATERIALS AND METHODS
2.1 Material Preparation and Characterization
The fabrication methods of the Mg-Ti composite can be seen in our previous study (Zhang et al., 2020). In the following tests, we chose commercial pure Mg as the control material. Scanning electron microscope (SEM, Zeiss Merlin Compact, Zeiss, Germany) imaging coupled with energy-dispersive spectroscopy (EDS) analysis was performed to characterize the microstructure of the Mg-Ti composite and pure Mg specimens. All the specimens with a size of φ10 mm × 2 mm were prepared for the in vitro studies and immersion tests. Silicon carbide (SiC) papers were used to polish the samples to 800–2000 grit. Then, the disc samples were cleaned with distilled water for 10 min and sterilized with ultraviolet for 40–60 min, following ultrasonic etching in acetone and ethyl alcohol.
2.2 Immersion Test
All the samples for the immersion test were placed in 12-well cell culture plates and immersed in modified Eagle’s medium alpha (α-MEM) supplemented with 10% fetal bovine serum (FBS) at 37°C for 1, 3, 5, and 7-days. The immersion ratio was fixed as 1.25 cm2/ml with the α-MEM medium refreshed every 24 h. The medium pH value at regular time points was determined by using a pH detection device (PHS-3C, Leica, China). The corrosion products produced in the process of degradation were dried by hot air, following the removal with a chromic acid solution (200 g/L CrO3+ 10 g/L AgNO3). Then, the samples’ morphology was assessed by using a digital camera, and the microstructure was analyzed by SEM and EDS.
2.3 In Vitro Cell Tests
2.3.1 Extract Preparation and Cell Culture
The extracts were used for the in vitro tests. After 1, 3, 5, and 7-days of immersion, the Mg-Ti composite and pure Mg samples were immersed in an α-MEM medium containing 10% FBS for 72 h at 37°C in a humidified atmosphere of 5% CO2. The immersion ratio was selected, as mentioned previously according to the standard ISO 10993. After filtrating with a filter (0.22 μm), the extracts were collected and then diluted six times with the α-MEM medium for in vitro tests.
MC3T3-E1 cells were chosen to test cell morphology, proliferation, apoptosis, and differentiation. The cells were cultured in α-MEM supplemented with 10% FBS and 1% penicillin and streptomycin in a humidified atmosphere at 37°C with 5% CO2. When the monolayer reached sub-confluence, the cells were subcultured with 0.25% trypsin.
2.3.2 Cell Proliferation and Cytotoxicity Test
Cell-Counting Kit-8 (CCK-8, United States Everbright Inc., Silicon Valley, United States) assay was chosen to evaluate the effects of the Mg-Ti composite and pure Mg extracts on cell proliferation. Cells were seeded in 96-well plates at 3 × 103 cells/well for 24 h. They were washed twice with PBS, and the medium was replaced by 100 μl extracts or a normal culture medium after 24 h of attachment. After 1, 2, and 3-days of culturing, 100 μl α-MEM with 10% CCK-8 was added after rinsing twice with PBS; then, the plate was incubated for 2 h at 37°C. The 450 nm optical density was measured by using a microplate reader (Infinite M200, Tecan, Austria). Three replicates were chosen per group.
2.3.3 Cell Morphology Staining
To detect the effect of the Mg-Ti composite and pure Mg extracts on cell morphology, MC3T3-E1 cells were incubated on a 24-well cell culture plate with the diluted extracts at a density of 1 × 104 per well for 4 and 24 h. At each time point, the cells were permeabilized with 0.1% Triton X-100 after washing with PBS three times. Then, the permeabilized cells were supplemented with 100 nmol/L rhodamine-phalloidin (Cytoskeleton, Inc., Denver, CO, United States) for 30 min in the dark at room temperature. After that, the cells were stained with DAPI for 2 min coupled with washing with PBS three times before observation with a fluorescence microscope (ZEISS, Germany).
2.3.4 Cell Apoptosis
An Annexin V-FITC/PI kit (United States Everbright Inc., Silicon Valley, United States) was used to detect the effects of the sample extracts on cell apoptosis quantified through the standard flow cytometry test, according to the manufacturer’s protocol. MC3T3-E1 cells were seeded in 12-well plates at 1 × 105 cells/well in a 1 ml medium for 24 h. The medium was replaced by prepared extracts or a normal culture medium, respectively, for 1 and 3-days. At each time point, the cells were digested with 0.25% trypsin and collected for the stain after washing with PBS three times. The collected cells were re-suspended with 100 μl binding buffer and stained with Annexin V-FITC and propidium iodide (PI) for 15 min in the dark. Before the flow cytometry (BD, LSRFortessa, United States) test, 300 μl binding buffer was added to each sample and blended evenly.
2.3.5 Alkaline Phosphatase (ALP) Activity
MC3T3-E1 cells were seeded in 12-well plates at 1 × 105 cells/well for 24 h. The culture medium was replaced with the prepared extracts, and the culture medium contained an osteogenesis-inducing component. The extracts were refreshed every 2-days. The activity of ALP was evaluated with an Alkaline Phosphatase Assay Kit, according to the manufacturer’s instructions (Beyotime, China) after culture for 7 and 14-days. The protein content was measured following the protocol of the BCA protein assay kit (Beyotime, China). The ALP activity test of all samples was normalized using the protein concentration.
2.4 Cell Responses to Varying Mg2+ Concentrations
2.4.1 Preparation of the Medium With Varying Mg2+ Concentrations
To simulate the effect of 7-day degradation of Mg2+ production on MC3T3-E1 cells, we prepared α-MEM with varying Mg2+ concentrations. First, inductively coupled plasma mass spectrometry (7800 ICP-MS, Agilent, United States) was performed to detect the Mg2+ concentration of pure Mg and Mg-Ti composite extracts. Then, the sterilized Mg chloride solution was applied to elevate the α-MEM Mg2+ concentration, according to the result of the Mg2+ concentration test.
2.4.2 Effect of Varying Mg2+ Concentrations on MC3T3-E1 Cells
CCK-8 assay was performed to evaluate the effects of varying Mg2+ concentrations on MC3T3-E1 cells in cytotoxic and proliferation ability. The cell morphology was stained with phalloidin to observe the effect of varying Mg2+ concentrations on the intracellular F-actin cytoskeletal network for 4 and 24 h. The cell apoptosis rate of MC3T3-E1 cells incubated with varying Mg2+ concentrations was determined by Annexin V-FITC/PI double staining for the period of 1 and 3-days. To determine the effect of varying Mg2+ concentrations on the osteogenic differentiation ability, an ALP assay was carried out after incubation for 7-days and 14-days.
2.5 Statistical Analysis
All experiments were repeated by at least three times for statistical purposes. Statistical analysis was performed with SPSS 25.0 software. Differences between the groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s test.
3 RESULTS
3.1 Morphology and Microstructure Characterization
Figure 1 shows the morphology and microstructures of the Mg-Ti composite. The microstructure and elemental composition of samples are analyzed via SEM coupled with EDS. SEM images show that the surface of the sample was smooth without obvious structural flaws, for example, pores or micro-cracks. It indicates that after the infiltration of the Mg melt into the Ti scaffold and subsequent solidification, the Mg-Ti composite materials are highly densified with the Mg and Ti phases interpenetrating the 3D space. In addition, the width of the Mg phase or the interspace between neighboring Ti struts is close to 700 μm in the sample. To further detect the element distribution, EDS is performed. The EDS analysis presents that Ti and Mg are the main elements in all tested specimens.
[image: Figure 1]FIGURE 1 | Morphology of the Mg-Ti composite. (A–C) (A) 3D-printed Ti scaffold. (B) Ti scaffold after acid treatment. (C) Mg melt infiltration into the Ti scaffold. EDS results (D) and the corresponding SEM images (E–G) of the Mg-Ti composite, (F) Ti, and (G) Mg.
3.2 Immersion Test
Figure 2 shows the results of pH value, weight loss, and macroscopic morphology of pure Mg and Mg-Ti composites. It is observed that the pH values of the Mg-Ti composite and pure Mg extracts both reached the maximum on the first day. The pH values of the Mg-Ti group are higher than those of the Mg group at all the test time points. The degradation of Mg proceeds gradually, slows down with the immersion time, and then becomes saturated after 7-days for both the Mg-Ti composite and pure Mg. The weight loss of the Mg-Ti composite is much higher than that of pure Mg after immersion for 7-days. It reaches a saturation point for the Mg-Ti composite and pure Mg after 5-days of degradation. The macroscopic appearance of the pure Mg and Mg-Ti composite shows that the degradation starts from the edge and extends toward the center of the materials with the increase in immersion time.
[image: Figure 2]FIGURE 2 | (A) Corroded surface photographs of pure Mg and Mg-Ti composite (corrosion products were removed). (B) pH values of pure Mg and the Mg-Ti composite in the α-MEM solution with 10% FBS at 37°C and 5% CO2. (C) Weight loss of pure Mg and Mg-Ti composite.
Figure 3 shows the microscopic morphology of the Mg-Ti composite within 7-days of degradation. After removing the corrosion products, it can be observed that the Ti matrix in the Mg-Ti composite is almost integrated, whereas the Mg area is partially degraded. Several corrosion pits or cracks are basically observed in the Mg-rich area, whereas very few are observed in the Ti area. From the microscopic point of view, the degradation of the Mg-Ti composite starts from the interface of the Ti and Mg region, leading to a porous morphology of the corroded Mg area. With the prolongation of immersion time, the corroded area of the Mg region is extended and spreads to the central regions of Mg. Figure 4 shows the SEM and EDS images of the corrosion product of the Mg-Ti composite after 7-days of degradation. The Ca/P rate is close to 1.4.
[image: Figure 3]FIGURE 3 | Microscopic morphology of the Mg-Ti composite after 0, 1, 3, 5, and 7 days of degradation (corrosion products were removed).
[image: Figure 4]FIGURE 4 | SEM images and EDS analysis of the Mg-Ti composite after 7 days of degradation.
3.3 In Vitro Cytocompatibility of MC3T3-E1 Cells
3.3.1 Mg2+ Concentration of Extracts
Figure 5 shows the Mg2+ concentration of pure Mg and the Mg-Ti composite extracts at different periods of immersion time. The Mg-1 day group exhibits the highest Mg2+ concentration (9.6 mM). With the immersion time prolonged, the Mg2+ concentration for the pure Mg groups decreases gradually and eventually stabilizes for 5-days (3 mM). For the Mg-Ti group, the Mg2+ concentration remains stable around 8 mM in the process of 7-days of degradation. Thereby, we selected a range of concentrations (2, 4, 6, 8, and 10 mM) to detect the effect of various Mg2+ concentrations on MC3T3-E1 cells.
[image: Figure 5]FIGURE 5 | Extract of the Mg2+ concentration of the degraded Mg-Ti composite and pure Mg after diluting six times.
3.3.2 Cell Proliferation and Cytotoxicity
The CCK-8 results (Figure 6) show that the cells proliferate well in the pure Mg and Mg-Ti groups during incubation for 3-days. It displays that the OD values of all the groups increase gradually over the incubation time. Within 3-days of culture, the Mg-3 day group displays higher proliferation than the control group (p < 0.05). The relative growth rates (RGR) of MC3T3-E1 cells are shown in Table. 1. The RGR is calculated by a formula, according to the standard United States Pharmacopeia. The cell viability results of all specimens are more than 75%, indicating no cytotoxicity of all groups through 3 days of culture. As shown in Figure 7, the effects of Mg2+ concentrations on the cell proliferation ability are observed. It can be seen that the OD values gradually increased over the incubation time. From 1-day to 3-days of culture, all groups showed no statistical difference within the RGR ranging from 0–1 (no toxicity).
[image: Figure 6]FIGURE 6 | Optical density value (OD value) of MC3T3-E1 cells cultured with extracts of the degraded Mg-Ti composite and pure Mg.
TABLE 1 | Relative growth rate (RGR) and cytotoxicity level of MC3T3-E1 cells cultured with extracts of the degraded Mg-Ti composite and pure Mg at different detection periods.
[image: Table 1][image: Figure 7]FIGURE 7 | OD value of MC3T3-E1 cells cultured with gradient Mg2+ concentrations.
3.3.3 Cell Morphology Staining
The fluorescence staining results of the intracellular F-actin cytoskeletal network with rhodamine-phalloidin and DAPI are shown in Figure 8. At the period of 4 h, the cells show obvious spindle morphology with little filopodia in both pure Mg and Mg-Ti groups. With the incubation time prolonged to 24 h, the cells present a fibrous structure with apparent F-actin, filopodia, and lamellipodia observed in the Mg-Ti group. Compared with pure Mg, cells provide more area in the Mg-Ti group, which suggests that the initial attachment behavior of MC3T3-E1 cells is better. As shown in Figure 9, the addition of Mg2+ promotes the expansion of MC3T3-E1 cells. Moreover, the cell exhibits a better shape configuration and displays better adhesion in the 8-mM group.
[image: Figure 8]FIGURE 8 | Morphology staining of MC3T3-E1 cells cultured with extracts of the degraded Mg-Ti composite and pure Mg for 4 and 24 h.
[image: Figure 9]FIGURE 9 | Morphological staining of MC3T3-E1 cells cultured with gradient Mg2+ concentrations for 4 and 24 h.
3.3.4 Apoptosis Analysis
The results of the cell apoptosis analysis are shown in Figure 10 and Figure 11. Apoptosis is an active biological mechanism leading to programmed cell death. The decrease in the apoptosis rate indicates an increase in the proliferative activity of MC3T3-E1 cells. Figure 10 demonstrates the cell apoptosis culture in pure Mg and Mg-Ti composite extracts with different degradation times. After seeding for 1-day and 3-days, the apoptosis of all groups including pure Mg and the Mg-Ti composite is less than 10%, which is an acceptable range. On day 1, the apoptosis of the Mg-Ti group is lower than that of the pure Mg group but is slightly higher than that of the control group. On day 3, the apoptosis rates of pure Mg and Mg-Ti groups are both lower than those of the control group (Table 2). The apoptosis results of MC3T3-E1 cells on varying Mg2+ concentrations within 3-days are shown in Figure 11. After 3-days of incubation, the addition of Mg2+ reduces the apoptosis of MC3T3-E1 cells with the 8 mM Mg2+ exhibiting minimum apoptosis.
[image: Figure 10]FIGURE 10 | Apoptosis of MC3T3-E1 cells cultured with extracts of degraded pure (A) Mg and (B) Mg-Ti composite for 1 day and 3 days.
[image: Figure 11]FIGURE 11 | Apoptosis of MC3T3-E1 cells cultured with gradient Mg2+ concentrations for 1 day and 3 days.
TABLE 2 | RGR and the cytotoxicity level of MC3T3-E1 cells cultured with gradient Mg2+ concentrations at different detection periods.
[image: Table 2]3.3.5 ALP Activity
The differentiation ability of MC3T3-E1 cells is used to describe the osteoblast maturation and can be assessed by an ALP test. Figure 12A shows that the ALP activity is promoted in the Mg-Ti composite and pure Mg groups on days 7 and 14. It can be found that the ALP content of both groups increased as the osteogenic induction time was extended. On days 7 and 14, the ALP content of the Mg-Ti group is significantly higher than that of the pure Mg group (p < 0.05). In the different immersion times of pure Mg and Mg-Ti groups, the results show little difference. Figure 12B shows the ALP activity of MC3T3-E1 cells incubated in a gradient Mg2+ concentration medium for 7-days and 14-days. It can be identified that the addition of Mg2+ to the medium promotes the ALP activity of cells. The ALP activity is the highest in the 8 mM Mg2+ medium within both groups.
[image: Figure 12]FIGURE 12 | (A) ALP activity of MC3T3-E1 cells cultured with extracts of the degraded Mg-Ti composite and pure Mg for 7 and 14 days (n=3 and *p < 0.05). (B) ALP activity of MC3T3-E1 cells cultured with gradient Mg2+ concentrations for 7 and 14 days (n=3 and *p < 0.05).
4 DISCUSSION
4.1 Degradation Behavior
As is known, Mg is active and can react with moisture or water when exposed to aqueous environments, resulting in hydroxide ions (OH−), hydrogen gas (H2), and Mg2+ ions by the following reactions (Jin et al., 2020):
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Generally, the corrosive attack in pure Mg normally starts at the grain boundary. However, galvanic corrosion is induced by the electrode potential differences of Ti and Mg metals in the Mg-Ti composite. The Ti phase is protected as cathodic sites, and the Mg phase is selectively corroded as anodic sites.
Ideal Mg-Ti composites should maintain Ti scaffold integrity to provide the implant strength during the bone defect repair process after the Mg phase degradation. However, as the composites undergo degradation, hydrogen gas accumulation around the cathodic site (Ti skeleton) may cause adverse effects. Different amounts of hydrogen gas could be produced depending on the corrosion rate of the composites. The produced hydrogen could create stresses during corrosion, especially on the Ti skeleton. Moreover, sudden hydrogen gas evolution could also cause the initiation of micro-cracks in the Ti skeleton, resulting in catastrophic failure. Esen et al. (2020) fabricated Ti6Al4V-Mg/WE41/AZ27 composites through powder metallurgy. After immersion for 1-day, the Ti6Al4V-Mg composite samples were not able to preserve their Ti scaffold integrities. The loss of Ti scaffold integrities mainly resulted from the high pressure generated by hydrogen gas. The generated pressure overcame the local strength of sintering necks in the Ti6Al4V alloy skeleton. In the present work, although the degeneration rate of the Mg-Ti composite is higher than that of pure Mg, there is no obvious change in the macro-morphology of the sample with only a few cracks in the Ti regions close to Mg after 7-days of immersion. These all result from the unique design of the 3D interpenetrating phase architecture. By retaining the structural integrity and resisting the development of damage, the mechanical properties of the Mg-Ti composite are enhanced by the interpenetrating phase architecture. The stresses caused by the accumulation of hydrogen gas during the process of corrosion are permitted effective transfer within each bi-continuity of the Ti and Mg phases to generate a substantial strengthening effect in the composite (Zhang et al., 2020).
In this work, the Mg-Ti composite exhibits a higher degradation rate than pure Mg during 7-days of degradation. The high degradation rate might mainly result from galvanic corrosion in the Mg-Ti composite. Because of the electrode potential difference of Ti and Mg metals, Mg with higher activity is preferentially corroded. As shown in Figure 4, the micromorphology image of the Mg-Ti composite shows that the corrosion of Mg regions in the composites preferentially starts from the Mg and Ti interface and gradually extends to the central regions of Mg over time. Apart from galvanic corrosion, the irregularly porous morphology of Mg after preferential corrosion may be another reason for the higher degradation rate. In addition, the irregularly porous corrosion morphology is similar to cancellous bone, thereby stimulating the growth of new bone tissue near the implant.
With regard to the Mg-based materials, the formation of corrosion products is generally characterized by the degradation process. Magnesium hydroxide, generated on the surface of materials, is characterized as the main corrosion product. As shown in Figure 5, the surface of the Mg-Ti composite was almost covered with corrosion product after 7 days of immersion, and the abundance in the Mg site is more than that of the Ti site. The reason for the Mg(OH)2 formation promotion might be that Mg2+ and OH− accumulate in the Mg region as it is the anodic site in galvanic corrosion. The Mg(OH)2 film on the surface of the material could passivate Mg in basic environments as a protective layer and prevents further corrosion underneath Mg. However, the layer could not maintain long-term stability in aqueous environments, especially with the presence of bromide, chlorate, sulfate, and chloride. Soluble MgCl2 converted from Mg(OH)2 could further transform to magnesium phosphate and finally transform into apatite. This may be the reason why the pH values have remained steady in the immersion test.
4.2 In Vitro Cytocompatibility of MC3T3-E1 Cells
4.2.1 Cell Viability and Morphology
The reactions between Mg and the biological environment have to be taken into account when Mg-based materials are used as orthopedic implants. In the degradation process, especially at its early stage, the reaction of Mg with water molecules in the aqueous environment leads to the formation of hydroxide ions (OH−), hydrogen gas (H2), and a high concentration of Mg2+. These three factors affect the biocompatibility of Mg-based materials. However, the degradation rate of Mg-based materials in vivo is not easy to be simulated by extracts obtained from the current ISO 10993 standards because of the large differences between in vivo and in vitro conditions. In the study by Gao, Su and Qin (2021), the results suggested that the immersion degradation rate in vitro was 2–4 times higher than the degradation rate of the in vivo implantation experiment. Similarly, the 1–5 correlation factors of the degradation rate can be predicted between in vitro and in vivo when an appropriate medium was used for the in vitro immersion test (Witte et al., 2006). Sanchez et al. (2015) also reported that the degradation rate in vitro reaches up to nine times higher than the in vivo degradation. Therefore, Wang et al. (2015)suggested that the extract of Mg-based materials should be diluted 6–9 times to test biocompatibility in vitro, according to the selection of implantation.
In this work, the extracts of the samples were diluted six times to evaluate the Mg-Ti composite and pure Mg availabilities for cell morphology, proliferation, and formation of alkaline phosphatase. Then, the Mg2+ concentrations of the diluted extracts were measured. These values were used as the basis for preparing culture media with various Mg2+ concentrations. As shown in Figure 5, the Mg2+ concentration of diluted pure Mg extracts decreases gradually over time, yet that of the Mg-Ti composite remains stable around 8 mM in the process of 7-days of degradation.
In general, the primary requirement of orthopedic implants is to be non-toxic to cells. The CCK-8 method is most commonly used to detect cell proliferation in vitro. According to CCK8 results, it can be found that Mg-Ti groups exhibit a similar cell proliferation ability of osteoblasts compared to pure Mg groups in the process of 7-days of degradation. In addition, both pure Mg and Mg-Ti groups have positive effects on the proliferation ability of osteoblasts compared with the control group on days 1, 2, and 3, which indicated that all the extracts in this study are non-toxic and of excellent biocompatibility. Similar results are also obtained after 3 days of culture in media (0.8, 2, 4, 6, 8, and 10 mM Mg2+) where the cell proliferation rates of all groups have no significant difference, showing that Mg2+ is non-toxic to cells under 10 mM.
In addition, Mg2+ also exerts an effect on cellular morphology. An appropriate Mg2+ concentration promotes the formation of the actin filament bundle and the expansion of cells, which is beneficial to cell adhesion and motility. It is widely accepted that the F-actin cytoskeletal network is a key regulator of cellular shape and force generation in cell migration with crucial roles in maintaining the cellular shape and elasticity. F-actin staining results (Figure 9) show that cell morphology with more filopodia was observed in the group with an Mg concentration at 8 mM. In the report by Maier and Haraszti (2015), Mg2+ has a significant influence on the global structure of the actin filament bundles. The addition of Mg2+ contributes to the changes in the elasticity of the actin network even at low concentrations (2–12 mM). Moreover, the speed and extent of bundle formation increase when elevating the Mg2+ concentration from 1 to 5–10 mM (Hu and Kuhn 2012). These all suggest that Mg2+ around 8 mM is an appropriate concentration benefiting the integration of implants and surrounding tissues. Moreover, as shown in Figure 8, the cell morphology of the Mg-Ti composite is better than that of pure Mg. This may result from the cooperated effect of Mg2+ concentration and corrosion products caused by different degradation modes and rates.
4.2.2 Cell Apoptosis
Apoptosis, occurring over several hours, is well known as cell programmed death since death results from the cell itself, eliminating damaged cells (Matsui et al., 2017). The apoptosis rate is an essential index when characterizing the biocompatibility of orthopedic implant materials. In the process of apoptosis, mitochondria play an essential role, which is associated with intracellular Ca2+ overload. Larger amounts of Ca2+ influx result in intracellular Ca2+ concentration rise and accumulation in the mitochondria (Thor, Hartzell and Orrenius 1984). The accumulation of Ca2+ contributes to the opening of a high-conductance pore in the inner mitochondrial membrane (IMM), which has been termed mitochondrial permeability transition (MPT) (Douglas et al., 1979). Then, the osmotic swelling of the mitochondria and rupture of the mitochondrial membrane occur which results in the mitochondrial proteins, including cytochrome C, releasing into the cytosol (Lemasters et al., 1999). In the cytosol, an apoptosome complex is formed by cytochrome C together with apoptosis activating factor-1 (Apaf-1) and pro-caspase-9. Cell apoptosis can be triggered by the apoptosome complex through intrinsic or extrinsic apoptosis pathways.
In the experiment of incubating MC3T3-E1 cells with a series of culture media in increasing Mg2+ concentrations, the results of the apoptosis analysis implied that the apoptosis rate gradually decreased with the increase in the Mg2+ concentration. The minimum apoptosis was observed in the 8-mM Mg2+ concentration culture medium. The reasons may be as follows: on one hand, the elevation of extracellular Mg2+, as the well-known calcium competing ion, suppresses the increase in the intracellular Ca2+ concentration by competing with extracellular Ca2+ and inhibiting the release of intracellular calcium, thereby preventing cell damage and reducing apoptosis (Bojan et al., 2013). On the other hand, several in vitro studies implied that the elevation of intracellular Mg2+ was observed in the early phase of apoptosis (Zhang et al., 2005). However, in the research of Matsui et al. (2017), they developed a novel Mg2+ probe which achieved a long-term visualization of intracellular Mg2+ dynamics during apoptosis. The results showed that the increase in the Mg2+ concentration is associated with the decrease in the ATP concentration after apoptotic cell shrinkage, demonstrating that Mg-ATP is the main resource for the Mg2+ increase after cell shrinkage during apoptosis. Moreover, the same conclusion was drawn by Chien et al. (1999) that the elevation of cytosolic free Mg2+ was irrelevant to the extracellular Mg2+ concentration with the increase in intracellular Mg2+ derived from the mitochondria during the process of apoptosis. Together, Mg2+ concentration at an appropriate range tends to decrease the apoptosis rate of cells. A recent study has documented that the addition of Mg particles reduces the apoptosis caused by the Ti particles (Wang Y et al., 2020). However, the apoptosis results of experimental extracts were not completely consistent with the aforementioned trends. It might be attributed to the generation of other factors (pH, osmolality, and corrosion product) in the degradation process.
4.2.3 Cell Differentiation
ALP, as the key factor governing the process of osteogenesis, is expressed in the early stage of bone development and used as an early marker of osteoblast differentiation (Hu et al., 2021; Yi et al., 2021). In the present study, the ALP activities of the Mg-Ti and pure Mg groups with different degradation times were both higher than those of the control group. In addition, the ALP activity gradually decreased over time, which was consistent with the Mg2+ concentration trend of pure Mg extracts. It showed that the extracts of Mg-based materials could enhance the ALP activity of cells and the enhancing efficiency was closely related to the Mg2+ concentration of extracts. Moreover, the ALP activity of Mg-Ti groups was higher than that of pure Mg groups at all degradation times, which indicated that the extracts of the Mg-Ti composite could better promote the osteogenic differentiation of cells compared with pure Mg. The difference in the ALP activity of the two materials might be attributed to the following aspects. On one hand, the Mg2+ concentration of Mg-Ti composite extracts remained at around 8 mM in 7-days of degradation, which is regarded as an appropriate range for cell osteogenic differentiation. This assumption was verified by the experimental result of MC3T3-E1 cells incubated with varying Mg2+ concentrations. As shown in Figure 12, the ALP activity of the 8-mM group was significantly higher than that of the other five groups with the difference being statistically significant. On the other hand, the Mg-Ti composite exhibited a slightly higher pH value of less than 8.5 than that of pure Mg in the process of degradation. It was reported that suitable alkalinity (pH 7.8–8.5) had a beneficial effect on osteogenesis (Liu et al., 2016; Wu et al., 2019). However, the 7-day extract groups showed a similar Mg2+ concentration to 5-days, whereas they exhibited a higher ALP activity. This phenomenon may result from the production of more calcium phosphate after 7-days of degradation, which improves the osteogenic ability of cells.
In summary, the extracts of the Mg-Ti composite exhibit good biocompatibility and excellent osteogenic activity in the process of 7-days of degradation. However, because of the difference in degradation rates in vitro and in vivo, animal studies need to be carried out in the future to determine the suitability of the Mg-Ti composite as an orthopedic implant.
5 CONCLUSION
1) A new Mg-Ti interpenetrating phase composite is fabricated by printing a pure Ti scaffold through the 3D printing technology and then the pressureless infiltration of the Mg melt into it. The degradation of the Mg-Ti composite starts from the Mg matrix near the interface of the Ti and Mg region. The Ti-based skeleton remained intact, while Mg processively degraded during different periods. In the degradation process of the Mg-Ti composite, a slightly alkaline environment is formed which is conducive to the cell culture.
2) The extracts of the Mg-Ti composite were showed to be non-toxic to cells during 7 days of degradation. Compared with pure Mg extracts, it exhibited better cell morphology and higher osteogenic activity. Mg2+, which was precipitated during degradation, had an impact on cell apoptosis, and the rates of apoptosis were overall within an acceptable range.
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Magnesium alloys are biocompatible, biodegradable and have the ability to promote bone ingrowth, making them ideal candidate materials for replacing auto- and allografts in future treatments of large bone defects. Powder bed fusion–laser beam (PBF-LB) additive manufacturing of these alloys would further allow for the production of complex structures, optimized for bone grafting. However, the corrosion rates of structures processed by PBF-LB remain too high. An improved understanding of the influence of the microstructure generated during PBF-LB on the corrosion properties is considered key to their future implementation in implants. In this study, the effect of PBF-LB processing and subsequent hot isostatic pressing (HIP) on the microstructure and texture in different sample directions was studied and related to the corrosion behavior of a Mg-Y-Nd-Zr alloy. The results were compared with an extruded Mg-Y-Nd-Zr alloy. A higher amount of secondary phases resulted in a higher rate of localized corrosion for the PBF-LB processed material compared to that for the extruded one. Due to growth of the secondary phases, the corrosion rate was further increased after HIP. Moreover, a strong texture was observed in the PBF-LB material, and it was also enhanced in the HIP material. While this affected the electrochemical activity as measured by potentiodynamic polarization tests, any texture effect appeared to be masked by the contribution of the secondary phases in the longer-term mass change and hydrogen evolution tests. Future work should look further into the influence of individual process parameters on the microstructure and the resulting corrosion behavior of the material, to further clarify its interdependence.
Keywords: hot isostatic press (HIP), additive manufacturing, powder bed fusion, laser beam, WE43, magnesium, biodegradable metals, biodegradation
INTRODUCTION
Bone tissue generally has a great ability to regenerate, and in the case of small fractures, it can heal without any outer intervention besides external support in the form of a cast. However, for the healing of large bone defects, such as comminuted long bone fractures, or defects related to the removal of diseased bone, surgical intervention is often needed (Einhorn and Gerstenfeld, 2015). Today, the gold standard for the treatment of large bone defects is autografting or allografting, where the missing bone is replaced with a piece of bone taken from another location of the patient’s own body or from a donor. Nevertheless, the limited availability along with the risk of donor site morbidity or host rejection remains a problem (Giannoudis et al., 2005; Valtanen et al., 2021). Consequently, alternative treatments for the improved healing of large bone defects are needed.
Magnesium (Mg) and its alloys have been found to be some of the most promising materials for the production of biodegradable orthopedic implants (Plaaß et al., 2016; Han et al., 2019; Prasad et al., 2021). Magnesium is highly biocompatible, biodegradable, and known to promote osteogenic differentiation and enhance bone ingrowth (Castellani et al., 2011; Cao et al., 2020; Liang et al., 2021). Furthermore, Youngs’s modulus of Mg alloys is closer to that of bone in comparison with the metal alloys traditionally used in orthopedics, such as the Ti-6Al-4V (Staiger et al., 2006; Kurdi et al., 2020). A mismatch in Young’s modulus will affect the distribution of stresses in the bone surrounding the implant. This is important, as bone is a dynamic material, and an incorrect stress distribution can result in bone degradation and implant loosening (Engh et al., 1987; Hasegawa et al., 2021). The first clinically implemented biodegradable metal implant was a bone fixation device produced from a powder extruded Mg-Y-Nd-Zr alloy, which received its CE certification in 2013 (Syntellix., 2019; Han et al., 2019).
The establishment of the Mg-Y-Nd-Zr family of alloys (e.g., WE43) has enabled a broader use of Mg alloys in a large range of industrial applications (Luxfer MEL Aircraft interiors., 2003; Kainer, 2003). Such Mg-RE alloys often consist in low alloyed (Mg > 90 wt%), multi-phase systems (Kainer, 2003) given their high tendency to form intermetallic compounds with Mg. The improved corrosion property of the Mg-RE alloys in comparison with other commercial alloys such as the Mg-Al-Zn systems (AZ-series), can be derived from the corrosion potential of the intermetallic phases formed in the Mg-RE system being closer to that of the Mg-matrix (Südholz et al., 2011). There is also a positive shift in the corrosion potential of the Mg–matrix due to the relatively high solubility of Y in Mg (Ben-hamu et al., 2007; Südholz et al., 2011). Moreover, Y contributes to an enhanced corrosion resistance by improving the stability of the surface through the formation of Y2O3 (Du et al., 2011). New production routes such as powder extrusion, ensure a uniform distribution of secondary phases to further promote a more uniform and less severe degradation rate, which is desired for resorbable orthopedic fixation devices and stents (Biotronik; Syntellix). (Magnesium Scaffold, 2020)
Powder bed fusion–laser beam (PBF-LB) is an advanced manufacturing technique offering unique possibilities regarding design optimization for all types of applications (Gibson et al., 2015). In orthopedics, PBF-LB of metal alloys such as Ti-6Al-4V has allowed for the manufacturing of complex patient specific implants with optimized structures for cell viability and bone ingrowth (Revilla-León et al., 2020; McGregor et al., 2021; Yang et al., 2021; Zhao et al., 2021). Combining the unique possibilities provided by PBF-LB regarding design optimization, with the biodegradability and biocompatibility of Mg alloys, can lead to the development of a new generation of load-bearing biodegradable metal implants for the improved healing of large bone defects. However, for a successful development of Mg-based biodegradable bone grafts, the corrosion rate needs to be controlled. Firstly, the corrosion rate needs to be slow enough, so that the biodegradable implant maintains its mechanical properties and structural integrity during the load bearing phase. For this, a degradation rate of 0.5 mm/year is the current recommended limit (Ding, 2016). Secondly, Mg alloys degrade with H2 gas as one of the main corrosion products. The amount of H2 gas formed needs to be controlled, as too high gas evolution can have an adverse effect on the bone remodeling (Plaaß et al., 2016; Meier and Panzica, 2017). A limit of an average H2 gas evolution rate of 0.01 ml/cm2/day has been suggested by Song et al. (Song et al., 2001).
The feasibility of processing Mg alloys by PBF-LB was first proven by Ng et al., in 2010 (Ng et al., 2010), while the first studies on the processing of a Mg-Y-Nd-Zr alloy specifically by PBF-LB were presented by Tandon et al. and Jauer et al., in 2015 and 2016, respectively (Tandon et al., 2015, 2016; Jauer et al., 2016). In the last couple of years there have been a number of studies on the microstructure and material properties of Mg-Y-Nd-Zr alloys processed by PBF-LB.
A few of these studies have focused on the corrosion properties of Mg-Y-Nd-Zr alloys processed by PBF-LB, including the effects of heat treatment (Esmaily et al., 2020) plasma electrolytic oxidation (PEO) surface treatments (Li et al., 2021), and lattice design (Kopp et al., 2019). A study on the in vivo degradation behavior of PBF-LB processed Mg-Y-Nd-Zr alloy has also been recently published (Liu J. et al., 2022). Esmaily et al. (Esmaily et al., 2020) evaluated the corrosion properties in 0.5% NaCl of a Mg-Y-Nd-Zr alloy processed by different PBF-LB parameters and subsequently treated by hot isostatic pressing (HIP) and heat treated. HIP treatment is commonly applied to remove defects (e.g., porosity) often found in PBF-LB materials in order to obtain a fully dense material (Gibson et al., 2015). Such defects can have detrimental effects on both corrosion and mechanical properties (Geenen et al., 2017). Esmaily et al. showed that HIP and heat treatment improved the short-term degradation rates, but the cast counterpart remained superior. Even though the study offered an important insight into the corrosion behavior of a Mg-Y-Nd-Zr alloy processed by PBF-LB, the study is limited to only short-term corrosion properties. Moreover, the corrosive medium did not contain neither Ca nor P, which have an important influence on the degradation properties of Mg alloys (Rettig and Virtanen, 2009; Esmaily et al., 2017; Py et al., 2020). In the case of surface treatments, although PEO has demonstrated the ability to mitigate the corrosion to some extent, the corrosion rates of the bulk Mg material remain too high (Benn et al., 2021; Li et al., 2021; Suchý et al., 2021). Additionally, the in vivo study further corroborated the need for further improvements of corrosion properties (Liu J. et al., 2022).
Finally, Mg-Y-Nd-Zr alloys produced by various routes, including PBF-LB, are known to produce a very strong texture (Esmaily et al., 2020; Li et al., 2021). Texture has previously been shown to affect the corrosion behavior of Mg alloys due to a difference in electrochemical activity of the different crystallographic planes (Song and Xu, 2012; Sabbaghian et al., 2019). Texture has also induced an anisotropic corrosion behavior in other metals processed by PBF-LB, such as Al (Chen et al., 2018) and Ti (Dai et al., 2016), but its effect on corrosion has not yet been evaluated for any Mg alloys.
With the aim of improving the corrosion properties of a Mg-Y-Nd-Zr alloy processed by PBF-LB, the porosities were removed through HIP. The resulting densification as well as its impact on the microstructure and texture and resulting corrosion properties for 28 days were investigated. The distribution and type of the secondary phases present in the Mg-Y-Nd-Zr alloy were characterized before and after HIP, along with grain size distribution and texture. Moreover, the influence of the resulting microstructure and texture on the long-term corrosion properties, including corrosion morphology and corrosion rate, was determined. Finally, the results were compared with those for a powder extruded Mg-Y-Nd-Zr alloy, which is the material from which the commercially available implants are currently being produced.
MATERIALS AND METHODS
Sample Preparation
A gas atomized Mg-Y3.9-Nd3.0-Zr0.49 (in wt%) alloy metal powder, with a fine particle size distribution (d10 = 25 μm, d50 = 42 µm and d90 = 67 µm), was purchased from NMD GmbH (Hemseen, Germany). The powder was processed by PBF-LB on an EOS M290 printer (EOS GmbH, Krailling, Germany). The process was carried out under argon atmosphere (O2 < 0.1%) to minimize oxidation during the process. A laminar flow of argon across the bed removed the evaporation products. A build plate of a commercial Mg-Al-Zn alloy (KG Fridman AB, Karlstad, Sweden) was used to ensure the weldability of the powder to the build plate. Previously optimized parameters (Nilsson Åhman et al., 2022), with a laser power of 200 W, scanning speed of 1111 mm/s, hatch distance of 0.1 mm and a layer thickness of 0.03 mm, were applied to produce rectangular samples with a measurement of 10*10*30 mm. The laser focus diameter is 90 µm. The scanning direction was rotated 67° between each layer to minimize the overlapping of scanning tracks between layers (Pakkanen, 2018), and no contouring was used.
To understand the impact of porosity, two samples were post processed by HIP, to remove the final porosity. During HIP, 520°C and 105 MPa of pure argon was applied for 3 h in a QIH9 HIP machine (Quintus, Västerås, Sweden) (Esmaily et al., 2020).
Commercially produced powder extruded Mg-Y3.9-Nd3.0-Zr0.49 (in wt%) alloy was purchased (Smiths, Biggleswade, United Kingdom) and used as reference, as it corresponds to the material used in the biodegradable metal implants found on the market today (Syntellix).
Compositional and Microstructural Characterization
The porosity of the as-built (AB) and HIP samples was established according to the standard ASTM B311-17, using the Sartorius YDK01 density determination kit (Sartorius AG, Goettingen, Germany). The density of the samples was measured before they were cut according to the scheme presented in Figure 1, with NAB = 5 and NHIP = 2. The density was then compared to the expected density of the alloy, 1.84 g/cm3 (Cverna et al., 2001).
[image: Figure 1]FIGURE 1 | Schematic of the cutting of the samples indicating build direction (BD) and transverse directions (TD), as well as the denomination used for the surfaces throughout the text.
To study the microstructure of the surfaces in the build direction (BD) and the transverse direction (TD) the samples were cut according to the scheme presented in Figure 1 to obtain 10 mm2 surfaces. The BD surface is defined as the surface that is parallel to the build direction, i.e., the z axis, and perpendicular to the x and y axes. The TD surface is defined as being perpendicular to the z axis, and thus the BD surface. As the scanning direction was rotated with 67° in each layer, the x and y axes can be used interchangeably, i.e., TD = TDx and TDy.
For microstructural analysis, samples of the AB, HIP and extruded (Extr) material were mounted in Bakelite and ground with abrasive silicon carbide papers of grades P600, P1200, P2500 and P4000, and subsequently polished using oxidized porous silica (OPS) for 15 min. The microstructure of the samples was investigated using a light optical microscope (LOM) (Leica DM IRM, Leica Microsystems GmbH, Wetzlar, Germany), after 5 s of etching with 2% Nital (2 wt% nitric acid in methanol). Further characterization of the microstructure and the secondary phases was done by backscatter electron imaging (BSE) in a scanning electron microscope (SEM, AZtec 5.0, Oxford Instruments, Abingdon, United Kingdom).
Identification of secondary phases was also done using X-ray diffraction (XRD) (Bruker D8 Discover, Bruker, Billerica, MA, United States). The XRD was performed with Cu Kα (1.54 Å) radiation, and poly-capillary optics were used for parallel beam geometry with a collimator size of 2 mm. Data was collected between 10° and 120° (2θ) and analyzed using the Bruker software DIFFRAC.EVA (Bruker, Billerica, MA, United States).
Grain size and texture of the AB, HIP and Extr material were measured using electron backscatter diffraction imaging (EBSD, Nordlys HKL detector, Oxford Instruments, Abingdon, United Kingdom). A step size of 0.8 µm was used, and the grain boundaries were defined as having a misorientation greater than 15°. The grain size is defined as the area-weighted average of the equivalent circle diameter. The data was analyzed using Aztec Crystal 2.0 (Oxford Instruments, Abingdon, United Kingdom).
Corrosion Measurements
For corrosion measurements, 1 mm of the AB surface of the 10*10*30 mm printed rectangle was removed to ensure that only bulk material was being evaluated. Samples were then cut into pieces measuring 8*8*2 mm according to the scheme presented in Figures.
Figure 1 to ensure that the surface investigated was the one mainly in contact with the corrosion medium. Samples of the same size were sectioned from the Extr material, investigating the surfaces in the extrusion direction. The surfaces were ground with abrasive silicon carbide papers of grades P600, P1200 and P2500, then washed with ethanol, dried with a hot air dryer, and stored in a desiccator for 24 h before evaluation. All corrosion tests were carried out in non deareated Dulbecco’s Phosphate Buffered Saline solution (DPBS, Sigma Aldrich, St. Louis, MO, United States) with the concentrations given in Table 1. The ratio between the corrosion medium and the sample surface area was above 20 ml/cm2, in accordance with ASTM G31 (ASTM G31-72 (2004))
TABLE 1 | Salt concentration of Dulbecco’s Phosphate Buffered Saline solution.
[image: Table 1]Potentiodynamic polarization testing (PDP) was performed in triplicate using a flushed-port cell with a three-electrode set-up (ASTM G150) (ASTM G150-18, 2018), and a Parstat 3000A-DX potentiostat (Ametek Inc., Berwyn, PA, United States). A saturated calomel electrode was used as a reference, and Pt-wire as a counter electrode. Potentiodynamic scans were conducted at a rate of 1 mV/s, after 10 min of conditioning at open circuit potential (OCP) (Kirkland et al., 2012). The corrosion potential (Ecorr) and corrosion current (icorr) were determined by Tafel extrapolation using VersaStudio software (VersaStudio 2.60.6, Ametek Inc., Berwyn, PA, United States).
To further investigate the initial stages of the corrosion attack in the AB, HIP and Extr material, samples were ground with abrasive silicon carbide papers down to P4000, and subsequently polished using OPS for 15 min, before immersion in DPBS for 30 min. The resulting surface was investigated with BSE - SEM.
To study the corrosion morphology and the corrosion behavior over time, immersion tests in triplicate were also carried out in DPBS at 37°C for 28 days. An analytical balance (Mettler AE240, Mettler-Toledo, Columbus, OH, United States) with an accuracy of 0.05 mg was used to establish the weight of the samples before and after 28 days of immersion. To track the instantaneous corrosion rate, the hydrogen evolution was also measured over a period of 28 days using the volumetric method described by Song et al. (Song et al., 2001). The samples that were immersed for 28 days were washed with deionized water and dried with a hot air dryer, and their surfaces were then examined in LOM to establish the corrosion morphology.
Finally, the samples immersed for 28 days were mounted in Bakelite, and ground with abrasive silicon carbide papers of grades P600, P1200, P2500 and P4000, using ethanol, and subsequently polished with diamond carbon paste with grit size 3 and 0.25 µm. The resulting cross sections were characterized using BSE-SEM and EDS.
RESULTS AND DISCUSSION
Compositional and Microstructural Characterization
The result for the densities of the AB and HIP samples was 99.4 ± 0.05% and 99.9 ± 0.005% respectively. According to the Archimedes measurement there is a clear increase in density after HIP, and no pores are visible in the microscopy images of the HIP material (Figure 2). The LOM images of the AB and the HIP samples, both in BD and TD direction, as well as the Extr sample are presented in Figure 2. The individual melt pools are clearly visible in the LOM images of the AB sample in the BD direction (Figure 2A)), and conversely, the scanning lines from the laser are clearly visible for AB sample in the TD image (Figure 2B)). Examining the LOM images after HIP, the structure of the melt pools is still discernable in the images of the HIP material in the BD direction (Figure 2C)) and the scanning lines from the laser are still clearly visible in the HIP material in the TD direction (Figure 2D)). As there is usually a preferential etching taking place in areas surrounding secondary phases, one can from these images presume that there is a redistribution of secondary phases after HIP. In the Extr material, there is a segregation of secondary phases along the grain boundaries as well as typical necklace-type distribution of particles, and the individual recrystallized ⍺-Mg grains are clearly visible (Figure 2E)).
[image: Figure 2]FIGURE 2 | LOM images of the samples after 5s etching in 2% Nital, for (A) AB-BD direction, (B) AB-TD direction, (C) HIP-BD direction, (D) HIP-TD and (E) Extr material.
The melt pools are also clearly visible in the BSE-SEM images, marked with a dashed red line in Figure 3A). In the same image, the area in the circle marked i) highlights a cellular structure that can be seen inside the melt pools, with lines of precipitates aligned parallel to the melt pool boundaries. The size of the precipitates ranges from a few nm up to 100 nm. At the melt pool boundaries is another region, highlighted by the circle marked ii), where precipitates are organized in lines perpendicular to the melt pool boundary. These regions coincide with the area marked with i) and ii) in the BSE-SEM images of the TD direction (Figure 3B), confirming the accumulation of secondary phases at the edges of the laser scanning track. Moreover, round precipitates with sizes around 200–400 nm are present throughout the material independently of the melt pool boundaries, as indicated in Figure 3A. EDS point analysis identified them as Zr-rich particles. Larger precipitates in the form of flakes measuring a few micrometers and high in Y and O are also visible throughout the microstructure. These oxide flakes are likely remains from oxide shells originating along the surface of powder particles during gas atomization. Due to the very high melting point of these oxide shells, it is unlikely that they are melted during PBF-LB, but rather, they are cracked and therefore remains inside the solidified material. Precipitates of HCP-Zr have been observed before, and have been predicted by thermodynamic calculations based on the Calphad method (Nilsson Åhman et al., 2022). These observations are in line with what has previously been observed for a Mg-Y-Nd-Zr processed by PBF-LB (Bär et al., 2019).
[image: Figure 3]FIGURE 3 | BSE-SEM images of the (A) AB-BD direction, (B) AB-TD direction, (C) HIP-BD direction, (D) HIP-TD and (E) Extr material.
After HIP, the secondary phases coarsen considerably, and the melt pool boundaries are no longer visible in BSE-SEM images (Figures 3C,D). There are randomly distributed larger angular precipitates in the order of µm, rich in Nd and there are also smaller precipitates in the form of thin platelets and globular particles, ranging in size from a few to 100 nm. EDS found the area containing these precipitates to be enriched in Y and Nd. The oxides are still present after HIP, which was expected, as the solubility of O in Mg is very low (Hallstedt, 1993). Inspection of the BSE-SEM images of the Extr material reveals secondary phases rich in Y and Nd that are primarily present in the grain boundaries, whose distribution corresponds to that also observed in the LOM images in Figure 2. Some Zr-rich precipitates are also present, but none were found to contain large amounts of O.
The XRD spectra for the AB, HIP, Extr and powder material is presented in Figure 4. The main peaks all correspond to α-Mg in all spectra, and smaller peaks identified with Y2O3 were also present in all samples. Oxide particles were observed in the microstructure of the Extr material, originating from the production of the powder, but is also expected to be found as a thin layer on the surface. In the powder and in the AB material, peaks corresponding to the Mg3Nd phase were established. However, no peaks corresponding to the Mg3Nd phase were seen for the HIP material. Peaks that are not present in the powder sample but can be found in the spectra for both the AB and the HIP material are those corresponding to the intermetallic compounds Mg41Nd5 or Mg24Y5. It is not possible to determine which is present due their peaks overlapping in the XRD spectra, but both are expected to be present, together with ternary Mg-Y-Nd phases (Zumdick et al., 2019). These peaks also grow stronger after HIP, which could be related to the growth in size of these secondary phases observed in the BSE-SEM images (Figure 3). There are also a number of smaller peaks that were not identified.
[image: Figure 4]FIGURE 4 | XRD spectra of the powder, the Extr, AB and HIP samples.
The LOM and BSE-SEM microscopy images as well as the results from the XRD are in line with the microstructure observed for the AB and Extr material in previous studies (Bär et al., 2019; Zumdick et al., 2019; Esmaily et al., 2020). Mg3Nd is a meta-stable intermetallic phase, and the presence of the Mg3Nd precipitates in the powder, as well as in the AB material, is also in agreement with the discussion on stability and thermodynamics of the secondary phases in Mg-Y-Nd-Zr alloys (Nie and Muddle, 2000). As it is a meta-stable phase, this can also explain why it is not present in the material after HIP. The intermetallic compounds Mg41Nd5 and Mg24Y5 have been confirmed as stable phases in a number of other studies on the Mg-Y-Nd systems, and are also the precipitates present in the HIP material (Gangireddy et al., 2018).
The result of the EBSD measurements of the AB, HIP and Extr material can be found in Figure 5 in the form of inverse pole figures (IPF) and corresponding IPF color maps. The IPF color maps of the AB material in the BD and TD direction can be seen in Figures 5A,B. In both these images it can be observed that grains have to a large extent grown within the melt pool. It is especially evident in the IPF color map of the AB TD image, where larger grains with a strong basal texture grown within the laser tracks can be observed. The extension of the larger grains along the melt pool results in a larger grain size in the TD direction than in the BD direction. The average grain size in the BD direction was around 19 μm, while for the TD direction it was around 35 µm. The larger grains have a crystal structure whereby the [0001] axis of the HCP crystal grains is orientated parallel to the build direction. Along the boundaries of the laser scanning tracks, there are clusters of smaller equiaxed grains with random texture.
[image: Figure 5]FIGURE 5 | IPF color maps of the AB (A,B) HIP (C,D) and Extr (E) material, together with the pole figures (F).
The two types of grain structures have been observed in previous work, with a varying distribution. Jauer et al. reported an average grain size of around 1 µm in the BD direction (Jauer et al., 2016), with the majority of the grains having equiaxed morphology and weak texture, and only a few large elongated grains having basal texture. The information given on the process parameters is however too limited to discuss the difference. Esmaily et al. on the other hand, reported average grain sizes (Esmaily et al., 2020) ranging from 18 to 36 µm in the TD depending on the processing parameters applied. The majority of the grains consisted in the larger grains with a strong basal structure, and only a limited amount of the smaller equiaxed grains with a weaker texture can be observed in the EBSD map for one of the sets of process parameters. Esmaily et al. also applied a different scan strategy, rotating 90° between the layers, as opposed to the 67° rotation used in this study. The difference in scanning rotation has resulted in a difference in grain growth in other metals processed by PBF-LB, such as in Ti alloys (Zheng et al., 2022) and in Ni alloys (Carter et al., 2014). However, no major difference was observed in the morphology of the larger grains in this study and the article by Esmaily et al. However, there is a large number of the smaller equiaxed grains present in this study. This could be related to the difference in hatch distance in relation to the focus diameter of the laser beam. Esmaily et al. used a hatch distance of 40 μm, which is much smaller than the focus diameter of 90 µm. Comparing these parameters to those used in this study, i.e., hatch distance of 100 µm and focus diameter of 90 μm, suggests that subsequent scanning lines in the study of Esmaily et al. were overlapping to a much larger extent. This larger overlapping of subsequent laser scanning tracks would result in increased remelting of the material and thus, a lower presence of smaller equiaxed grains. Moreover, there are differences in laser power and laser scanning speed, thereby making it difficult to conclude on the extent to which the various parameters affect the difference in microstructure between the two studies.
Neither Esmaily et al. nor Jauer et al. investigated the difference in grain morphology between TD and BD. Zumdick et al. (Zumdick et al., 2019) obtained an average grain size of 1.0 ± 0.4 µm and 1.1 ± 0.4 µm for the TDx and TDy respectively, and 1.1 µm in the BD plane, which is much smaller than those observed in this study. However, the authors only reported average grain sizes and did not regard the effect of grain orientation and texture in their study. Until now, the differences in grain size distribution depending on the build direction, has not been investigated.
The differences observed in reported microstructures between previous studies could be due to variations in both the processing parameters, as well as the original alloy content of the gas atomized powder. However, these are the only studies available that include characterization of the grain size of Mg-Y-Nd-Zr alloys processed by PBF-LB. Regardless, the difference in grain morphology observed in the above-mentioned studies, as well as the clear difference between the TD and BD direction observed in this study, highlights the need to further study the relationship between feedstock, processing parameters and microstructure, as well as its influence on material properties.
The IPF color maps of the HIP material can also be seen in Figure 5. In these images it can be observed that the smaller equiaxed grains have almost disappeared, and the grains with strong basal structure have grown, resulting in an increase in average grain size in both the BD (33 µm) and TD (41 µm). It should also be noted that the average grain size for AB-TD is larger than for HIP-BD. As a result of the growth of the larger grains with a strong basal structure, and the equiaxed grains with a random texture disappearing, the HIP material exhibits a much stronger texture than the AB material. These results show a larger change in grain structure as compared to what has previously been reported for the HIP Mg-Y-Nd-Zr alloys processed by PBF-LB and HIP with same parameters (Esmaily et al., 2020). Esmaily et al. also observed a larger amount of equiaxed grains remaining after HIP.
In the IPF color map of the Extr material, the same grain structure as observed in the LOM and the BSE-SEM images can be seen. The Extr material has an average grain size of 15 μm, with more homogenous grain size distribution, and a weaker texture than that of the PBF-LB material. These results are in line with what has previously been reported for extruded Mg-Y-Nd-Zr alloys (Zhang et al., 2020).
The observations made for the EBSD color maps presented in Figure 5 can be corroborated by the graphs presenting the grain size distribution (Figure 6). For both the AB groups, a larger number of small grains are present than for the HIP material. The increase in larger grains can also be seen for the HIP material. The higher amount of large grains in the TD material compared to the BD material can also be observed for both the AB and HIP material. The extruded material is, as can be expected from the EBSD map, showing a normal distribution.
[image: Figure 6]FIGURE 6 | Grain size distribution presented as equivalent circle diameter plotted against the area weighted fraction for the (A) AB-BD, (B) AB-TD, (C) HIP-BD, (D) HIP - TD and (E) Extr material.
Corrosion Measurements
The corrosion properties of the samples were first evaluated by PDP, for which the results are presented in Figure 7, together with the averaged values of the open circuit potential (PCP) corrosion potential and the corrosion current in Table 2. In contrast to the printed material, the Extr material showed a slight tendency towards passivation, manifested as an inflection in the anodic branch of the curve, which could indicate an initial breakdown followed by a passivation of the surface. Neither the AB nor the HIP material showed a similar behavior. The BD and TD surfaces all show a similar anodic behavior, indicating high corrosion rates for all printed samples. However, at higher potentials the anodic current density was highest for the Extr material.
[image: Figure 7]FIGURE 7 | Potentiodynamic testing curves for AB, HIP and Extr material.
TABLE 2 | OCP, corrosion potential, and corrosion current for respective material.
[image: Table 2]With regards to the cathodic branch of the curve, the AB materials show higher current densities than both the HIP and Extr material. The AB current densities are higher throughout the cathodic branch of the polarization curve than the HIP and this shift in the cathodic part of the curve is also reflected in the evaluated corrosion current densities (icorr), which are higher for AB than the corresponding HIP surface, indicating that the surface of the HIP material is more stable.
Comparing the current densities for the BD to the TD surfaces of the AB and HIP material, both BD surfaces exhibit a higher corrosion current than the corresponding TD surface. The difference was more pronounced for the AB than for the HIP material. Looking at the result obtained from EBSD, this is in line with the findings of Song et al. (Song and Xu, 2012) which showed that the strongly textured Mg-Al-Zn alloy exhibited a lower corrosion activity in the basal plane, as the close packed (0001) plane has a lower surface energy and is thus more stable and more corrosion resistant. Moreover, the variation in results for the printed samples were larger than for the Extr material, indicating a more inhomogeneous material.
The results from the hydrogen evolution and the mass change are presented in Figure 8. Looking at the hydrogen evolution, it is clear that the HIP material exhibited the highest hydrogen evolution rate, followed by the AB material. The results for the TD and BD surfaces were overlapping. The powder Extr material exhibited the lowest rate of hydrogen evolution, and also had the lowest divergence between the samples. The higher divergence indicates a more inhomogeneous material, which is in line with the corrosion current densities previously established (Figure 7). These results contradict the results for the PDP, which indicated that the AB material had a higher corrosion rate than the HIP one. A reason for this contradiction could be that the porosity in the AB material results in a higher surface area being exposed and has greater importance during the short-term PDP testing. Furthermore, the PDP is an accelerated test, and the formation of protective corrosion layers at the surface could make an appreciable contribution to the measured current densities. The hydrogen evolution and mass change experiments are carried out for a much longer time and thus more closely reflect the expected performance as implants.
[image: Figure 8]FIGURE 8 | Hydrogen evolution measured over a period of 28 days (A) together with a scatterplot for the change in mass after 28 days of immersion (B). (n = 3 for all sample groups but HIP-BD, where n = 2).
The mass change is also presented in Figure 8 indicating similar results as the hydrogen evolution, with the HIP material having the highest corrosion rate followed by the AB material. The mass change results are affected by the buildup of corrosion products on the surface of the samples, which explains the positive mass change for the Extr material. There is also a large span in mass change, especially for the AB samples, which indicates an inhomogeneous material. Moreover, the number of samples available were limited, which limits drawing any strong conclusions regarding the difference BD and TD surfaces from the mass change measurements. Nevertheless, a clear difference between the samples could also be observed macroscopically in the LOM images of the samples after 28 days of immersion (Figure 9).
[image: Figure 9]FIGURE 9 | Images of corroded samples after 28 days of immersion, with the AB surfaces in (A,D), the HIP surfaces in (B,E), and (C) the Extr material.
The images in Figure 9 show the same trend as for the hydrogen evolution and mass change results, with the HIP material exhibiting the most severe corrosion attack, followed by the AB, and finally the Extr material. A thick layer of insoluble white corrosion products was formed on the surfaces of the HIP material (Figure 9B), and there was a large amount of corrosion products piled up at the bottom of the beaker for these samples. Even though some areas of the AB material also exhibited a buildup of the white corrosion products, and a small amount was collected at the bottom of the beaker, the AB and the Extr material both maintained a more homogenous surface (Figures 9A,C). Inserts of higher magnification for the AB material in Figure 9A still reveal the structure resulting from the laser scanning tracks (as observed in the LOM and BSE-SEM images of the AB material), especially in the TD direction. While the surface of the AB material turned dark, the surface of Extr material surface maintained a brighter gold-like color throughout the 28 days. Mg alloys darken as a thicker layer of corrosion products form on the surface, hence the difference in color indicates that the Extr material had a thinner layer of corrosion products built up on the surface (Taheri et al., 2014; Esmaily et al., 2017).
In order to achieve a better understanding of the corrosion mechanism at play, the surfaces of the samples were studied in the SEM after 30min immersion in DPBS (Figure 10). Local attack in the form of rose formations consisting in a buildup of corrosion products was observed in all materials. This type of formation has been previously observed to form around cathodically active intermetallic particles for both cast and Extr Mg-Y-Nd-Zr alloys (Kalb et al., 2012; Ascencio et al., 2015). This visibly local attack is in agreement with the behavior observed in the PDP curves, where the exponentially increasing anodic branch is indicating pitting corrosion (Kirkland et al., 2012). Although these rose formations are present also in the Extr material, the attack is less severe in other areas of the material, as can be seen in Figure 10C.
[image: Figure 10]FIGURE 10 | BSE-SEM mages of the surfaces of (A) AB, (B) HIP and (C) Extr samples after 30 min immersion in DPBS.
Comparing the Extr material (Figure 10C) with the AB material (Figure 10A), the corrosive attack, corresponding to the dark areas surrounding the intermetallic particles, is more severe in the AB material. Moreover, comparing the AB material to the HIP material, the dark areas surrounding the intermetallic particles are even larger for the HIP material. The difference between the printed materials and the Extr material can be related to the larger amount of intermetallic particles in the printed material as opposed to the extruded material, also resulting in a lower amount of alloying elements being dissolved in the Mg matrix. The difference between the AB and the HIP material was explained by the growth of the amount of intermetallic particles. It can also be observed that the localized attack is not as severe around the oxide flakes, suggesting that the internal oxides might not be the main cause for the poor corrosion resistance of the PBF-LB material, and that the Zr-rich and Mg-RE intermetallic particles are of greater relevance. However, even though the oxides do not appear to be a primary site of attack, a larger amount of Y2O3 would lead to a depletion of Y from the matrix, decreasing the corrosion resistance of the material (Davenport et al., 2007). Corrosion studies of Mg-Y-Nd-Zr alloys processed by PBF-LB and heat treated by other methods have exhibited similar results, with the heat-treated material generally possessing worse corrosion properties (Kopp et al., 2019; Li et al., 2021).
The XRD of the BD surfaces of the samples after 28 days of immersion in DPBS are presented in Figure 11. The spectra showed a strong peak of Mg3(PO4)2 for the Extr samples. Mg3(PO4)2 peaks were also present for the AB samples, while Mg(OH)2 peaks are mainly present for the HIP samples. MgO is also expected to be present to some extent, but MgO peaks overlap with those of hcp-Mg (Rettig and Virtanen, 2009). These results are in line with the results obtained from EDS, presented in Figure 12, with the cross sections of both the AB and the Extr material showing a surface layer rich in P and O for the AB material, corresponding to Mg3(PO4)2. The AB and the Extr material also have some Ca and Na present on the surface. Ca3(PO4)2 is also a common constituent forming on magnesium surfaces in Ca2+-containing corrosion mediums (Rettig and Virtanen, 2009). However, there is a morphological difference between the surface layers. The AB material exhibits a double layer structure, with one uneven layer measuring from a few µm and upwards, over a cracked surface where the beginning of the attack of the bulk material underneath can be seen. The cracked oxide layer is commonly observed in Mg alloys and their occurrence has been ascribed to the deformation of the metallic layer. This deformation is due to a combined effect from the volume expansion of the corrosion layer, the mismatch in the crystal structure between the cubic MgO and the HCP metallic Mg matrix, and the embrittlement of the metallic layer due to an uptake of hydrogen (Xu et al., 2015; Esmaily et al., 2017). For the HIP material, an uneven layer of corrosion products is visible, with a thickness in the order of 100 µm. Here the corrosion is so severe that the cracked surface morphology is not observed. EDS mapping reveals a composition consisting mainly of O and Mg, thereby suggesting a strong presence of Mg(OH)2, with some P at the surface. The Extr material, on the other hand, shows a 10–20 µm denser, and more even layer, with few cracks in it, and with the material just below this layer virtually intact. A more homogeneous microstructure has previously been proven beneficial during the initial stages of degradation, as it allows for a more even and dense formation of oxide layer (Mraied et al., 2019). Moreover, the solubility of Mg3(PO4)2 and Ca3(PO4)2 is many times lower in aqueous solutions than that of Mg(OH)2 (Aylward and Findlay, 2007). This could also explain the semi passivating behavior exhibited by the Extr material in the PDP curves.
[image: Figure 11]FIGURE 11 | XRD of the BD surfaces of the AB and HIP samples, as well as the Extr samples after 28 days of immersion in DPBS.
[image: Figure 12]FIGURE 12 | BSE-SEM images of the cross-sections of the corroded (A) AB, (B) HIP and (C) Extr samples, after 28 days of immersion. The EDS maps of the main alloying elements (Mg, Y, Nd, Zr) together with the main elements found in the corrosion products (O, P, Na, Ca) are included below corresponding BSE-SEM image.
Kalb et al. (Kalb et al., 2012) described the mechanism behind the degradation of Mg alloys, with the corrosion starting with the reduction of water at the cathodic centers under the release of Mg2+, OH-, and H2 gas. As the pH shifts upwards due to the release of OH−, Mg(OH)2 becomes stable, and precipitates at the surface of the samples. They also describe how the Mg(OH)2 converts into Mg3(PO4)2 and Ca3(PO4)2 as Ca2+ and PO43- ions diffuse into the Mg(OH)2 layer. However, as the degradation rate of the HIP material is high, it could be that the conversion of Mg(OH)2 into more stable compounds is not fast enough. The result is a porous, inhomogeneous and a relatively soluble oxide/hydroxide layer that is not protective. A similar behavior can be observed for the AB material, but as the initial degradation rate is slightly slower, part of the Mg(OH)2 has time to convert into the more stable corrosion products Mg3(PO4)2 and Ca3(PO4)2. Thus, this would mean that an initially faster corrosion rate will have a negative of effect on the stability of the corroded surfaces over time.
Thus, the results show that the HIP material has the highest degradation rate, followed by the AB material and finally the Extr material, which means that the study failed to improve the corrosion properties in relation to previous studies. The reason is ascribed to the distribution of the alloying elements and the size of the secondary phases. The larger precipitates in the HIP material increase micro galvanic corrosion, which also hinders any passive oxide layer to form. The key role of the precipitates is also a possible reason for the contradictory results of some of the long-term tests (Figure 8), where the more closely packed TD surfaces tended to give higher corrosion rates. The importance of the secondary phases for the corrosion behavior of magnesium alloys processed by PBF-LB have been established for many other alloying systems. This includes the commercial Mg-Al-Zn alloys, where there are many studies confirming the detrimental effect of the Mg-Al intermetallics on the corrosion properties (Shuai et al., 2018; Gao et al., 2021). The electrochemical activity of secondary phases is also one of the main challenges of the new alloying systems being developed for biodegradable metal implants, including the Mg-Zn-Ca alloys (Yao et al., 2021)
Another important factor that might also have affected the corrosion results is the difference in grain size distribution. A smaller average grain size and more homogenous grain size distribution has previously been proven to be beneficial for the corrosion properties of Mg-RE alloys, affecting both the distribution of secondary phases, as well as the homogeneity of the surface oxide layers (Liu et al., 2014; Liu G et al., 2022). This could thus be a contributing factor to the better corrosion property of the Extr material, as well as the better corrosion properties of the AB material in comparison to the HIP material. Moreover, this could also be the reason for the higher corrosion rates in TD direction.
It may be noted that the experiment was carried out in a static environment, and that the corrosion media was not exchanged during the 28 days of immersion. As this will affect the corrosion behavior of the material, future work should the include investigation of the corrosion behavior of the material in non-static conditions. Moreover, the number of samples available was limited as there was no possibility to produce more samples in the PBF-LB system applied. A change of PBF-LB system also entails a change in a number of process parameters such as laser spot size and argon gas flow, thus it is not possible to reproduce the samples in other systems available. The large variations in set process parameters, such as laser spot size, between different PBF-LB systems further highlights the need of an enhanced understanding of the influence of the process on the microstructure and material properties. As previously mentioned, future work is suggested to first focus on the influence of individual PBF-LB process parameters on the microstructure and the amount of evaporated Mg in order to clarify their relationship. A particular focus should be on the resulting amount and distribution of secondary phases and its overall effect on the corrosion behavior of the material. Other effects such as the influence of the PBF-LB process on the stress state of the material should also be clarified, as this could also have an adverse effect on the corrosion properties. This is important as this will expand the knowledge regarding which microstructure to aim for future process parameter development and optimization.
Finally, when the relationship among process parameters, microstructure and corrosion behavior has been clarified, further development of the Mg alloys should seek to better adapt alloy concentration to the PBF-LB process in order to compensate for the possible negative effects, such as loss of Mg during processing, and the decreasing amount of Y in solid solution due to the oxide formation. A closed value chain from powder production to the processing of the powder using PBF-LB, keeping the material under inert atmosphere, could also minimize the oxide layer to be formed on the powder, and thus the depletion of Y due to this effect. However, this would also enhance the reactivity of the powder, and thus the hazards working with it. The effect of the concentration of alloying elements on the formation of Mg-RE intermetallic compounds should also be investigated. Even though heat treatments have been ineffective thus far at improving corrosion resistance, they have not been completely optimized for PBF-LB material. This is also the case for the HIP parameters applied in this study. Future HIP experiments on PBF-LB-processed Mg-Y-Nd-Zr alloy should also explore lower temperatures and faster cooling. Moreover, once corrosion properties have been improved, the influence of texture on corrosion rates should be revisited.
CONCLUSION
A typical microstructure for a Mg-Y-Nd-Zr alloy processed by PBF-LB as well as that for Mg-Y-Nd-Zr alloy processed by powder extrusion was studied. After HIP of the PBF-LB samples, a growth in secondary phases along with a larger grain size and a stronger texture was observed. While the surfaces of the AB samples showed a higher corrosion current density than that of the HIP samples, the corrosion resistance as measured by hydrogen evolution and mass change of the AB material was lower compared to the HIP material. The higher corrosion rate of the HIP samples was also confirmed by visual inspection, and BSE-SEM images of the sample cross sections. The reason for the higher degradation rates of the HIP material was attributed to the growth of secondary phases occurring during HIP, which leads to increased micro galvanic corrosion, as well as the larger grain size. To a certain extent, this indicates that the size and distribution of the secondary phases is more important than having a fully dense material. The Extr material exhibited the lowest corrosion rate, due to a higher amount of dissolved alloying elements in the matrix and less intermetallic particles and a more homogenous grain size distribution. The stability of the surface of the Extr material was further enhanced by the formation of a passivating layer of Mg3(PO4)2 and Ca3(PO4)2. Moreover, even though a stronger texture was observed along the BD, there was no significant difference in corrosion rate over time between the BD and TD surfaces. This suggests that the size and distribution of secondary phases are more critical to the corrosion resistance than the differences in electrochemical activity attributed to crystal orientation. However, further clarification of the importance of the texture as well as grain size is needed.
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In this article, the phase stability, elastic properties, and electronic structure of the β-TiX (X = Nb, Ta) alloy body-centered cubic (bcc) structure were systematically studied with the aid of first-principles calculations. The results show that the phase stability and elastic properties of the β-TiX alloys are closely related to the contents of alloying element X. For β-TiX alloys, the contents of Nb and Ta that satisfy their mechanical stability are 10% and 13%, respectively; at room temperature, both β-TiNb and β-TiTa alloys can reach a thermodynamically stable state when the content of Nb or Ta is 25%. In terms of elastic properties, the content of alloying element X is positively correlated with the elastic constant, Young’s modulus, and shear modulus of the β-TiX alloys. The elastic modulus reaches its minimum when the X content is 25%, and the smallest direction of Young’s modulus appears in the <111> direction. The calculation results of the electronic structure show that the bonding strength between the Ti atom and X atom increases with the content of alloying element X, which leads to improvement of phase stability and elastic modulus.
Keywords: β-Ti alloys, first-principles, phase stability, elastic properties, electronic structure
1 INTRODUCTION
Since the 1990s, β-Ti alloys with body-centered cubic (bcc) structure have become the primary research focus of biomedical Ti alloys due to their lower elastic modulus, better biocompatibility, higher strength, and corrosion resistance (Rack and Qazi, 2006; Geetha et al., 2009). β-Ti alloys can be obtained by adding transition metal (TM) elements, which can reduce the relatively high stiffness (Jackson and Dring, 2013; Hao et al., 2018). The alloying is an important way to improve the mechanical properties of titanium alloy and enhance the stability of the phase. The stability, biocompatibility, and non-toxicity of alloying elements are important for the selection of β-type biomedical titanium alloying elements. Nb and Ta are commonly added to β-type biomedical titanium alloys. On the one hand, as strong β-phase stable elements, Nb and Ta can inhibit the formation of non-equilibrium phases such as α′, α′′, and ω phase and effectively reduce the modulus of titanium alloy (Lee et al., 2002; Zhou et al., 2004). On the other hand, Nb and Ta have good biocompatibility and less toxicity and are considered to be safe biomedical alloying elements (Zhang et al., 2010). Generally speaking, thermoelastic martensite β→α′′ transformation or thermal ω phase formation will proceed with low content of TM elements and poor phase stability (Formanoir et al., 2019; Kapoor et al., 2020). However, the elastic modulus of the bcc structure will be increased with the additional content of TM alloying elements (Banerjee and Williams, 2013; Huang et al., 2021). This contradiction is a problem that needs to be solved urgently.
Recently, with the rapid development of computer-aided material design, the first-principles methods based on density functional theory have been widely used to study the elastic properties, phase stability, and electronic structure of β-Ti alloys. The study by Yu et al. showed that the non-spherical distribution of electrons will lead to difficult plastic deformation of the alloy and high modulus. Koval et al., (2019) also analyzed the effect of electronic structure on the elastic properties of β-Ti alloys. Zhang et al., (2016) used the first-principles method to study the effect of alloying element content on the phase stability of binary titanium alloys. Moreno et al., (2017; Moreno et al., (2018) determined the most stable structure of Ti1-xNbx (x < 31.5%) alloy by using the energy minimization method and calculated its elastic constant by using the first-principles full potential supplemented plane wave. Jia et al., (2020) simulated the effect of doping trace transition metal elements on the stability of β-Ti alloys by density functional theory. However, the studies mentioned above ignored the effect of temperature on the thermodynamic stability of β-Ti alloys. In addition, the composition range of alloys adopted in those studies is too limited to carry out the alloy design. These shortcomings lead to lack of effective theoretical support for the composition design of β-Ti alloy, which is not conducive to further research.
Therefore, based on the first-principles method, this work researched the influence of Nb and Ta contents on the mechanical stability, thermodynamic stability, and elastic properties of β-TiX (X = Nb, Ta) alloys. The supercell method is used to approximate disordered solid solution properties. In this study, the calculation has been performed systematically from the perspective of the structure, formation enthalpy, Gibbs free energy, elastic constant, and electronic structure of β-TiX (X = Nb, Ta) alloys with different compositions. First, according to the Gibbs free energy, the alloy composition range satisfying the thermodynamic stability was determined. Second, based on the single-crystal elastic constants, Young’s modulus and shear modulus of the β-TiX (X = Nb, Ta) alloys were predicted and evaluated by the Hill arithmetic averaging method, and the elastic anisotropy was analyzed. Finally, in line with the electronic structure, the influence mechanism of alloying element content on the stability and elastic properties of β-TiX (X = Nb, Ta) alloys was expounded from the electronic level.
2 COMPUTATIONAL METHODOLOGY
2.1 Computational Settings
In this research, density functional theory calculations were performed by means of the Vienna ab initio simulation package (VASP) (Kresse and Furthmüller, 1996a; b), which is based on the projected augmented wave (PAW) method (Blochl, 1994). The generalized gradient approximation parameterized by Perdew, Burke, and Ernzerhof (GGA-PBE) (Perdew et al., 1996) was used as the exchange–correlation function. The valence electron configurations of the PAW potentials were 3s23p63d24s2 for Ti, 4s24p64d45s1 for Nb, and 5s25p65d36s2 for Ta. The supercell method was used to calculate the total energy and the elastic moduli of the β-TiX (X = Nb, Ta) binary alloys with different compositions. A 2 × 2 × 2 supercell containing eight β-Ti bcc unit cells (space group Im3m) was constructed, and the number of Ti atoms is 16. The Ti atoms in the supercell were replaced at intervals of 2 by Nb or Ta atoms. The nominal molecular formula of β-TiX (X = Nb, Ta) alloys is Ti16-nXn (X = Nb, Ta; n = 0, 2, 4, 6, 8, 10, 12, 14, 16), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Models of β-TiX (X = Nb, Ta) alloys.
During the calculation, a plane-wave expansion of the wave functions with a cut-off energy of 500 eV, and the Brillouin Zone (BZ) was sampled with a Monkhorst-Pack k-point grid (Monkhorst and Pack, 1976). Then, a 10 × 10 × 10 k-point mesh was used for structure optimization. In calculations related to the density of states (DOS), the one-electron wave functions were expanded in a plane-wave basis set with an energy cut-off of 600 eV. For the usually sensitive calculations of the elastic tensor, the energy cut-off was increased to 700 eV. The energy convergence criterion of the electron step self-consistent cycle was 1.0 × 10–7 eV. The convergence criterion of the ion step is that the interatomic force was less than 0.01 eV/Å. Energy-volume fitting comprised the Birch–Murnaghan equation of state (Birch, 1947) so as to obtain the corresponding equilibrium volume of each component, and the calculations of the total energy were performed by using the tetrahedron method with Blöchel correction (Blöchl et al., 1994).
2.2 Calculation of Thermodynamic Stability
The formation enthalpy [image: image] can be described as follows:
[image: image]
where [image: image], [image: image], and [image: image] represent the total energy of the system, the energy of a single Ti atom, and the energy of a single X atom, respectively and [image: image] and [image: image] correspond to the number of Ti atoms and X atoms in the system according to its subscript, respectively.
The Gibbs free energy [image: image] can be expressed by
[image: image]
where [image: image] stands for the mixing entropy of the alloys, [image: image] is the free energy of lattice vibration of the alloys, and [image: image] represents the temperature. The mixing entropy of the alloys can be calculated by
[image: image]
where [image: image] is the atomic percentage of alloying element X (Nb, Ta) and [image: image] is the Boltzmann constant. For stable structure alloys, the effect of lattice vibration on Gibbs free energy is generally much less than that of the mixing entropy (Benisek et al., 2014). Therefore, in this case, the influence of [image: image] is ignored. Based on Eqs 1, 2, 3, the Gibbs free energy of the β-TiX (X = Nb, Ta) alloys can be obtained at a range of temperatures.
2.3 Calculation of the Elastic Properties
The elastic constant of the single crystal can be obtained by the relationship between stress and strain. Hooke’s law can be expressed as
[image: image]
[image: image] represents the 6 × 6 stiffness matrix. [image: image] represents the stress tensor, and [image: image] represents the strain tensor. Both [image: image] and [image: image] were given by the Viogt notation. The Viogt notation is a representation method that converts two indexes into one index: 11→1, 22→2, 33→3, 32 (23)→4, 13 (31)→5, and 12 (21)→6. Also, the strain tensor [image: image] is defined as
[image: image]
The number of independent elastic constants is different if crystal structures vary. The higher the degree of symmetry of the crystal structure, the less the number of independent elastic constants will be. So, there are only three independent elements [image: image], [image: image], and [image: image] which exist in β-TiX (X = Nb, Ta) alloys to account for cubic symmetry.
All the elastic constants of the crystal structure can be obtained by calculating the total energy change after elastic strain which can be expanded by the Taylor formula as (Giustino, 2014):
[image: image]
where [image: image] and [image: image] represent the total energy of the system before and after strain, respectively, and [image: image] represents the crystal volume before strain. Since the number of independent elastic constants in the bcc structure is three, the same amount of cubic crystal strains needs to be applied, as shown in Table 1. Each independent elastic constant is contained in the second-order coefficients of the Taylor expansion. Several strain values ([image: image] = −0.04, −0.02, 0, 0.02, 0.04) are selected to fit the total energy.
TABLE 1 | Strains used to calculate the elastic constants of β-TiX (X = Nb, Ta) alloys.
[image: Table 1]In addition, since the independent elastic constants are included in the quadratic coefficient, the energy change after strain must be a positive value, which can determine whether the dynamics of the cubic crystal is stable:
[image: image]
The elastic constants of polycrystalline materials, such as bulk (B) modulus and Young’s (E) modulus, can be derived from the independent elastic constants calculated in the previous section. The maximum and minimum values of the elastic constants are given by the Voigt and Reuss averaging procedures, respectively, (Voigt, 1910; Reuss, 1929).
In order to reduce the deviation, the Hill arithmetic averaging is adopted in this work (Hill, 1952). The formula for calculating the bulk modulus of the bcc structure is the same under the three methods (Hill arithmetic average, Voigt, and Reuss averaging procedures):
[image: image]
Also, the theoretical polycrystalline Young’s modulus and shear modulus can be obtained by the Hill average method as follows:
[image: image]
[image: image]
where [image: image] and [image: image] are the Reuss and Voigt averages, respectively, which can be described in the following forms:
[image: image]
[image: image]
In addition, the effects of Nb or Ta content on the critical stress for the slips of <111> on {011}, {112}, or {123} planes were evaluated. The shear modulus along <111> on {011},{112}, or {123} of the bcc structure alloys is estimated based on the elastic constants by the following equation:
[image: image]
Then, the ideal shear strength [image: image] can be expressed as
[image: image]
3 RESULTS AND DISCUSSION
3.1 Lattice Constants
Calculating lattice constants can estimate the effectiveness of structural optimization. Figure 2 illustrates the curve of the lattice constant of the β-TiX (X = Nb, Ta) alloys with the content of alloy elements X. For comparison, lattice parameter data from several other experimental or simulated works (Ikehata et al., 2004; Kim et al., 2006; Wan et al., 2014) are also presented in Figure 2. Among them, the black marks represent related work on TiNb alloys, and the red marks represent related work on TiTa alloys. It can be clearly seen that the lattice constant of β-TiX (X = Nb, Ta) alloys increases linearly with the increase of the alloying element X content. With the increase of the alloying element Nb and Ta content, the lattice constants of β-TiNb and β-TiTa increased by about 1.7% and 2%, respectively. This is because the atomic radius of Nb and Ta are larger than that of Ti, and the atomic radius of Ta is slightly larger than that of Nb.
[image: Figure 2]FIGURE 2 | Lattice constants (Å) of β-TiX (X = Nb, Ta) alloys. (Wan et al., 2014) (Kim et al., 2006); (Ikehata et al., 2004)
3.2 Thermodynamic Stability
It is well known that the thermodynamic stability of materials can be determined by calculating the formation enthalpy and Gibbs free energy. Figure 3 shows the relationship between the formation enthalpy and the content of alloying elements. The formation enthalpies of β-TiX (X = Nb, Ta) alloys are greater than 0. Moreover, as the content of alloying elements increases, the formation enthalpies all show a downward trend. In addition, the formation enthalpy of the β-TiTa alloy is always higher than that of the β-TiNb alloy, which indicates that Nb can provide better β-phase stability than Ta as an alloying element.
[image: Figure 3]FIGURE 3 | Formation enthalpy of β-TiX (X = Nb, Ta) alloys.
The Gibbs free energy of the β-TiX (X = Nb, Ta) alloys is shown in Figure 4. If [image: image] is less than zero, the alloy is thermodynamically stable at the corresponding temperature. It can be clearly seen that as the temperature increases, the Gibbs free energy of β-TiX (X = Nb, Ta) decreases. Also, the Gibbs free energy of β-TiNb is always lower than that of β-TiTa at the same composition and temperature, which also interprets that Nb provides stronger phase stability than Ta. Among other things, the Gibbs free energy of β-TiX (X = Nb, Ta) alloys almost always reaches its minimum value when the alloying element content is about 50% because the mixing entropy of the alloys has the maximum value when the composition is similar, whereas at the position of about 75% alloying element content, the Gibbs free energy curve of the β-TiTa alloy shows a peak. Therefore, in the range of 200–600 K, there are two troughs in the Gibbs free energy curve of the β-TiTa alloy, which is due to the amplitude modulation decomposition of the β-TiTa alloy in this temperature range. It should be pointed out that the dotted line in Figure 4 is at the position of [image: image]. As a matter of fact, at room temperature (about 300 K), both β-TiNb and β-TiTa can reach a thermodynamically stable state when the alloying element content is more than 25%.
[image: Figure 4]FIGURE 4 | Gibbs free energies of (A) β-TiNb and (B) β-TiTa alloys.
3.3 Elastic Properties
3.1.1 Elastic Constants
The [image: image], [image: image], and [image: image] of β-TiX (X = Nb, Ta) alloys change with alloying element content as shown in Figure 5. Both [image: image] and [image: image] increase with the increase of alloying element content. In the case of [image: image], the calculation results have different degrees of underestimation. This phenomenon also exists in other transition metal simulation calculations, and some reports have pointed out that it is caused by the existence of Van Hove singularity (Katahara et al., 1979; Koči et al., 2008; Nagasako et al., 2010). Moreover, the anomalies of [image: image] have been captured experimentally at low temperatures in transition metals (Talmor et al., 1977; Walker, 1978; Walker and Bujard, 1980), which also indicates that the calculation results are reasonable.
[image: Figure 5]FIGURE 5 | Single-crystal constants of (A) β-TiNb and (B) β-TiTa alloys.
Both [image: image] and [image: image] are automatically met because [image: image] is always positive. Hence, the mechanical stability of the alloys depends on [image: image]. Figure 6 shows the change of the [image: image] in the β-TiX (X = Nb, Ta) alloys. The value of [image: image] increases with the increase of the alloying element's content, and the value of [image: image] is 0 when Nb element content is 10% or Ta element content is 13%. In other words, the bcc structure β-TiX (X = Nb, Ta) alloys can satisfy the mechanical stability requirements when Nb content is greater than 10% in the β-TiNb alloy or Ta content is greater than 13% in the β-TiTa alloy.
[image: Figure 6]FIGURE 6 | Mechanical stability of β-TiX (X = Nb, Ta) alloys.
3.3.2 Young’s Modulus and Shear Modulus
The Young’s modulus of β-TiX (X = Nb, Ta) alloys is shown in Figure 7. For β-TiNb, Young’s modulus reaches the minimum value of 40.75 GPa when the Nb content is about 25%. Then, Young’s modulus increases with the increase of Nb content. But, Young’s modulus slightly decreases when the Nb content is about 75%. For β-TiTa, when the Ta content is 12.5% and 25%, Young’s modulus is basically equivalent. After that, Young’s modulus kept increasing monotonously. The mechanical stability of 12.5% Ta does not meet the requirements. Therefore, the minimum Young’s modulus of β-TiTa is obtained when the Ta content is 25%, and its value is 37.36 GPa.
[image: Figure 7]FIGURE 7 | Young’s moduli of (A) β-TiNb and (B) β-TiTa alloys.
The DFT method can also be used to calculate the anisotropy of Young’s modulus (Wróbel et al., 2012). It has been pointed out that the direction of low Young’s modulus is more conducive to the formation of texture and the nucleation of metastable martensite (Hanada et al., 2014; Guo et al., 2015; Hou et al., 2016). Therefore, the analysis of elastic anisotropy and the direction of the minimum value of Young’s modulus is helpful in further regulating the elastic properties of β-TiX (X = Nb, Ta) alloys. Figure 8 shows the distribution of Young’s modulus of β-TiX (X = Nb, Ta) alloys with 25%, 37.5%, and 50% alloying elements. The closer to the origin of the space coordinate system, the smaller Young’s modulus will be. Young’s modulus of Ti12Nb4 has a minimum value in the <100> direction in Figure 8A. In Figure 8C, the minimum value of Young’s modulus shifts from the <100> direction to the <111> direction. Also, Young’s modulus of Ti10Nb6 has a minimum value in the <111> direction in Figure 8B. Later, as the Nb content increases, the minimum value of Young’s modulus remains in the <111> direction. For β-TiTa alloy in Figures 8D–F, Young’s modulus of Ti12Ta4 has a minimum value in the <100> direction, but when the Ta element content reaches 37.5%, Young’s modulus in all directions is basically the same, and the subsequent change is small. Overall, as the atomic ratio of β-TiX (X = Nb, Ta) alloys gradually increases to 1, its elastic anisotropy gradually increases.
[image: Figure 8]FIGURE 8 | Young’s moduli of (A) Ti12Nb4, (B) Ti10Nb6, (C) Ti8Nb8, (D) Ti12Ta, (E) Ti10Ta, and (F) Ti8Ta8. (The Zener ratio [image: image] is a measure of the elastic anisotropy.)
Figure 9 shows the shear moduli of β-TiX (X = Nb, Ta) alloys. With the increases in alloying element content, the [image: image] value has increased to varying degrees. The [image: image] value of β-TiTa basically keeps increasing linearly, while the growth of the [image: image] value of β-TiNb gradually becomes slow. Moreover, Ta has a stronger influence on the shear modulus of β-TiX (X = Nb, Ta) alloys than Nb. The result shows that the higher the content of β-phase stabilizing elements in the titanium alloys, the higher the critical stress required for slip deformation.
[image: Figure 9]FIGURE 9 | Shear moduli of (A) β-TiNb and (B) β-TiTa alloys.
3.4 Electronic Structure
In this section, the total density of states (TDOS) and partial density of states (PDOS) of β-TiX (X = Nb, Ta) alloys are calculated to reveal the influence mechanism of alloying element X content on the phase stability and mechanical properties of β-TiX alloys, as shown in Figure 10. The dotted line in Figure 10 represents the position of the Fermi level, at x = 0. The left side of the Fermi level is the valence band and the right side is the conduction band. First, it can be seen that the TDOS near the Fermi level of both β-TiNb and β-TiTa alloys mainly originates from the contribution of Ti-d and X-d orbital electrons. This indicates that the phase stability and mechanical properties of the β phase of titanium alloy are closely related to the d-orbital electrons, which is consistent with the report of Kuroda et al., (1998). Second, the TDOS value corresponding to the position of the Fermi level is related to phase stability, and the lower the value is, the more stable the structure is (Guo and Wang, 2000). It can be seen from Figure 10 that as the content of alloy element X increases, the value corresponding to the position of the Fermi level on the TDOS image of β-TiX alloys gradually decreases. This indicates that the phase stability of β-TiX alloys is improved with the increase of the content of Nb and Ta elements, which can be attributed to the fact that alloying elements Nb and Ta can provide additional d-orbital electrons. In addition, dp valence state orbital hybridization of the alloying element X and Ti is found in the conduction band near the Fermi level. This hybridization phenomenon can increase the bonding strength, which is not only beneficial to improve the phase stability of β-TiX alloys but also to improve their tensile strength. The abovementioned points also explain why the elastic modulus of β-TiX alloys increases when the alloying element X content exceeds 25%.
[image: Figure 10]FIGURE 10 | TDOS and PDOS of (A) β-TiNb and (B) β-TiTa alloys.
To understand the bonding characteristic more intuitively and vividly, the three-dimensional difference charge densities map of β-TiX alloys is plotted by the VESTA package (Momma and Izumi, 2008) and shown in Figure 11. In each plot, the atomic positions of all alloying elements are the same as in the model in Figure 1. The yellow area represents the gain of electrons, while the blue area represents the loss of electrons. It can be seen from Figure 11 that the Ti atom in β-TiX alloys loses electrons and the alloying element X gains electrons. Also, there is almost no difference in charge density between Ti–Ti atomic pairs and X–X atomic pairs, showing typical metallic properties. When the content of alloying elements is low, as shown in Figures 11A,B,E,F, the charge density profile between Ti-X atoms is symmetrically distributed, which indicates the existence of weak metallic bonds between Ti-X atoms (Ouadah et al., 2020). As the content of alloying element X increases, the bonding electron density between Ti atoms and X atoms is obviously increased and forms the ring-type features, leading to an increase in bond strength and indicating an effective solid-solution strengthening the effect. When alloying element X content is 37.5%, as shown in Figures 11C,G, the distribution of electron cloud between solute atom X and solvent atom Ti is asymmetrical. The non-spherical distribution of electrons will act as a barrier to make deformation difficult and high modulus in the plastic deformation process of the material, while this is consistent with the research results of Yu et al., (2021). When the alloying element X content reaches 50%, as shown in Figures 11D,H, the Ti-X bond is strengthened by sharing electron pairs to form a covalent bond, and the bonding direction is obviously concentrated in the <111> direction. This result is consistent with that of the previous studies on thermodynamic stability and elastic anisotropy. Moreover, by comparing the difference charge density of β-TiNb and β-TiTa alloys with the same content of alloying elements, it can be seen that the bonding effect of β-TiNb alloys is better than that of β-TiTa alloys, which is consistent with the conclusion of formation enthalpy.
[image: Figure 11]FIGURE 11 | Difference charge densities of β-TiX (X = Nb, Ta) alloys. (A) Ti14Nb2; (B) Ti12Nb4; (C) Ti10Nb6; (D) Ti8Nb8; (E) Ti14Ta2; (F) Ti12Ta4; (G) Ti10Ta6; (H) Ti8Ta8. The value of all the isosurface level is 0.0051e/Å3.
4 CONCLUSION
This article presents an ab initio study of phase stability and elastic properties of β-TiX (X = Nb, Ta) alloys. The phase stability of the β-TiX (X = Nb, Ta) alloys was determined from two aspects of mechanical stability and thermodynamic stability. The elastic modulus was estimated by the Hill arithmetic averaging, and the elastic anisotropy was analyzed. Also, the influence mechanism of the content of alloying element X (X = Nb, Ta) on the phase stability and elastic properties of β-TiX (X = Nb, Ta) alloys was expounded from the electronic level. The conclusions of this study are as follows:
1) The mechanical stability of the β-TiX (X = Nb, Ta) alloys meets the requirements when the Nb element content is 10% in the β-TiNb alloy or when the Ta element content is 13% in the β-TiTa alloy.
2) The formation enthalpy of β-TiX (X = Nb, Ta) alloys decreases with the increase of alloying element Nb or Ta content. At room temperature (about 300 K), β-TiNb and β-TiTa alloys are thermodynamically stable when the content of alloying elements Nb or Ta is more than 25%.
3) The minimum Young’s modulus of β-TiX (X = Nb, Ta) alloys was obtained when the content of alloying elements is 25%. The minimum Young’s modulus of the β-TiNb alloy is 40.75 GPa and that of the β-TiTa alloy is 37.36 GPa.
4) As the alloy element's content increases, the minimum value of Young’s modulus of β-TiX (X = Nb, Ta) alloys shifts from the <100> direction to the <111> direction. Also, Young’s modulus anisotropy of the β-TiTa alloy is smaller than that of β-TiNb alloy.
5) Alloying element X (X = Nb, Ta) can provide additional d-orbital electrons, that is to say, the increase of alloying element X content will lead to the increase of valence electron concentration and bonding strength, thus improving the phase stability and elastic modulus of β-TiX (X = Nb, Ta) alloys.
In summary, the β-TiX (X = Nb, Ta) alloys with an alloying element content of 25% meet the requirements of mechanical stability and thermodynamic stability and have the lowest elastic modulus. The optimum content of β-TiNb and β-TiTa alloying elements determined in this work is 25%, and the corresponding elastic moduli under this composition are 40.75 and 37.36 GPa, respectively.
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Medical metal implants are required to have excellent mechanical properties and high biocompatibility to handle the complex human environment, which is a challenge that has always existed for traditional medical metal materials. Compared to traditional medical alloys, high entropy alloys (HEAs) have a higher design freedom to allow them to carry more medical abilities to suit the human service environment, such as low elastic modulus, high biocompatible elements, potential shape memory capability. In recent years, many studies have pointed out that bio-HEAs, as an emerging medical alloy, has reached or even surpassed traditional medical alloys in various medical properties. In this review, we summarized the recent reports on novel bio-HEAs for medical implants and divide them into two groups according the properties, namely mechanical properties and biocompatibility. These new bio-HEAs are considered hallmarks of a historic shift representative of a new medical revolution.
Keywords: bio-heas, mechanical properties, corrosion resistance, cytocompatibility, friction resistance
INTRODUCTION
Currently, numerous biomaterials, including polymer materials, composite materials, and metal materials, have been developed for disease visualization, drug toxicity assessment and detection, tissue repair and substitution (Gaharwar et al., 2020; Eliaz, 2019; Fenton et al., 2018; Qu et al., 2019; Mitrousis et al., 2018; Wang et al., 2021a; Liu et al., 2022). With excellent mechanical properties and good corrosion resistance, metal medical implants undertake the function of repairing and replacing human diseased tissues and organs, which are widely used in artificial heart valves, bone implants and scaffolds, and tooth repair and replacement (Eivazzadeh-Keihan et al., 2020; Sharma et al., 2020; Wang et al., 2022a; Guo et al., 2022; Mao et al., 2022; Qiao et al., 2022) Figure 1A illustrates the several stages of metal implant development and improvement. The earliest metal implant material is 304 stainless steel (Verran and Whitehead, 2005), which is used in artificial joints. Stainless steel material has high strength but also has a high elastic modulus (193 GPa), which is much higher than human bones 10–40 GPa). Such mismatched elastic moduli will prevent the load from smoothly transferring from the implant to the surrounding bone tissue, resulting in a stress shielding phenomenon when the implant is implanted into human bone (Mi et al., 2007). The stress shielding phenomenon can lead to the degeneration and atrophy of the bone tissue and eventually cause the implant to loosen and even fail, which does not meet the requirements of long-term service. Subsequently, compared with other metal materials, titanium and titanium alloys have the characteristics of high specific strength, strong corrosion resistance and good biocompatibility and have become preferred materials for bone tissue repair and replacement (Wang et al., 2021b; Wang et al., 2022b; Cui et al., 2022; Lv et al., 2022; Zhang et al., 2022). For instance, Wang developed a Ti-35Nb-2Ta-3Zr (wt%) alloy with a low Young’s modulus of approximately 48 GPa (Wang et al., 2017).
[image: Figure 1]FIGURE 1 | (A) Schematic showing several different medical metal implant development sequences. (B) Mechanical properties and biocompatibility constitute the performance evaluation criteria for medical metal implants. (C) Schematic diagram showing the elemental arrangement model of HEA (the circles in different colors and varying sizes represent the mixed atoms), in this case, the configurational entropy is determined not only by chemical composition but also by atomic size (Ye et al., 2016).
High-entropy alloys have received a great amount of attention in recent years because of their unique composition (five or more metal elements) and homogeneous microstructure (Cantor et al., 2004; Hemphill et al., 2012; Gludovatz et al., 2014; Yu et al., 2014; Ye et al., 2015a; Xia et al., 2015; Miracle and Senkov, 2017). Compared to conventional alloys with relatively simple compositions, HEAs have two significant features: 1) enormous room for performance optimization and improvement derives from multielemental combinations, which ensure that HEAs have a variety of ingredients and complex microstructures, and 2) the various elements mixed will exhibit properties that are not possessed by any pure metal element, which provides HEAs with new properties (Tsai and Yeh, 2014; Lu et al., 2015; George et al., 2019).
With the excellent performance of HEAs, a good approach is to put HEAs into the medical field to explore the potential of HEAs as medical implants. Furthermore, HEAs represented by Ti, Ta, Nb, Zr, and Hf systems have good application and development potential in medical implants, as shown in Figure 1B (Raducanu et al., 2011; Wang and Xu, 2017; Tüten et al., 2019; Yang et al., 2020). For instance, bio-HEAs could be designed to possess high strength following rational guidance due to their complex elemental composition and richness of design (Wang et al., 2020a; Su et al., 2022; Xu et al., 2022). On the other hand, bio-HEAs are designed to have low toxicity because the elements in bio-HEAs have excellent biocompatibility (Nagase et al., 2020). This review aimed to discuss recent advances in bio-HEA mechanical properties and biocompatibility.
HIGH ENTROPY ALLOY CONCEPT
The current mainstream concept is that the high entropy alloy should contain 5–13 main elements, and the mole fraction of each element should be between 5 and 35 at% (Cantor et al., 2004; Yeh et al., 2004). The term “high-entropy alloy” is defined because the relationship of individual atoms can be modelled as an ideal solution, as illustrated in Figure 1C.
The atomic radius difference range (δ) (1) is used to describe the radius relative radius of each element (‾r is the average atomic radius and ri is the atomic radius of element i). It claims that only solid solutions are formed when the δ value is lower than 4% (Zhang and Lv, 2008).
[image: image]
Configuration entropy (ΔSam) 2) is used to describe the mixing entropy of alloys, which high entropy alloys require the ΔSmix value are higher than 11 J/mol K, where ci is the molar fraction of the ith element, R is the constant (8.314 J/mol K), and n is the total number of constituent elements.
The enthalpy of mixing (ΔHam) 3) range of the HEA is a key parameter, which requires between −11.6 and 3.2 kJ/mol, where ΔHij is the binary enthalpy of elements i and j (Zhang and Lv, 2008).
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The parameter O 4) involves ΔSam and ΔHam, which can predict the composition of the final HEA phase, where Ttop is the melting temperature calculated using 5. Usually, only solid solutions are formed when Ω > 1.1 and δ < 3.6%, and only solid solutions and intermetallic compounds are formed when 1.1 < O < 10 and 3.6% < d < 6.6%; furthermore, only solid solutions are formed when Ω > 10 (Yang and Zhang, 2012).
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The difference in electronegativity Δχ 6) is also used as the criterion for judging whether a single solid solution can be formed, where χ is the average electronegativity and χi is the electronegativity of element i. Only solid solutions are formed when the components of the alloy elements are between 3 and 6%.
[image: image]
Although there may be some differences in the above criteria in the current research on high-entropy alloys, these criteria are useful for predicting the solid phase and composition selection and determination of the atomic fraction ratio for bio-HEAs (Takeuchi et al., 2013; Ye et al., 2015b).
HEAS DESIGN AND NUMERICAL SIMULATION
Compared with traditional alloys, bio-HEAs have a high freedom in element design, which also means more factors need to be considered. Multi-element of bio-HEAs not only induce strong chemical fluctuation to random phase, but also have important effects on the stacking fault energy, second phase and dislocation core structure. In fact, numerical simulations could reflect the bio-HEAs properties independent of material test, which is very beneficial for guiding the design of alloys with high freedom such as bio-HEAs (Yin et al., 2020; Xu et al., 2021). In recent years, Monte Carlo (Zhou et al., 2021), molecular dynamics (Jian et al., 2020; Li et al., 2020), first-principles calculations (Rao et al., 2019), and deep learning (Kostiuchenko et al., 2019) is widely applied in modeling and prediction of bio-HEAs.
Lee (Lee et al., 2020) predicted the Young’s modulus (E), bulk modulus (K) and shear modulus (G) of the material by First-principles calculations, showing excellent agreement with the experimental values. Moreover, Yao (Yao et al., 2016) established phase diagrams of NbTaTiV, NbTaVW, and NbTaTiVW through CALPHAD modeling, which predicted the state of NbTaV(TiW) in different temperature ranges. Liu (Liu et al., 2021) used Monte Carlo to predict order-disorder transitions caused by W and Nb. By comparing with experiments, the simulation results provide insight into the role of chemical ordering in the strength and ductility of HEAs.
In fact, HEAs with so many element combinations means huge data and this is a perfect example of deep learning. With the rapid development of computer science, deep learning is becoming more and more accurate for analyzing data patterns and predicting development from samples (Lecun et al., 2015; Guo et al., 2016). For the design of HEAs, the optimal HEA potential element ratio could be output by a deep learning network trained on HEA experimental data (Yan et al., 2021). For instance, wen (Wen et al., 2021a) collected experimental data on AlCoCrFeNi, CoCrFeNiMn, HfNbTaTiZr, and MoNbTaWV, and trained a deep learning network for these types of HEAs to predict the potential of solid solution strengthening. In the future, deep learning might play a guiding role in the design and prediction of potential properties of HEAs.
MECHANICAL PROPERTIES
Compared with traditional medical metal implants, HEAs have excellent mechanical properties (Picak et al., 2021; Wei et al., 2022a). The strength, ductility, elastic modulus and fatigue properties of bio-HEAs should be considered. The excellent mechanical properties of these medical high-entropy alloys are inextricably connected with their microstructures. In fact, the microstructures of HEAs are numerous and complex, and the final microstructure is not the same even for HEAs with the same elements but different ratios, furthermore, heat treatment and thermal deformation also affect the structure (Dirras et al., 2016; Zhang et al., 2018; Li et al., 2019). It is critical to obtain an overall view and summarize the properties of bio-HEAs at this stage, as well as to determine the design ideas of future bio-HEAs.
Tensile and compressive properties
Tensile and compression tests are some of the most intuitive criteria to detect the mechanical properties of materials, which can obtain a series of material performance data, such as yield strength, breaking strength, and elongation, from stress–strain diagrams. Furthermore, many HEAs with excellent mechanical properties have been developed in recent years, which yield strength exceeding 1000 MPa and the elastic modulus lower than 70 GPa These HEAs often have high tensile strength and excellent elongation data, achieving simultaneous improvement of material strength and plasticity. Wei (Wei et al., 2022b) replaced part of the metal elements in HEAs with the metalloid element Si, in which the metalloid element is between metals and nonmetals, and it is easy to induce complex subnanometre-scale structures in the substrate. Figure 2A illustrates the accumulation of dislocations on the {111}-type FCC slip planes. The mechanical properties of -Si HEAs are improved due to these defects, which is consistent with the results of first-principles calculations and Monte Carlo simulations. It shows the elevation of ductility simultaneously with strength in macroscopic performance. Su (Su et al., 2019) designed a hierarchical microstructural for HEA by introducing grains and textures with different size gradients and substructures, which enhanced transformation-induced plasticity (TRIP) and twinning-induced plasticity (TWIP) effects. The material exhibits bimodal microstructures, which were produced consisting of nanograins (∼50 nm) in the vicinity of shear bands and recovered parent grains (10–35 μm) with preexisting nanotwins after tempering. Compared with the 95% recrystallized specimen’s yield strength of 555 MPa, the HEA yield strength of the bimodal microstructures is increased to 1.3 GPa.
[image: Figure 2]FIGURE 2 | (A) Two-beam BF images show the frequently observed accumulation of dislocations on the {111}-type FCC slip planes in Co22Cr22Fe22Ni22Si10 and Co10Cr10Fe10Ni10Mn10Si10HEA (Wei et al., 2022b). (B) the (100) peak of hcpM could be found when the stress was over 520 MPa (C) Dislocations in the 8% strained O-2 HEA, imaged under {1a11}-type diffraction conditions (Wang et al., 2020b). (D) The dislocation pinning point (red circle) in (C) was chosen for further STEM characterization. (E) Aberration-corrected STEM-ABF images of the local atomic structure of pinning sites. White arrows point to the pillars of oxygen atoms. (F) STEM-HADDF also indicates ordered oxygen complexes near the dislocation pinning point (G) Aberration-corrected STEM-ABF images far from the pinning point (Lei et al., 2018).
The equiatomic HfNbTaTiZr achieves a tensile yield strength of 974 MPa and has an elongation of 20%. Furthermore, there are numerous dislocations with restricted movement at grain boundaries in HfNbTaTiZr, due to grain refinement (Juan et al., 2016). The O element doped TiZrHfNb exhibited a yield strength of 1,300 MPa and an elongation of 30% in the room temperature tensile test. The strong ordered oxygen complexes in Figures 2C–G are the key reason to achieve such performance. The strength improvement is due to the O solid solution strengthening, more interestingly, the plasticity improvement is due to O changing the plastic deformation mode from plane slip to wave slip, which is different from conventional alloys (Lei et al., 2018). This study shows that the presence of interstitial oxygen elements in a nano-ordered manner could successfully overcome the strength–ductility trade-off.
Chen (Chen et al., 2022a) found that the WNbMoTaZr HEA has a significant increase in strength and toughness with increasing Zr content; the yield strength in the compression test is 1,223 ± 20.1 MPa, and the fracture strain is 6.4 ± 0.66%. In addition, TiZrNbTa doped with N also achieved high strength and high toughness of the material. The yield strength and fracture strain of the tensile test reached 1,196 ± 8 MPa and 17.5 ± 0.3%, respectively (Wang et al., 2022c). The introduction of N in the original matrix resulted in dendritic structures and simultaneously led to dislocation pinning and reduce diffusion rate.
In recent years, some studies on the microstructure and mechanism of bio-HEAs may provide theoretical support for high-strength mechanical properties. Lee believes that unlike traditional body-centered cubic (BCC) structure metals and dilute alloys, in which the strain strengthening depends on screw dislocation, plastic flows in HEAs mainly contribute to edge dislocation (Lee et al., 2021). Furthermore, TWIP and TRIP are still the main methods to enhance the mechanical properties of bio-HEAs. During the tensile process, TWIP and TRIP occur sequentially in the ß phase. Ti16Zr35Hf35Ta14 was found to exhibit a new stress-induced martensitic transformation (SIMT) α”-to-hcpM by in situ high energy X-ray diffraction (HEXRD), as shown in Figure 2B. The peak of hcpM starts to appear when the stress is 520 MPa, and the peak of α” gradually weakens and finally disappears when the stress is 800 MPa. In addition, SIMT improves the yield strength-ductility of Ti16Zr35Hf35Ta14 72. Wen (Wen et al., 2021b) found that the Nb content in HfNbTa0.2TiZr HEA affects the stability of the BCC phase. With the decrease in Nb content, the martensite tends to transform from the BCC structure to the HCP structure, as shown in Figure 3A. A large number of twins are observed during the transition, which may be due to the lower SFE of the HCP structure, and the material finally exhibits a dual increase in strength and plasticity, as shown in Figure 3B. In addition, the fine precipitates in Hf20Nb10Ti35Zr35 formed by ageing cooperate with TWIP and TRIP and improve the mechanical properties of the material (Su et al., 2022).
[image: Figure 3]FIGURE 3 | (A) TEM bright-field images of the co-existed BCC and HCP phase (Wen et al., 2021b). (B) Selected area diffraction show the extra twinning spots (C) Four different scanning speeds at 4.0 m/s, 3.5 m/s, 3.0 m/s, 2.5 m/s for the SLM (Xiao et al., 2022).
Additive manufacturing (AM) is a new type of manufacturing method that has a great impact on medical implant fabrication and its ability to produce complex, porous configurations and structure-specific implants (Herzog et al., 2016; Bourell et al., 2017). Additively manufactured porous materials fabricated by AM could well mimic the skeletal environment in which cells grow (Hafeez et al., 2020; Zhang et al., 2021a). Compared with the HEAs prepared by cold crucible suspension, the microstructure fabricated by AM may be different due to different cooling rates during fabrication; furthermore, the final mechanical properties of the material are also different. Defects caused by AM are an important factor that affects the performance of bio-HEAs because the elements used in bio-HEAs not only have high melting points but also have a wide range of melting points between different elements. Zhang (Zhang et al., 2021b) found that a mixed powder of NbMoTa has a high defect rate after fabrication. Consequently, the printed material has higher formability and strength for SLM after adding Ti and Ni elements. Compared with NbMoTa, the NbMoTaTi0.5Ni0.5 HEA has a large amount of extended dislocation at the grain boundary, which strengthens the grain boundary of the crystal. Xiao (Xiao et al., 2022) studied the effect of selected laser melting (SLM) on the microstructure and mechanical properties of WMoTaNbTi HEAs. Several different scan speeds, including 4.0 m/s, 3.5 m/s, 3.0 m/s and 2.5 m/s, were collected and are illustrated in Figure 3C. The material exhibited the highest compressive strength of 1,312 MPa and exhibited good local ductility when the scanning speed was 2.5 m/s.
Low elastic modulus HEAs
Reducing the elastic modulus of metal implants to match human bone to prevent potential stress shielding risks is an important goal for medical metal implants. TiZrNb, Ti40Zr40Nb20, Ti45Zr35Nb20, Ti45Zr45Nb10, and Ti50Zr40Nb10 all exhibit low elastic moduli (Hu et al., 2022). In particular, the TiZrNb HEA, at room temperature, is composed of dendritic crystals with a single BCC, whose elastic moduli range from 73 ± 3 GPa to 52 ± 2 GPa and are very close to the elastic moduli of large human bones. Schönecker (Schönecker et al., 2022) proposed a new idea for reducing the elastic modulus of TiZrNbMoTa. Considering the service conditions of the bones, including walking, running, and climbing, the load direction of the leg is along the long-bone (longitudinal direction). For this unidirectional loading situation, the anisotropy of the material is used to reduce the elastic modulus. Single crystals and textured polycrystals have lower elastic moduli than isotropic materials in a certain direction.
In fact, the elastic modulus of a material is affected by the chemical bond, crystal structure, chemical composition, etc. The bio-HEAs could form numerous types according to different ratios and selected elements. Such a large number of samples undoubtedly provides sufficient samples for machine learning to calculate and predict the final performance of materials. In recent years, with the rapid development of computer science, machine learning, as a product of the development of computer science, has been widely used in the calculation of big data (Dove et al., 2017; Wei et al., 2019). Roy (Roy et al., 2020) used the gradient boost for a regression model to predict 26 high-entropy alloys with different compositions, in which the deviation from the test value of the sample did not exceed 20%, and the elastic modulus of TaTiZr was predicted to be 98.33 GPa. Compared with blindly arranging and combining element types, machine learning can provide a relatively clear path in designing materials.
Superelastic HEA
In 1963, the Naval Ordnance Laboratory discovered superelasticity in TiNi alloys with nearly equiatomic proportions (Buehler et al., 1963). To date, supereelastic metals have been widely used in aerospace, marine and cable communications (Hoh et al., 2009). In medical metal implants, bone scaffolds fabricated by superelastic materials have better flexibility and better fit the complex structure inside the human body.
SIMT could improve the mechanical properties of HEAs; for instance, TRIP could improve the plasticity of HEAs. In addition, SIMT is a prerequisite for superelasticity effects and shape memory of mental materials. The ß phase in the superelastic alloy transforms into orthorhombic α″ martensite when loaded up to a certain critical stress (sSIM). The α″ martensite grows through several variants that yield to the maximum strain along the loading direction. These repeatedly loaded trajectories exhibit a cyclic shape in the stress–strain curve in Figure 4 (Ramezannejad et al., 2019). Upon unloading, α″ martensite is able to totally transform back to ß under the ideal scenario.
[image: Figure 4]FIGURE 4 | The schematic diagram for mental superelasticity by martensitic transformation (Ramezannejad et al., 2019).
Some bio-HEAs have also been shown to have superelastic properties. Peltier (Peltier et al., 2021) pointed out that for (TiHfZr)74(NbTa)26, its superelasticity originates from the transition of β↔α” when deformation occurs. The superelastic temperature range is 40–200°C, which is compatible with the human service environment temperature. Furthermore, Wang (Wang et al., 2019) utilized in situ XRD to characterize the superelastic behavior of TiZrHfAlNb and found β↔α” during unloading in experiments on uniaxial tension. In addition, the plastic deformation is also recovered during this process. The discovery of these superelastic bio-HEAs will encourage more scholarly interest and attention.
Fatigue properties of HEA
Fatigue fracture often occurs when the material is under the action of alternating loads for a long time, and the material is broken by a stress lower than the breaking strength. Fatigue fracture is due to the initiation of internal cracks, and the cracks gradually propagate under alternating loads until failure. Metal medical implants are often under alternating loads during service. For instance, artificial teeth undergo hundreds of times of chewing every day. These chewing movements can be regarded as materials that are under the alternating stress environment.
HfNbTaTiZr exhibits good performance in fatigue tests. The maximum stress required to exceed the yield stress causes fatigue failure of HfNbTaTiZr even in the high cycle fatigue regime (Guennec et al., 2018a). In the microstructure, the fatigue strength of the material is affected by the mobility of dislocations, which increases with mobility. This feature has also been observed in other alloys (Mughrabi and Wüthrich, 1976; Magnin and Driver, 1979; Guiu et al., 1982; Guennec et al., 2015). In the low-cycle regime of HfNbTaTiZr, the resistance to fatigue is through the accumulation of dislocations at the crack tip, which can lead to the closure of the crack (Chen et al., 2022b).
In fact, currently, more fatigue research on HEAs focuses on FeCoNi systems (Hemphill et al., 2012; Tang et al., 2015; Thurston et al., 2017; Guennec et al., 2018b), and research on medical high-entropy alloys is still lacking. To date, medical high-entropy alloys are mainly aimed at strength and toughness, as well as low modulus. Fatigue performance is an important medical indicator; therefore, fatigue behaviour investigations on bio-HEAs are suggested to obtain a wider range of bio-HEAs with good fatigue performance.
BIOCOMPATIBILITY PROPERTIES OF BIO-HEAS
Compared with the HEA materials used in the manufacturing industry and aerospace industry, which require metals to have excellent mechanical properties, bio-HEAs not only require good mechanical properties but also require additional materials with excellent biocompatibility properties. Furthermore, the purpose of testing biocompatibility is to explore the potential biological risks when medical high-entropy alloys are used as implants. In recent years, many scholars have extensively studied the biocompatibility of HEAs and found many bio-HEAs with excellent biocompatibility. The biocompatibility of bio-HEAs, including cytocompatibility, corrosion resistance, friction resistance, and bio-HEAs with these three excellent properties, is summarized.
Cytocompatibility
The cell viability experiment is the most intuitive test to analyze the biocompatibility of bio-HEAs. The purpose of the cell viability experiment was to simulate cell growth and differentiation and to observe whether the cells still have normal functions on the implant surface. For instance, osteoblasts are often cultured on the implant surface to observe osteoblast division, differentiation, and the final mineral deposition quality (McBeth et al., 2017). At present, many studies have shown that medical high-entropy alloys exhibit high cell viability and provide a good environment for cell work.
Todai (Todai et al., 2017) found that TiNbTaZrMo HEA exhibited excellent biocompatibility, and the osteoblast activity attached to the surface was closely related to the microstructure of HEA. SUS316L, CP-Ti, and TiNbTaZrMo HEAs in the as-cast and annealed samples were tested in total, and it was pointed out that the osteoblast density of TiNbTaZrMo in the as-cast and annealed samples was higher than that of SUS316L and CP-Ti. In addition, TiNbTaZrMo in the annealed sample exhibited the highest cell density and was superior to SUS316L in cell size and cell spreading, which are important for cell migration and protein synthesis. Furthermore, this study also pointed out that the annealed TiNbTaZrMo has better cytocompatibility due to the redistribution and grain growth of the annealed grains. Shittu (Shittu et al., 2020) showed that MoNbTaTiZr HEA not only has good mechanical properties, in which the elastic modulus is 30% lower than that of SS304 but also has good cytocompatibility. Stem cells were cultured onto MoNbTaTiZr and tissue culture polystyrene (TCPS) surfaces, and fluorescence microscopy was used to show cellular coverage. The cell coverage of MoNbTaTiZr and TCPS reached 89 and 100%, respectively. Furthermore, numerous long cytoplasmic extensions forming a network in contact with adjacent cells were observed on the bio-HEA surface, indicating that the MoNbTaTiZr surface supports cell attachment by filopodia extensions and provides strong support for the growth of cells (Hasan et al., 2017).
The TiNbTaZrMo fabricated by SLM not only has superior mechanical properties but also has great biocompatibility. Giemsa staining images showed that the cell growth density of bio-HEAs fabricated by SLM was the same as that of CP-Ti and much higher than that of SS316L, as shown in Figure 5A. Furthermore, fluorescent images demonstrate the cell cytoskeletal components and focal adhesions of osteoblasts adhered to the specimens in Figure 5B. The cells exhibited a uniform distribution on the bio-HEA surface, which had an obvious advantage of cell spreading. Such great mechanical and biological properties of bio-HEAs are due to the rapid solidification in the SLM fabrication process, which can effectively inhibit the segregation of components (Ishimoto et al., 2021).
[image: Figure 5]FIGURE 5 | (A) Giemsa staining images of osteoblasts cultured on the surface of SLM-built BioHEA and CP-Ti, SS316L, and cast BioHEA counterpar (Ishimoto et al., 2021)t. (B) Fluorescent images of osteoblast adhesion on SLM-built bio-HEA, CP-Ti, SS316L, and cast bio-HEA (Akmal et al., 2021). (C,D) Visual evidence of mice thigh before and d after implantation (MoTa)0.2NbTiZr alloy (Akmal et al., 2021).
Animal models are an effective approach to evaluate the service status of materials in the in vivo environment. Akmal (Akmal et al., 2021) demonstrated (MoTa)xNbTiZr implantation inside a mouse thigh and counted the changes in the mouse thigh over 16 days, as shown in Figures 5C,D. The mouse thigh was inflamed after implantation, and after Day 7, the inflammation subsided without abnormal neurobehaviour. However, host response experiments including inflammatory response, osteoinductive and bioactive behavior still lack additional investigation, and in vitro experiments should be further discussed.
Corrosion resistance
Metal implants may have a potential risk of corrosion in the human body, which may lead to a decrease in implant performance and failure. Bio-HEAs have shown good potential in corrosion resistance properties, and research on corrosion resistance will broaden bio-HEA applications in medical materials.
In a corrosive environment, bio-HEAs are oxidized, and a passive oxide film grows on the surface. The density of the oxide film is a key factor in preventing further corrosion and avoiding material failure. Yang (Yang et al., 2020) pointed out that the corrosion rate of TiZrHfNbTa HEA is 10–4 mm/year under an environment of a low passive current density of approximately 10–2 A/m2, comparable to the traditional Ti6Al4V alloy. Through X-ray photoelectron spectroscopy (XPS) tests, it was found that TiO2, ZrO2, HfO2, and Ta2O5 were formed during the corrosion process, which played an important role in resisting corrosion, as shown in Figures 6A–F. Furthermore, Wang (Wang et al., 2022d) replaced the element Ta in TiZrHfNbTa with element Fe to test the effect of different volume fractions of Fe elements (0, 0.25, 0.5, 0.75, 1, 1.5, 2) on the material corrosion resistance. It should be noted that the corrosion potential first decreased and then increased with increasing Fe content. Fe0.5 exhibited the best corrosion resistance, and no corrosion pits were observed after polarization. Hua pointed out that TiZrNbTaMo also has great corrosion resistance. TiZrNbTaMo has better corrosion potential than traditional Ti6Al4V, which means that the passivation film produced by TiZrNbTaMo has higher stability (Hua et al., 2021).
[image: Figure 6]FIGURE 6 | XPS spectra of the surface films formed on the TiZrHfNbTa [(A) O 1s, (B) Ti 2p, (C) Zr 3d, (D) Hf 4f, (E) Nb 3d, and (F) Ta 4f], which exposed to air and after the 7-days immersion in the Hank’s solution at 310 K33.
Friction resistance performance
Metal implants inevitably contact the surrounding tissue when implanted into the human body. Wear behaviour is unavoidable and must be considered for metal medical implants. Especially in bone implants, the high amount of frictional behaviour puts the material at risk of wear failure. Furthermore, implant wear may lead to inflammation and osteolysis, which affect implant longevity and increase the patient’s risk of secondary injury. Tribocorrosion includes the interaction of corrosion with sliding wear, biological solutions, solid particle erosion, frictional oxidation, cavitation erosion, abrasion, and fretting (Wood, 2007). Figures 7A–C shows two types of medical mental implants wear in the human body environment, namely, two-body wear and three-body wear. Compared with two-body wear, three-body wear has an additional interaction with particles that are dropped by wear, and two-body wear will eventually transform into three-body wear over time (Li et al., 2021).
[image: Figure 7]FIGURE 7 | Schematic diagram of friction corrosion mechanism of implant surface: (A) three-body wear; (B) two-body wear; (C) removal process of the passivation film (Li et al., 2021). (D) SEM images of wear scars of the Ti0.5ZrNbTaMo, TiZrNbTaMo, Ti1.5ZrNbTaMo, and Ti2ZrNbTaMo HEAs under the dry wear condition (Hua et al., 2021).
Bhardwaj designed AlxTiZrNbHf (x = 0, 0.25, 0.50, 0.75, 1) bio-HEA to explore the effect of Al on the friction resistance. The reason why the addition of Al can enhance the wear resistance is because Al improves the mechanical properties of the material. Furthermore, an oxide film with higher friction resistance grows on the surface of AlTiZrNbHf due to the Al element, which is found without any elemental separation in the friction track in EDS analysis (Bhardwaj et al., 2021).
In fact, the friction and corrosion behaviour of metal implants often occur in combination. The corrosion behaviour may accelerate the wear situation of the material; conversely, the peeling of the oxide film due to wear may accelerate the corrosion of the material. TiZrHfNbFe bio-HEA exhibited good wear resistance in the dry friction test. Although corrosive wear occurs in a phosphate buffer saline (PBS) solution, the final performance is better than that of Ti6Al4V (Wang et al., 2022d). In addition, Hua (Hua et al., 2021) pointed out that the friction resistance of TiZrNbTaMo increases with decreasing Ti content. The wear is worse in the dry environment than in the PBS environment. The reason is that the oxide films formed in the dry environment are brittle and are more likely to fall off during friction, as shown in Figure 7D. The peeled oxide film changes the wear environment from two-body wear to three-body wear.
Surface modification is a common and effective method to improve bio-HEA surfaces and reduce friction loss. The film with a laminated structure of NbMoWTa has good friction resistance, especially when the film height is 2.5 nm; it exhibits excellent friction resistance, and the coefficient of friction (COF) is significantly lower than that of the monolithic NbMoWTa film (Luo et al., 2021).
CONCLUSION
In recent years, many studies have aimed to determine the biomedical potential of HEAs to design excellent medical metal implants and expand the application range of bio-HEA. Compared with traditional medical metals, bio-HEAs have more freedom in composition selection and could be widely used in medical implants, especially in bone scaffolds, bone plates, and bone nails. The microstructure and morphology of bio-HEAs are closely affected by the selected elements or the proportion of each element. Strategies for designing reasonable and excellent HEA systems need to be further investigated.
In this review, the superior mechanical properties and biocompatibility of bio-HEAs are summarized. For mechanical properties, bio-HEAs could both have high yield strength and low modulus, which meet the strength requirements and avoid stress shielding. Furthermore, some bio-HEAs with superelasticity could be developed in the medical field. However, fatigue experiments are still lacking in bio-HEAs and need to be further evaluated. For biocompatibility, the elements selected by bio-HEAs focus on having excellent biocompatibility and low biotoxicity, for instance, Ti, Ta, Nb, Zr, and Hf. More importantly, the cytocompatibility of some bio-HEAs was even higher than that of CP-Ti and Ti6Al4V. However, the current cell viability tests of bio-HEAs focus on in vitro cell viability, lacking relevant in vivo animal experiments.
Although bio-HEAs have made significant progress, the availability of new bio-HEAs still has many properties to test. In addition, many medical properties of bio-HEAs have surpassed those of traditional medical metals. However, most of these studies only show a certain medical performance of bio-HEAs, and there is a lack of systematic and complete research on all the medical implant indices possessed by a certain material. In the future, one approach to obtain excellent bio-HEAs is by designing the bio-HEA composition and regulating the microstructure and morphology. The new bio-HEA is expected to become a new generation of metal medical implants with excellent performance.
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Magnesium (Mg) and Mg alloys are considered as potential candidates for biomedical applications because of their high specific strength, low density, and elastic modulus, degradability, good biocompatibility and biomechanical compatibility. However, the rapid corrosion rate of Mg alloys results in premature loss of mechanical integrity, limiting their clinical application in load-bearing parts. Besides, the low strength of Mg alloys restricts their further application. Thus, it is essential to understand the characteristics and influencing factors of mechanical and corrosion behavior, as well as the methods to improve the mechanical performances and corrosion resistance of Mg alloys. This paper reviews the recent progress in elucidating the corrosion mechanism, optimizing the composition, and microstructure, enhancing the mechanical performances, and controlling the degradation rate of Mg alloys. In particular, the research progress of surface modification technology of Mg alloys is emphasized. Finally, the development direction of biomedical Mg alloys in the future is prospected.
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1 INTRODUCTION
Biomaterials are used for diagnosing, treating, repairing or replacing damaged tissues, and further enhancing the function of organisms (Liu et al., 2021a). Bone implant materials are an important part of biomedical materials, and about 70%–80% of implants are made of biomedical alloys (Hafeez et al., 2019; Liu et al., 2020c). The demand for biomedical alloys is rapidly increasing as the world population is getting older. The most representative biomedical alloys include stainless steel (Du et al., 2022), cobalt (Co)-chromium (Cr) alloys (Yamanaka et al., 2016; Zhou et al., 2020b), titanium (Ti) and its alloys (Stráskỳ et al., 2022; Zhang et al., 2022), showing great biological and mechanical performances. However, a second surgery is required to remove the aforementioned implant materials after the bone has healed, which is extremely painful to the patient.
Magnesium (Mg) with biodegradability has gradually attracted extensive attention in biomedical filed (Zhang et al., 2021a; Dong et al., 2022a). It not only exhibits mechanical performances similar to human bone (density of 1.74 g/cm3 and elastic modulus of 41–45 GPa), but also shows good biocompatibility (Chen et al., 2018; Dong et al., 2022a). Mg is an essential nutrient for the human body to keep healthy, which can promote bone growth, enhances cell adhesion to biomaterials, and assists the differentiation and biomineralization of osteoblasts (Schwalfenberg and Genuis, 2017). Furthermore, Mg alloys are easily corroded in physiological environment due to their active chemical performances, so they can degrade to produce magnesium hydroxide [Mg(OH)2] and hydrogen (H2) (Johnson et al., 2012; Agarwal et al., 2016). Compared with the other metal implants, the corrosion products of Mg alloys have been proved to be non-toxic and can be excreted through human metabolism (Wang et al., 2020a).
However, the development of Mg alloy for biomedical applications faces great challenges. The high corrosion rate of Mg in the human body leads to extremely rapid degradation, loss of mechanical integrity, and implant failure prior to the healing process (Banerjee et al., 2019). In addition, corrosion products such as H2 gas and OH− ions can affect the biocompatibility of material. H2 will accumulate in the neighboring tissue in the form of air holes, causing tissue layers to separate (Jung et al., 2019). OH− ions will lead to surface alkalization and potentially damage cells (Chin et al., 2020). Furthermore, the mechanical performances of Mg alloys, including the hardness, ductility, strength, wear resistance, and toughness, should be improved to satisfy various biomedical applications.
Recently, numerous efforts have been made to improve the mechanical and biological performances of Mg alloys, which are mainly divided into metallurgical modification and surface modification. Metallurgical modification is an effective method to optimize composition and microstructure by alloying, composite fabrication, and heat treatment. While it significantly enhances the mechanical performances and degradation resistance, the release of some toxic elements during the process damages neighboring tissues (Li et al., 2021). In comparison, surface modification is a more promising approach of tuning the microstructure and improving performances, which is accomplished by preparing protective coatings or changing the surface features of materials. The mechanical integrity, biodegradability, and biocompatibility of Mg alloys have been improved considerably through various surface modification processes (Lin et al., 2019; Yao et al., 2020; Zhang et al., 2021b). At present, surface modification methods mainly include mechanical, physical, chemical, and biochemical methods (Zhang et al., 2020b). To fully understand the biological and mechanical behaviors of biomedical alloys, it is essential to carried out a thorough analysis of their structures and modification mechanisms.
This review first introduces the development and characteristics of Mg and Mg alloys for biomedical applications, and then compares main methods and technologies for controlling the degradation rate as well as improving the corrosion resistance and biocompatibility of Mg alloys. Furthermore, the performances and applications of biomedical Mg alloys modified by these methods are discussed. Finally, the directions for future research and possibilities are also illustrated.
2 MAGNESIUM AND MAGNESIUM ALLOYS FOR BIOMEDICAL APPLICATIONS
2.1 Applications of magnesium alloys for biomedical applications
The application of Mg alloys in biomedical field has a long history. Mg was first used as ligatures for bleeding vessels in 1878, and since then Mg alloys have been extensively studied in medical and surgical fields, including cardiovascular, musculoskeletal, and general surgery (Witter, 2010). Currently, the applications of biomedical Mg alloys mainly include cardiovascular stents and bone implants. Mg as a vascular stent is beneficial to regulate heart rhythm, improve blood flow, inhibit platelet activation, and prevent vasoconstriction (Banjanin and Belojevic, 2018). Moreover, Mg-based vascular stent can widen the narrowed arteries and maintain them until the vessel completes remodeling, then gradually degrades and is replaced by neovascular tissue (Liu et al., 2019b).
As an orthopedic implant, Mg alloy is a novel medical material, which can replace bone implants such as steel nails in traditional medicine, and better match the mechanical performances of human bone and avoid stress shielding effects than Ti alloys (Wang et al., 2008; Amukarimi and Mozafari, 2021). Furthermore, Mg alloys can be degraded into non-toxic and harmless small molecules after the human bones are basically healed, and are excreted through the human circulatory system, avoiding the pain of patients suffering from the second surgery to remove the implant. It has been reported that Mg as an orthopedic biomaterial promotes bone remodeling and healing (O’Neill et al., 2018; Zhou et al., 2021). In summary, Mg and its alloys are extremely valuable and potential biomaterials, especially for orthopedic applications.
2.2 Characteristics of magnesium alloys for biomedical applications
Mg alloys have been widely applied in biomedical field due to their high strength, low density, and good biocompatibility (Table 1). However, due to the high corrosion rate caused by the lowest standard electrode potential of Mg (−2.37 V), the excessively fast degradation rate of Mg alloys after implantation in the human body destroys the mechanical support before the reconstruction of damaged bone tissue (Cai et al., 2022). The disadvantages of Mg alloys for biomedical applications are listed in Table 2.
TABLE 1 | Advantages of Mg alloys for biomedical applications.
[image: Table 1]TABLE 2 | Disadvantages of Mg alloys for biomedical applications.
[image: Table 2]Among them, the corrosion behavior of Mg alloy implants needs to be paid the most attention. When Mg is placed in an aqueous solution, Mg2+ cations are generated on the Mg surface due to the anodic reaction of Mg, as shown in Eq. 1 (Amukarimi and Mozafari, 2021). Meanwhile, a cathodic reaction occurs when protons are reduced at the cathode, producing H2 gas and OH− ions (Eq. 2). Eventually, the Mg(OH)2 film covers the Mg surface (Eq. 3).
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The corrosion behavior of Mg in the human body is more complex. Despite considerable efforts by researchers, it is still not fully understood. The corrosion degradation process of biomedical Mg alloys in body fluids can be shown in Figure 1. Electrochemical reactions (Eqs 1–4) occur arbitrarily across the surface, resulting in galvanic coupling because of different potentials between the Mg substrate and intermetallic phases or grain boundaries (Figure 1A). Moreover, some organic molecules may be adsorbed on the surface of Mg alloys, affecting the corrosion process of the material (Figures 1A,B). The OH− ions generated during the reaction process will cause the local environment to be alkaline, resulting in a Mg(OH)2 film covering the Mg substrate surface, separating the Mg from the surrounding environment. However, the produced Mg(OH)2 film is loose and porous, and the external corrosion medium can further corrode the fresh Mg substrate through these holes, forming corrosion pits and producing a large amount of Mg(OH)2 (Amukarimi and Mozafari, 2021). It is worth noting that the human environment contains numerous chloride ions (Cl−), and when the Cl− ions concentration reaches 30 mmol/L, it will lead to the conversion of Mg(OH)2 into soluble MgCl2 (Dong et al., 2022a). The concentration of Cl− ions in the human body is about 150 mmol/L, and these Cl− will damage the Mg(OH)2 layer and cause local corrosion defects (Figure 1C). The reactions as shown in Eqs 4, 5 (Seetharaman et al., 2022).
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[image: Figure 1]FIGURE 1 | (A–D) Schematic illustration of the biocorrosion at the interface between Mg and medium. Reprinted with permission from reference (Zheng et al., 2014), Elsevier.
As Mg(OH)2 layer is destroyed, the Mg substrate is further exposed, the local alkalinity increases, the Ca2+ and PO43− ions contained in the body fluid use the residual Mg(OH)2 as the nucleation sites to form calcium phosphate based apatite. Carbonates also be formed in the presence of carbonic acid or CO2, and these products co-deposit onto the surface of Mg substrate, forming a corrosion products layer. Cells are also found to adhere on the Mg surface. As the implantation time increased, the adhered cells proliferate, forming new tissues close to the corrosion product layer. In addition, corroded Mg may separate and fall off the substrate in the form of particles. The particles may be surrounded and swallowed by the fibrous tissue or macrophages until complete degradation (Figure 1D).
2.3 Factors affecting performances of magnesium alloys for biomedical applications
The service environment of biomedical Mg alloys is complicated, and its mechanical performances and corrosion behaviors mainly depend on alloy composition, microstructure, environmental medium as well as stress.
2.3.1 Alloy composition
Despite the many advantages of Mg as a biomedical material, the application of pure Mg is limited because of its low corrosion resistance and insufficient mechanical performances. Although its corrosion in aqueous solution can be used for cathodic protection of batteries, corrosion resistance is required in structural applications. In addition, pure Mg shows low ductility and strength owing to the lack of the slip system inherent in the HCP structure, which can be improved by selecting appropriate alloying elements (Seetharaman et al., 2022).
Alloy composition can change the microstructure of Mg alloys, as well as the potential difference and surface potential between phases, thereby affecting mechanical performances and corrosion resistance. The alloying elements most commonly added to Mg are aluminum (Al) and zinc (Zn), since they increase the hardness, strength, and castability (Seetharaman et al., 2022). Lithium (Li) is a potential element for developing novel Mg alloys due to its low density and high solid solubility. It has been reported that the addition of Li more than 11.5% can change the crystal structure from HCP to BCC of Mg, thereby improving the formability (Pekguleryuz et al., 2013). In addition, alloy composition also affects the formation of oxide film or corrosion product film on the alloy surface. It was demonstrated that Mg-9.29Li-0.88Ca (Zeng et al., 2014) added with Li and Ca and Mg-4Zn-0.5Ca (Cho et al., 2017) added with Mn could form protective films in simulated body fluids, thus increasing the corrosion resistance of the alloys.
2.3.2 Surface morphology
Since the surfaces of Mg alloys are in direct contact the surrounding environment in the human body, the surface conditions such as roughness and microstructure are also the main factors affecting their biomedical performances. Generally, the surface roughness plays a role on the corrosion behaviour of metallic materials. An increase in the surface roughness of stainless steels has been reported to increase the pitting susceptibility and corrosion rate (Amiriafshar et al., 2020). A similar trend occurred in copper (Xia et al., 2022) and Ti-based alloys (Pal et al., 2021). For Mg alloys, Xu et al. (2020) reported that the continuous protective film formed on alloys with smooth surfaces is higher than that on irregular surfaces, and the increase in surface roughness of Mg alloys affects the passivation tendency, thereby increasing the pitting susceptibility of the alloys.
Numerous researches have shown that the fine grain can enhance the mechanical performances and corrosion resistance of Mg alloys (Cui et al., 2021; Dobkowska et al., 2021; Klu et al., 2022). In particular, grain refinement promotes the increase of grain boundaries as corrosion barriers, which can more effectively block the expansion of pitting corrosion. The grains are refined and the microstructure is more uniform, and a more uniform and dense passivation layer can be formed (Ralston et al., 2010). Twining and texture also have obvious impact on the performances of Mg alloys. Liu et al. (2018a) carried out solution and then extrusion (T3) and solution (T4) treatments on EW75 alloy, and found that the T3 alloy with twinning structure showed better corrosion resistance. Luo et al. (2020) studied the corrosion behavior of Mg-6Gd-2Y-0.2Zr alloy and found that the (11 [image: image] 0) and (10 [image: image] 0) planes with higher atomic density were more prone to corrosion.
Besides, the second phase is also one of the key factors affecting the corrosion resistance of Mg alloys. The second phases with different types, shapes, and distributions will be produced by adding different types and contents of elements and using different processes. The most common influence mechanism is that the corrosion potential of the substrate is lower than that of the second phase, the two form a micro-battery, and the substrate acts as the anode to corrode first. However, the electrode potential of the second phase is lower does not mean that its corrosion rate is better (Zhang et al., 2020a). The corrosion of Mg alloys is also related to the morphology and distribution of the second phase. Jönsson et al. (2006) found that the potential difference in AZ91D reached 220 mV, but the corrosion rate was lower than that of pure Mg. Because a large amount of network second phases at the grain boundaries covers the substrate and act as a corrosion barrier to prevent the propagation of corrosion to the substrate, thereby reducing the corrosion rate.
2.3.3 Environmental medium
The composition of physiological solutions affects the biological activity of Mg alloys. The main components that affect the corrosion of Mg alloys are inorganic ions, proteins, and cells. Jang et al. (2013) studied the effect of different inorganic ions on the degradation of Mg alloys in the human environment. The research showed: 1) When there were only two anions of Cl− and OH− in the environment, the corrosion product layer does not contain calcium; 2) When HPO42− and Cl− co-exist in solution, the phosphate could induce the formation of a dense amorphous magnesium phosphate corrosion product layer; 3) When HPO42− and Ca2+ existed together in NaC1 solution, octacalcium phosphate, and hydroxyapatite layers would be formed on the Mg alloy surface, which could inhibit local corrosion and improve overall corrosion resistance; 4) The degradation rate was accelerated by HCO3− ions.
In addition to inorganic ions, there are various proteins in human plasma. The research results show that the effect of protein on the corrosion rate of Mg alloys is related to the alloy type, time, and concentration (Virtanen, 2011). Although albumin has little effect on the electrochemical behavior of AZ31 alloy, it greatly promotes the anodic dissolution of pure Mg and LAE442 alloy (Mueller et al., 2009). When the AZ31 alloy is exposed to serum protein, serum protein increases the corrosion rate of the substrate within the first 3 days (Gu et al., 2009). Although the protein adsorption layer generally acts as a barrier between the metal surface and the surrounding environment, hindering corrosion to a certain extent (Yang et al., 2012), this protein adsorption layer is not very dense. Moreover, the performances of the protein adsorption layer can change dramatically over time due to Mg corrosion, for example, high pH on the Mg surface can lead to protein denaturation or even exfoliation.
The mechanism of the effect of cells on the corrosion of Mg alloys in vitro is not very clear. The adhered cell layer acts as a barrier to slow down the corrosion process (Seuss et al., 2011). However, Zhang et al. (2014) demonstrated that human umbilical vein endothelial cells can accelerate the corrosion rate of Mg, which may be due to the process of cell metabolism and proliferation that promotes protein desorption and storage of Mg2+ ions in the medium.
2.3.4 Stress conditions
As a biomedical material, after being implanted into the human body, Mg faces different stress conditions at different implant sites, which also affects the corrosion of the substrate. For example, after the Mg alloy vascular stent is implanted into the human body, it is exposed to blood fluid in the initial stage, and the stent is mainly subjected to the shear force of blood flow. In the subsequent stage of tissue coating the stent, the growth of the intima on the surface of the stent is again influenced by fluid diffusion. Fluid flow has a major effect on the degradation of Mg scaffolds, which can increase the overall corrosion rate of the implant due to the presence of shear stress (Wang et al., 2014; Saad et al., 2017). Simultaneously, the thickness of the corrosion layer, the area and depth of localized corrosion and the exfoliation of corrosion products in the corrosion pit also further expanded by shear stress (Wang et al., 2014).
3 MODIFICATION OF MAGNESIUM ALLOYS FOR BIOMEDICAL APPLICATIONS
Although Mg has the advantages of mechanical performances close to bone and the best biocompatibility among biodegradable metals (Chen et al., 2018; Qin et al., 2019), the high corrosion rate in the human body greatly hinders its development and application. Therefore, improving the corrosion resistance of Mg is the key to overcome the above-mentioned drawbacks in biomedical applications. There are two methods for controlling the corrosion behavior of Mg alloys. One is to tun the composition of Mg alloys through high purification or alloying, and the other is to change the microstructure of metal surface or form a protective coating on the surface through surface treatment (Rendon et al., 2019; Amukarimi and Mozafari, 2021). Recently, researchers have made a lot of efforts to achieve optimal corrosion resistance of Mg biomaterials by devising novel Mg alloys and surface modification techniques.
3.1 Optimization of alloy composition
3.1.1 Purification
The corrosion of Mg alloys is related to the content of impurity elements (Cao et al., 2013). Commercially pure Mg often contains a large amount of impurity elements (Fe, Ni, Cu, etc.), the corrosion potential of these elements is much higher than that of Mg, which is easy to cause galvanic corrosion, thereby accelerating the dissolution of Mg and the hydrogen evolution reaction (Atrens et al., 2018). Therefore, it is possible to reduce the corrosion rate and enhance the mechanical performances by improving the purity of biomedical Mg alloys and controlling the content of harmful elements to keep them at the allowable limit concentration (Yamamoto and Hiromoto, 2009). At present, the main method to improve the purity is by selecting high-purity raw materials, optimizing the smelting process and adding Mn, Zr, and other elements to reduce impurities (Prasad et al., 2013). Although the degradation of Mg alloys can be effectively slowed down by purifying, the corresponding mechanical performances are reduced while impurities are removed, which limits its further application (Qiao et al., 2012).
3.1.2 Alloying
Alloying is one of the main ways to advance the mechanical performances of metals (Chen et al., 2015; Wei et al., 2022). In particular, the addition of appropriate alloying elements can refine grains, optimize the type and size as well as distribution of second phase, thereby enhancing the corrosion resistance of Mg alloys. Moreover, elements can form passive films or corrosion product layers to inhibit the further expansion of corrosion. Currently, aluminum (Al), zinc (Zn), manganese (Mn), calcium (Ca), strontium (Sr), strontium (Zr), neodymium (Nd) elements are widely used as alloying elements. The effects of these elements on performances of Mg alloys are shown in Table 3.
TABLE 3 | Effects of common alloying elements on performances of Mg alloys.
[image: Table 3]Al is the most added element in commercial Mg alloys, which can not only refine the grains, but also improve the corrosion resistance (Mirza et al., 2017). After adding Al, the Al-rich layer, and β-phase (Mg17Al12) network formed on the corrosion surface can effectually prevent further corrosion of Mg alloys. Many Mg alloys containing Al element, such as AE21, AZ31, and AZ91, have been used in biomedical fields due to their good mechanical performances and corrosion resistance. However, Al is considered to be neurotoxic and may cause Alzheimer’s disease (Agarwal et al., 2016; Mirza et al., 2017).
Zn, as an essential trace element for the human body, can also effectively improve the mechanical performances of materials (Becerra et al., 2020), which is usually added in Mg-Al alloys. As one of the main research interests of novel medical materials, Mg-Zn alloys exhibit good biocompatibility (Bîrcă et al., 2018). The addition of Zn has a great effect on the corrosion properties of Mg alloys. For instance, Koç et al. (2015) reported that in Mg-Zn alloys, the increase of Zn content resulted in grain refinement, the formation of passivation films, and the formation of Zn oxide layers and the precipitation of eutectic phases, which significantly slowed down the degradation rate. Yan et al. (2017) investigated the microstructure and corrosion behavior of Mg-6Zn, Mg-14.5Zn, Mg-25.3Zn, and Mg-40.3Zn (wt.%) alloys. They found that the MgZn phase was the dominant intermetallic phase when Zn was added at 6 and 14.5 wt.%, respectively. When the addition of Zn reached 25.3 and 40.3 wt.%, a large number of MgZn2 phases and Zn particles were formed. The higher the Zn concentration, the larger the intermetallic phase. The more Zn particles, the more serious the microgalvanic corrosion. The concentration of Zn has a great impact on biomedical effects of Mg alloys, but there is still no systematic study to define the concentration limit of Zn in biodegradable Mg alloys (Tian et al., 2016). Therefore, more research on the content limitation of Zn is required in the future to improve the clinical application of Mg-Zn alloys.
Mn is one of the essential trace elements for the human body. It can refine the grains, and can convert the impurity elements such as Fe, Ni into intermetallic compounds to precipitate, and may also form a Mn-containing oxide film to prevent the infiltration of Cl− ions, thus it is widely used in biomedical Mg alloys (Cho et al., 2017; Liu et al., 2021b). Liu et al. (2021c) a added Mn to as-extruded Mg-0.5Bi-0.5Sn alloys, and demonstrated that the addition of Mn resulted in a decrease in the average grain size, and the corrosion rate of the alloy reduced from 0.59 mm/a to 0.22 mm/a when only 0.5% Mn was added in the simulated body fluid. Compared with the alloy without Mn element, the alloy exhibited a more uniform corrosion morphology, which provided favorable conditions for the dynamic balance between the formation and destruction of the corrosion product film, and hindered the further corrosion of Mg substrate. Rosalbino et al. (2010) studied the corrosion resistance of Mg-2Zn-0.2X (X = Ca, Mn, Si) alloys in simulated body fluids, and the results showed that Mg-2Zn-0.2Mn had better corrosion resistance. However, the cytotoxicity and neurotoxicity of Mn have been reported (Ding et al., 2011; Zheng et al., 2014). Mn damages the sensory epithelial cells and auditory nerves of organisms, and causes severe lesions in neurons and hair cells.
Ca is an essential element for human body and an important component of bone, the density is close to that of human bone (Ding et al., 2014), which makes Mg-Ca alloy exhibit greater advantageous as a bone implant material. The addition of Ca with an appropriate amount can refine grains, inhibit grain boundary compounds, reduce the potential difference between the second phase and the substrate, and improve the density of oxide film, thereby hindering corrosion and increasing the corrosion resistance of Mg alloys (Zhang et al., 2017b; Mohamed et al., 2019). Zheng et al. (2010) prepared Mg-Ca alloys with 1 ∼10 wt.% Ca content and analyzed their corrosion resistant. Electrochemical tests and in vitro simulation tests showed that the corrosion resistance of Mg-Ca alloys with 5 wt.% and 10 wt.% Ca content was significantly reduced compared to 1 wt.% Ca. Zhang et al. (2011) found that the addition of Ca (0.2 wt.%) decreased the degradation rate of as-cast Mg-4Zn alloy (∼30%), because Ca reduced the potential difference between the second phase and the substrate. Studies have shown that for Mg-Ca alloys, increasing the Ca content is beneficial to increase the Mg2Ca phase as well as the compressive strength, elastic modulus, and hardness, but reduce the plasticity, corrosion resistance, and biocompatibility (Li et al., 2011; Agarwal et al., 2016). It is worth noting that the mechanical performances, corrosion resistance, and biocompatibility of the alloy are better when the Ca content is low (less than 1 wt.%) (Li et al., 2011).
Sr is one of the trace elements in the human body. Almost all of the Sr exists in the bones. Strontium salts can promote the formation of bones (Bornapour et al., 2013). The chemical performances of Sr, Mg, and Ca are similar. The addition of Sr to Mg alloys can effectively refine grains and improve comprehensive properties. Therefore, Sr elements are often added to Mg alloys for bone implantation in recent years. Mg-Sr alloys also exhibit good biocompatibility. For instance, Ragamouni et al. (2013) indicated that Mg-Zr alloy with Sr addition fuses better with new bone tissue in bone tissue of rabbit.
In addition, Zr, Si, Li elements are often added to Mg alloys for biomedical applications. The good biocompatibility and bone bonding ability of Zr element have been reported (Agarwal et al., 2016; Zhou et al., 2020a). As an alloying element, Zr can refine grains and effectually increase the corrosion resistance of Mg alloys (Xing et al., 2021). Si is also one of the essential trace elements for the human body. It is often added together with other elements to improve the performances of Mg alloys, because the Mg2Si phase produced in Mg-Si binary alloys greatly reduces the ductility and corrosion resistance (Qin et al., 2019). Although Li may cause malformation of the human cardiovascular system, Mg-Li-based alloys exhibit good ductility, which can fulfill the requirements of expandable vascular stents (Kumar et al., 2018). Moreover, observed that Mg-Li-Zn ternary alloys showed good biocompatibility.
Low alloying of rare Earths is a direction to develop high-performance Mg alloys. The addition of a small amount of rare Earth elements can significantly affect the microstructure and performances of Mg alloys. At present, rare Earth elements commonly added in biomedical Mg alloy include Nd (Xie et al., 2021), Y (Ren et al., 2017; Nie et al., 2021), Ce (Amukarimi and Mozafari, 2021), La (Ding et al., 2014), Er (Zhang et al., 2010; Zhang et al., 2012a), Gd (Chen et al., 2019b; Luo et al., 2020), etc. Nd can form new phases with Mg and other chemical elements in Mg alloys, thereby refining the microstructure and improving the mechanical performances of the alloys (Xu et al., 2014). In particular, Zhang et al. (2012b) and Xie et al. (2021) reported that the Mg-Nd-Zn-Zr alloys developed by adding elements such as Nd exhibit good mechanical performances ([image: image]200 MPa), corrosion resistance (corrosion rate is ∼0.125 mm/a), and better biocompatibility. The addition of Y improves the corrosion resistance of Mg alloys. Ren et al. (2017) observed that when the Y content is less than 1%, the corrosion resistance of the alloy increases with the increase of the Y content due to the grains refinement. However, too much Y added to the alloy will lead to the formation of the MgY phase, forming many micro-batteries and accelerating the corrosion of the alloy. Although Ce, La, and Er have high cytotoxicity among rare Earth elements (Feyerabend et al., 2010; Zhang et al., 2012a), the addition of a small amount of above elements to Mg alloys will not damage human body, and can significantly improve mechanical performances and corrosion resistance (Zhang et al., 2010). Chen et al. (2019b) observed that when a low content of Gd (0%–1%) was added to the Mg-2Zn-0.5Zr alloy, the second phase was uniformly distributed, and the addition of Gd stabilized the degradation layer and reduced the degradation rate of the alloy. However, when the addition of Gd was increased to 2%, large and thick second phases formed along the grain boundaries, which increased the alloy corrosion rate due to electrochemical corrosion.
With the in-depth study of alloying, the mechanism of improving the corrosion resistance of Mg alloys by alloying has gradually become clear. Only a small amount of alloying elements are added to biomedical Mg alloys to obtain great performances, and excessive elements will deteriorate the corrosion properties. Moreover, the more elements added, the more uncertain factors in the performance determination of medical Mg alloys, and the greater challenges in biosafety assessment. Therefore, the comprehensive properties of biomedical Mg alloys including corrosion degradation, mechanical performances, and biosafety should be comprehensively considered to add appropriate alloying element.
3.2 Surface modification
In addition to changing the corrosion resistance of Mg alloys, surface modification is also an important means to advance their corrosion resistance. Appropriate surface modification methods can not only enhance the mechanical performances and corrosion resistance of Mg alloys, but also simultaneously improve the biological function of the alloys such as biocompatibility and bioactivity (Yu et al., 2018; Wu et al., 2019). Currently, a variety of surface modification technologies have been developed for biomedical Mg alloys, which can be divided into surface coating preparation and surface microstructure modification.
3.2.1 Surface coating preparation
Since the oxide film formed on the Mg surface is relatively loose, it cannot protect the alloy for a long time. Therefore, it is effective to prepare a protective layer on the Mg surface by chemical, physical, mechanical, and biological or biomimetic techniques (Yin et al., 2020).
3.2.1.1 Chemical conversion coatings
Chemical conversion coatings are formed by the electrochemical or chemical reaction of Mg-based materials, and the bath usually includes fluoride, phosphates, carbonate, and chromate (Wandelt, 2018; Rahim et al., 2022). An insoluble compound film with good adhesion can be formed on the Mg surface by chemical conversion treatment, which can not only protect Mg alloy from water and other corrosive environments, but also improve the adhesion of subsequent coatings. The method is easy to operate, which is widely used for biomedical applications. Among them, fluoride coatings (Pereda et al., 2011) and phosphates coatings (Chen et al., 2014a; Willbold et al., 2015) for biomedical Mg alloy surfaces have attracted extensive attention.
Typically, fluoride conversion coatings are performed in hydrofluoric acid (HF) solutions by chemical reactions with Mg alloys (Lin et al., 2013; Yan et al., 2014). The main component of the fluorine conversion coating is magnesium fluoride (MgF2), which is insoluble in water and easily deposited on the Mg surface. MgF2 films have been used in biomedical Mg alloys due to their good corrosion resistance, improved cellular response, and biocompatibility (Liu et al., 2015b). Barajas et al. (2019) prepared a magnesium hydroxyfluoride coating on the AZ31 alloy surface using 4% and 10% HF solution respectively. The corrosion current density of the fluorinated samples is reduced by about three orders of magnitude, which improves the corrosion resistance of the alloy and biocompatibility. Furthermore, Fintová et al. (2019) fabricated fluoride conversion coatings though immersing AZ61 Mg alloy into sodium fluoroborate [Na (BF4)] molten salt under different temperature, and then boiling in distilled water to remove the residual salts and the outer layer. The obtained coating exhibited a double layer structure with a thick inner Mg-F (MgF2) layer and a thin outer Na-Mg-F (NaMgF3) layer. The corrosion current density icorr of the coatings decreased with increasing treatment time, indicating an increase in corrosion resistance in SBF solution. Therefore, fluoride conversion coatings are a good way for improving the corrosion resistance of Mg alloys.
Recently, phosphate conversion coatings such as zinc phosphate (Zeng et al., 2011), calcium phosphate (Chen et al., 2014b) have been reported due to their water insolubility, high temperature resistance, corrosion resistance, and great biocompatibility. For instance, Zeng et al. (2011) prepared two phosphate conversion coatings on the surface of AZ31 alloy, both of which showed higher corrosion resistance than the substrate. The flower-like Zn-Ca coating was denser than the rod-like Zn coating, which significantly reduced the corrosion current density. Besides, Maurya et al. (2018) improved the corrosion resistance of Mg-9Li-7Al-1Sn (LAT971) and Mg-9Li-5Al-3Sn-1Zn (LAT9531) by preparing the phosphate chemical conversion coatings. The microstructure of phosphate chemical conversion (PCC) coatings and the corrosion morphologies are shown in Figure 2. Since the coating could slow down the generation of degradation productions and hinder the occurrence of pitting corrosion, the degradation rates of coated-LA971/LAT9351 was reduced.
[image: Figure 2]FIGURE 2 | SEM images: (A,C) PCC coated surface and (B,D) cross-section of LAT971 and LATZ9531; EDS spectrum: (E) LAT971 and (F) LATZ9531 alloy; SEM images after corrosion test: (G,H) uncoated and (I,J) PCC coated LAT971 and LAT9531, respectively. Reprinted with permission from reference (Maurya et al., 2018), Elsevier.
In summary, an insoluble compound film with good adhesion can be formed on the Mg surface by chemical conversion treatment, which can protect Mg alloy from water and other corrosive environments. In the future, chemical conversion coatings should be combined with other surface modification techniques to produce biofunctional coatings with excellent mechanical properties.
3.2.1.2 Biomimetic deposition
Biomimetic deposition is a method developed in recent years to simulate the process of physiological apatite mineralization in nature and spontaneously deposit bioceramic membranes on the surface of substrates. The advantages of the biomimetic technique are as follows (Lin et al., 2015): First, the coating composition, phase, and crystallinity are easy to adjust; Second, the method can also produce biomimetic apatite coatings on porous or complex-shaped implants; Third, it is a simple and effective method of incorporating biologically active agents or drugs into apatite coatings through coprecipitation rather than via mere adsorption on the surface. Therefore, biomimetic method has been extensively applied for the modification of metallic biomaterials. For example, Hernandez et al. (2022) successfully deposited bioactive hydroxyapatite (HAp) coatings on pure Mg surfaces based on immersion of Mg substrates in supersaturated calcification solution (SCS). Gao et al. (2015) used biomimetic method to prepare bioactive hydroxyapatite/graphene oxide (HA/GO) hybrid coatings on Mg alloys, and they found that the formed HA/GO coating could significantly improve the corrosion resistance. Dong et al. (2022b) prepared polydopamine (PDA)-based calcium phosphate (CaP)/graphene oxide (GO) composite coatings on AZ60 Mg alloy. First, PDA was used as a pretreatment layer to induce the biomimetic deposition of CaP, and then GO as a sealing layer was spin-coated with ethanol and water as dispersants, respectively. Electrochemical and immersion test results showed that the corrosion resistance of the PDA/CaP/GO composite coating was significantly increased. The results of in vitro cell experiments showed that the composite coating could promote cell adhesion and improve biocompatibility (Figure 3). In addition, the corrosion resistance and biocompatibility of the PDA/CaP/GO composite coating with water as dispersant were better than those with ethanol, which was significantly improved compared with the Mg alloy.
[image: Figure 3]FIGURE 3 | Fluorescence images of live/dead staining of cells after cultured on the different samples. Reprinted with permission from reference (Dong et al., 2022b), Elsevier.
In summary, the preparation of bioactive coatings on the surface of Mg and Mg alloys by biomimetic deposition can effectively improve the corrosion resistance and biocompatibility. However, the technology is still in the experimental stage at present, and there are few material systems that can be deposited. In the future, In-depth research should be carried out to promote the development of this technology.
3.2.1.3 Micro-arc oxidation coating
Micro-arc oxidation (MAO), also known as plasma electrolytic oxidation (PEO), is a high voltage plasma-assisted anodic oxidation process developed from traditional anodizing to form ceramic-like coatings (Lu et al., 2016). The schematic diagram is indicated in Figure 4. MAO has been widely investigated innumerous fields because of its high efficiency, high bonding strength between coating and substrate, no limitation on the surface shape of the workpiece and so on (Liu et al., 2019a; Liu et al., 2020a).
[image: Figure 4]FIGURE 4 | The schematic diagrams of (A) MAO device, (B) growth model; the corrosion mechanism of MAO coating: (C) thin coating with through-pores; (D) thicker coating with complex pores. Reprinted with permission from reference (Liu et al., 2020a), Elsevier.
The microstructure and performances of the MAO coating on the surfaces of biomedical Mg alloys have been extensively investigated. Liu et al. (2019a) observed that the prepared porous ceramic coating consists of dense inner and porous outer layers. Generally, a lower voltage produces a fine porous structure, while the pore dimension increases with treatment time and voltage. Therefore, a large number of micropores or high porosity is the main drawback for MAO coatings to realize long-term surface protection (Lu et al., 2016). Wang et al. (2020d) fabricated a dense MAO coating through a two-step current decreasing mode, which decreased the corrosion rate of material from 0.9690 to 0.1559 g/m2h in NaCl solution. Lin et al. (2021) prepared Li-added MAO coatings on pure Mg surface. The results showed that the corrosion resistance of the coated alloy was significantly higher than that of pure Mg, and the addition of Li reduced the number of micropores and cracks on the MAO coating, which made the alloy to exhibit better corrosion resistance. Furthermore, Liu et al. (2020a) prepared a protective MAO coating on the surface of Mg-based composite to reduce their degradation rate. They found that the corrosion resistance of the composite was significantly improved by the coating, and the corrosion resistance of the coating increased with oxidation time.
For biocompatibility and biological activity, the MAO coating exhibits high bonding strength with the substrate due to the dense interior, and the porous outer layer is helpful to protein adsorption, osteoblast adhesion, and bone tissue regeneration, which is potential for biological applications. Wei et al. (2015) obtained a dense PEO/PLLA composite coating by sealing PEO with PLLA on AZ31Mg alloy. The results from in vitro tests showed that the degradation kinetics were obviously reduced, the hemolysis ratio was as low as 0.80%, and MC3T3-E1 cells displayed good adhesion and proliferation ability on the coating. Zeng et al. (2016) investigated the effects of MAO/PLA composite coatings on the corrosive behavior of Mg-1Li-1Ca alloys. They found that the MAO coatings could only provide limited protection to the substrate. Although it could protect the substrate during the initial immersion stage, the difference of free corrosion potential between the coating and substrate caused galvanic corrosion due to the presence of pores and microcracks during the subsequent immersion. Moreover, the top layer of PLLA on the MAO coating experienced swelling and subsequent delamination or peeling off under the pressure of H2 gas and corrosion products (Figures 5A,B). The results of biocompatibility test using fresh rabbit arterial blood showed that the hemolysis ratio decreased from 61.35% to 0.17% for the MAO/PLLA composite coated on Mg-Li-Ca alloy (Figures 5C,D). The composite coating with porous microstructure (Figures 5E–H) also promoted the attachment of MC3T3-E1 cells.
[image: Figure 5]FIGURE 5 | Schematic diagrams of the degradation mechanism of porous MAO/PLLA composite coatings on Mg-1Li-1Ca alloys: (A) swelling of PLLA and corrosion of the substrate, and (B) blistering and final peeling-off of PLLA; (C) RGR and (D) proliferation and differentiation of MC3T3-E1 cells cultured for different times in different extracts. Error bars represent ± S for n = 5 and 3, respectively, and p < 0.05, as indicated by the asterisk (*); SEM images of (E) the MAO coatings; (F) the MAO/PLLA composite coatings, (G,H) the high magnification view of e and f, respectively. Reprinted with permission from reference (Zeng et al., 2016), American Chemical Society.
In summary, the bioactive coating prepared by micro-arc oxidation is beneficial to protein adsorption, osteoblast adhesion, and bone tissue regeneration. In the future, micro-arc oxidation technology should be developed for multilayered micro-nanostructured coatings for cell adhesion and proliferation, and to construct multifunctional coatings with biological activity and antibacterial properties.
3.2.1.4 Sol-gel coating
The sol-gel process, also known as chemical solution deposition, has been extensively applied in materials science and ceramic engineering. The method is mainly used for synthesis of materials starting from a chemical solution that acts as the precursor for an integrated network (or gel) of either discrete particles or network polymers (Figueira et al., 2016). In general, sol-gel formation follows four steps: 1) hydrolysis, 2) condensation and polymerization of monomers to form chains and particles, 3) particle growth, and 4) agglomeration of the polymer structures followed by the network formation throughout in liquid medium which increases the viscosity to form a gel (Owens et al., 2016). The schematic illustration of preparation process of the sol-gel coatings is show in Figure 6A. The method has the advantages of low cost, low processing temperature, and the ability to coat a variety of materials into complex shapes, which is favorable for biomedical applications (Figueira, 2020). The porous scaffolds of a few bioglasses (BGs) has been prepared by the method, such as the glass designated 58S [60 SiO2-36 CaO-4 P2O5 (mol%)] by Sepulveda et al. (2002). The scaffolds with porous structures made of bioactive glasses produced by sol-gel processes in recent years are displayed in Figures 6B–F.
[image: Figure 6]FIGURE 6 | (A) Schematic illustration of preparation processes of the sol-gel coatings; (B–F) bioactive glass scaffolds with porous structure produced by sol-gel methods, and (G) micro-computed tomography image of typical scaffold and human trabecular bone. Reprinted with permission from reference (Owens et al., 2016), Elsevier.
Combining the changes in the coating preparation process and adding other functional components, different functional coatings can be obtained. In addition, how to shorten the processing time and improve the bonding between the surface and the substrate by changing the processing parameters seems to be the main research direction in the future.
The microstructure and corrosion resistance of the sol-gel coatings have been investigated. Kania et al. (2020) observed that the 300 nm thick TiO2 films with an anatase structure were deposited on MgCa4Zn1Gd1 alloy by magnetron sputtering and spin coating methods respectively. Compared to the film prepared by spin coating, the surface of TiO2 film prepared using the magnetron sputtering method exhibits finer and more uniform grains. The alloy with TiO2 film deposited by sol-gel exhibits better corrosion resistant. Nezamdoust et al. (2018) demonstrated that the silica coating prepared on the surface of AM60B Mg alloy by sol-gel method improved the surface roughness, corrosion resistance, and the hydrophobicity. Hu et al. (2011) used sol-gel method to prepare a nano TiO2 coating on AZ31 alloy, and reported that the degradation rate was lower when the size of nano-spherical TiO2 particles was smaller. Omar et al. (2020) synthesized 58S and 68S bioactive silica glasses by the sol-gel method, and dip-coated them on the AZ91D alloy. Results showed that the coatings improved corrosion resistance in Hank’s solution, and the cells were well adhered, spread, and elongated on the coated materials.
3.2.1.5 Ion implantation
Ion implantation is a surface modification technique in which target elements are formed into an ion beam in a vacuum, and then sputtered onto the modified material, and finally a layer with specific composition and structure is formed on the substrate surface (Jamesh et al., 2014). Implantation of appropriated ions into Mg substrate can reduce its corrosion rate and improve mechanical performances and biocompatibility. Recently, the main researches include metal ion such as iron (Fe), cerium (Ce), zinc (Zn), zirconium (Zr), strontium (Sr), as well as the non-metallic ions such as carbon (C), oxygen (O), Nitrogen (N) (Liu et al., 2017; Somasundaram et al., 2018; Zhu et al., 2018). Jia et al. (2018) observed that after implanting Sr ions into Mg alloys, the elastic modulus and hardness are improved, and meanwhile the corrosion potential is increased. Zhu et al. (2018) implanted N ions on the surface of AZ31 alloy, followed by magnetron sputtering to generate double-layer amorphous hydrogenated diamond-like carbon (DLC:H)/SiNx, which effectively improves the long-term corrosion resistance of the substrate. Wang et al. (2015b) implanted Nd ions on the Mg-Gd-Zn-Zr alloy, and found that a mixed layer consist of Nd2O3, Gd2O3, and metal Nd was produced on the surface (Figure 7A). The Nd2O3 and Gd2O3 are relatively stable in the aqueous solution, preventing the inward transport of Cl−, which can increase the corrosion resistance of the alloy under the appropriate condition (Figure 7B). Figures 7C–F show the surface and cross-sectional morphologies of the corrosion product layer on the alloy before and after ion implantation. It is worth noting that the thickness of the corrosion product layer becomes smaller after ion implantation, and the alloy is uniformly etched before and after implantation. Liu et al. (2017) modified Mg alloys by metal vapor vacuum arc plasma deposition after implanting Zn ions on the surface of Mg-1Ca alloys. A relatively uniform ZnO coating was produced on the Mg alloy surface, which promoted the proliferation and adhesion of MC3T3-E1 cells and significantly increased the corrosion potential.
[image: Figure 7]FIGURE 7 | (A) XPS spectra of implanted alloy at different depths; (B) polarisation curves of Mg-Gd-Zn-Zr alloy with various doses in SBF solution; surface and cross-section morphology after corrosion test (C,E) unimplanted and (D,F) Nd implanted alloy. Reprinted with permission from reference (Wang et al., 2015b), Elsevier.
As one of the most important methods for surface modification of Mg alloys, ion implantation is convenience, controllability, and flexibility. Currently, single ion implantation is limited in improving the performance of materials. The implantation of ions with various functions can not only effectively improve the physical and chemical properties or biological activity of alloys, but also improve the antibacterial ability. With the development of composite ion implantation technology, it will be a trend to simultaneously implant multiple ions to obtain multifunctional Mg materials.
3.2.2 Surface microstructural modification
Surface microstructural modification technique induces the deformation of the metal surface through mechanical processing, so that the material surface obtains a different microstructure and performance from the matrix material. Mechanical processing improves the mechanical performances and corrosion resistance of Mg alloys by refining grains, changing the distribution of second phases or intermetallic compounds, and enhancing surface hardness (Yin et al., 2020). The process usually does not involve chemical reactions. This part mainly introduces the research status of surface mechanical attrition, shot peening, laser surface modification, and friction stir processing (FSP) in improving the performances of Mg alloys for biomedical applications.
3.2.2.1 Surface mechanical attrition
Surface mechanical grinding treatment (SMAT) is a promising surface nanocrystallization technique, which can refine grains to nanoscale and form gradient nanostructures without changing the composition of materials. It has a significant effect on the improvement of the corrosion resistance of Mg alloys. After SMAT, the microstructure of Mg alloys is fine and uniform, the surface is relatively smoother, and the corrosion rate is significantly reduced (Xia et al., 2016). The surface and cross-section morphologies of Mg and Mg alloy after SMAT as indicated in Figure 8. For instance, Laleh and Kargar (2011) performed SMAT process on AZ91D Mg alloy and found that the corrosion rate was significantly reduced. However, studies have been shown that the degradation resistance of Mg after SMAT decreases due to the increased crystal defect density after grain refinement and surface contamination caused by the attrition balls (Li et al., 2014; Skowron et al., 2020). Similarly, Chen et al. (2019a) reported that the H2 release, weight loss, and the corrosion rate of the alloy after SMAT were twice as high as those of the untreated alloy due to the increased surface roughness. In summary, it can be considered that SMAT is less effective for improving the performances of biomedical Mg alloys. In the future, composite technology should be developed towards combining SMAT with other effective surface coating techniques.
[image: Figure 8]FIGURE 8 | Surface morphologies of (A) SMATed pure Mg, and (B) SMATed Mg-1Ca alloy; cross-section morphologies of (C–F) SMATed pure Mg for different time, (G–J) SMATed Mg-1Ca alloy for different time, and high magnification images of (K) untreated and (L) SMATed Mg-1Ca alloy. Reprinted with permission from reference (Chen et al., 2019a), Elsevier.
3.2.2.2 Shot peening
Shot peening is also a common surface modification technique that introduce compressive residual stress to the Mg surface through a similar principle to SMAT technique. The plastically deformed zone formed by the shot peening process has an extended and refined grain structure (Kovacı et al., 2019). The representative microstructure of Mg alloys after shot peening is show in Figure 9. Mhaede et al. (2014) found that shot peening is a good way to improve microhardness and degradation resistance by refining grains and increasing the density of coating. Similarly, Yao et al. (2021) performed shot peening on AZ91 alloys after zinc coating and demonstrated that shot peening increased the densification of Zn coating, increasing the microhardness, and corrosion resistance. The H2 release and weight loss were reduced significantly for the shot-peened Zn-coated samples, compared to the bare sample. In addition, Bagherifard et al. (2018) investigated the effects of sever shot peening on the properties of AZ31 Mg alloy. They observed higher icorr values, the cell viability was no obvious improvement for different shot-peened samples, which could be attributed to the rough surface layer after shot peening. Similarly, Peral et al. (2020) also demonstrated that higher surface roughness during shot peening promoted the rapid degradation. Therefore, similar to SMAT, shot peening is limited for improving the biological function of Mg alloys. In the future, we should focus on the development of composite techniques combining shot peening and coating preparation processes.
[image: Figure 9]FIGURE 9 | (A) EBSD map of the cross section of AZ31 samples after shot peening; TEM images (B) bright field image and (C) the corresponding SAED pattern of the shot peening sample just under the topmost layer, bright field images at the depth of (D) 30 μm and (E) 150 μm. Reprinted with permission from reference (Bagherifard et al., 2018; Bagherifard et al., 2019), Elsevier.
3.2.2.3 Laser surface modification
Laser surface modification technology is an effective method to modify the material surface through melting by high intensity laser beam due to its high efficiency, no pollution, and low material consumption (Liu et al., 2020b; Hafeez et al., 2021). The schematic of laser surface modification is illustrated in Figure 10A. After laser surface modification, the microstructure of the alloy surface is changed significantly, such as the formation of fine dendritic grain layer without obvious porosity (Figures 10B–E). Nowadays, laser surface modification, mainly including the laser surface melting (Mistry and Vadali, 2022), laser cladding (Gao et al., 2022), and laser surface alloying (Yang et al., 2022), have been extensively applied in surface engineering.
[image: Figure 10]FIGURE 10 | (A) Schematic of laser surface modification process; SEM images of cross section microstructure (B) laser melted Mg-Zn-Dy alloy, (C) and (D) enlarged views, (E) and (F) meltpool depth of the alloy processed at different conditions respectively. Reprinted with permission from reference (Rakesh et al., 2019), Elsevier.
In particular, Among these techniques, laser surface melting has attracted extensive attention to enhance the mechanical performances and corrosion resistance of Mg alloys due to the absence of additional alloying elements and a natural metallurgical bonding interface (Afzal et al., 2015). Numerous studies have been conducted on the microstructure and mechanical performances of Mg alloys after LSM treatment. For instance, Wu et al. (2021) used LSM for surface modification of AZ31B alloy, and found that the grain growth along the Z direction and form a cellular/dendritic microstructure, with the Mg17Al12 phase uniformly distributed along the grain boundaries. Liu et al. (2015a) also found that the microstructure of AM60B Mg alloy was composed of refined α-Mg grains and uniformly distributed secondary phases after laser surface melting. Guan et al. (2010) observed that the β-Mg17Al12 phases refined and Al concentration increased in AZ91 Mg alloy after laser melting, causing a decrease of corrosion rate by 70%.
In addition, the effect of surface texture formed during the LSM process on the degradation behavior of Mg alloys has been reported by Zhang et al. (2019). The LSM-treated Mg alloys not only improved mechanical performances and the degradation resistance, but also promoted cells adhesion and proliferation along the direction of LSM-induced nanotexture (Figure 11). Manne et al. (2018) investigated the effect of different laser powers and scanning speeds of LSM on Mg-2.2Zn alloy, and found that the most refined morphology was obtained at a power of 125 W and a scanning speed of 30 mm/s. The corrosion rate of Mg-2.2Zn alloy in HBSS was reduced by more than 40%, and the biomineralization was improved due to the enhanced surface energy for the LSM-treated substrate. In summary, laser surface modification can improve the cytocompatibility and corrosion resistance of Mg alloys by improving the surface microstructure of the substrate, efforts should be devoted to optimizing the process parameters and carrying out more in-depth research in the future.
[image: Figure 11]FIGURE 11 | Fluorescence images of the MC3T3-E1 cell on (A) as-received, (B) laser melted, (C) laser melted and LIPSS, (D) laser melted and micro-groove surface and (E) cell proliferation after cultured for 48 h. Reprinted with permission from reference (Zhang et al., 2019), Elsevier.
3.2.2.4 Friction stir processing
A microstructural modification method called friction stir processing (FSP), with a principle similar to friction stir welding (FSW), which is developed by Mishra (Mishra and Ma, 2005), is generally used for mechanical property enhancement and surface composite fabrication of light alloy (Cao et al., 2018; Gu et al., 2019; Wang et al., 2020b). FSP is an effective technique that can produce fine grains and uniform microstructures and improve mechanical performances in base materials (Wang et al., 2015a; Wang et al., 2017). Darras et al. (2007) obtained fine grains and homogenous microstructure by a single-pass FSP. Similarly, Cavaliere and De Marco (2007) observed that the AZ91 alloy exhibited superplasticity with an elongation of 1,050% at 300°C and 10–4 s−1 due to the grain refinement after FSP. In addition, FSP is also beneficial to the corrosion resistance of Mg alloys, which has been applied to optimize surface microstructure or to prepare a composite layer on the substrate surface in biomedical field (Liu et al., 2018b; Liu et al., 2019a). For instance, Zhu et al. (2013) found that the Mg-Zn-Y-Nd alloy after FSP exhibited uniform equiaxed fine grains (∼5 μm), and the intermetallic compounds were refined to nanoscale due to the dynamic recrystallization. Similarly, Liu et al. (2018b) obtained the fine grains and intermetallic compounds in AZ91 Mg alloy by FSP (Figure 11). Besides, they investigated the corrosion resistance of AZ91 alloy before and after FSP, and observed that a dense and continuous β phase layer was formed on the surface of the FSPed sample due to the segregation of fine β phase, which effectually improved the stability and passivity of corrosion product film. Argade et al. (2012) observed that the pitting corrosion potential of Mg-Y-RE alloy after FSP is higher than that of base metal because of the grain refinement and uniform second phase distribution during FSP.
Recently, a large number of researches have been carried out on the fabrication of surface metal composites by FSP (Ding et al., 2016; Saikrishna et al., 2018; Yang et al., 2018; Wang et al., 2021). Three ways of adding reinforcing particles to the alloy surface have been reported (Zhang et al., 2017a; Ran et al., 2018; Wang et al., 2020c; Wang et al., 2022). One is to fill the processed grooves or holes with reinforcing particles, the other is to fill the reinforcing particles between two plates to form a sandwich-like structure, and the third is to pre-assemble the reinforcing particles in a stirring tool with a hollow structure. Generally, surface composites exhibit the combination of grain refinement by FSP and reinforcement particle when the reinforcing phase is incorporated into a substrate (Qin et al., 2018; Qiao et al., 2021). For instance, Jiang et al. (2013) fabricated nano-SiO2/AZ31 Mg composites with FSP and found the addition of nano-SiO2 could refine the grain to nanoscale and increase the composite hardness.
Nowadays, Sunil et al. (2014a) and Sunil et al. (2014b) used FSP to embed the nano-hydroxyapatite (nHA) powder (∼32 nm) on the Mg surface and successfully prepared a fine-grained Mg-nHA composites for degradable bone implants. After FSP, the grains are obvious refined and the nHA distribution is uniform at the surface of pure Mg. Compared with unprocessed Mg, the Mg-nHA composite exhibits superior bioactivity from in vitro bioactivity tests because the presence of apatite formed from nHA particles on the composite surface enhances the biomineralization and reduces the corrosion rate. Cell culture studies indicate that the better cell adhesion and proliferation on the FSP-Mg-nHA composites compared with unprocessed Mg and FSP-Mg (Figure 12). Similarly, Hanas et al. (2018) prepared HA-enhanced AZ31 composites by FSP to obtain better biological activity. Qin et al. (2018) promoted the uniform dispersion of hydroxyapatite to the ZK60 Mg alloy by two-pass FSP, and obtained a surface composite with enhanced corrosion resistance. Similarly, Qiao et al. (2022) used multi-pass FSP to prepare the ZrO2 particles reinforced AZ31 Mg composites, and found that with the increase of the pass, the distribution of strengthening particles was more uniform, and the mechanical performances and corrosion resistance were significantly improved.
[image: Figure 12]FIGURE 12 | SEM morphologies of the L6 cells on the surface of the samples: (A) control, (B) Mg, (C) FSP-Mg, and (D) FSP-Mg-nHA. Reprinted with permission from reference (Sunil et al., 2014a), Elsevier.
As a solid-state microstructure modification technology, FSP plays a great role in improving the properties of Mg alloys. On the one hand, the grains are refined and surface defects are eliminated due to the sever plastic deformation during FSP. On the other hand, it can be combined with other technologies or reinforcement materials to simultaneously improve the mechanical and biological properties of materials. In summary, it is a promising research direction for developing FSP technology to modify the microstructure and prepare Mg-based composites for biomedical applications.
4 CONCLUSION
Mg alloys are considered to be a promising biodegradable implant material due to their biodegradability, good biocompatibility, and biomechanical compatibility, which is should be further investigated to develop the Mg and Mg alloys for biomedical applications. This review mainly summaries the degradation mechanism of Mg alloys under the action of various condition and stress, and the commonly emphasized surface modification methods, such as chemical conversion, micro-arc oxidation, sol-gel, ion implantation, surface mechanical attrition, shot peening, laser surface modification, and FSP. For biomedical Mg alloys, the rapid degradation rate, and insufficient mechanical performances limit their clinical application as load-bearing parts. Therefore, it is necessary to clarify the degradation mechanism of Mg alloys under the action of complex condition and stress. Secondly, it is need to realize the controllability of the degradation rate of Mg alloys on the basis of ensuring biocompatibility and safety. Ultimately, it should be combined with surface modification technology to improve the mechanical performances and corrosion resistance in the future.
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With the continuous progress and development in biomedicine, metallic biomedical materials have attracted significant attention from researchers. Due to the low compatibility of traditional metal implant materials with the human body, it is urgent to develop new biomaterials with excellent mechanical properties and appropriate biocompatibility to solve the adverse reactions caused by long-term implantation. High entropy alloys (HEAs) are nearly equimolar alloys of five or more elements, with huge compositional design space and excellent mechanical properties. In contrast, biological high-entropy alloys (Bio-HEAs) are expected to be a new bio-alloy for biomedicine due to their excellent biocompatibility and tunable mechanical properties. This review summarizes the composition system of Bio-HEAs in recent years, introduces their biocompatibility and mechanical properties of human bone adaptation, and finally puts forward the following suggestions for the development direction of Bio-HEAs: to improve the theory and simulation studies of Bio-HEAs composition design, to quantify the influence of composition, process, post-treatment on the performance of Bio-HEAs, to focus on the loss of Bio-HEAs under actual service conditions, and it is hoped that the clinical application of the new medical alloy Bio-HEAs can be realized as soon as possible.
Keywords: biological high-entrogy, compositon design, mechanical properties, implant, biocompatibility
INTRODUCTION
As one of the material foundations of human production and life, metal materials have always played an essential role in the development history of human civilization. In recent decades, with the continuous development of science and technology, people have put forward higher and higher requirements for the comprehensive properties of metal materials. People have been changing the properties of materials by adding relatively small amounts of secondary elements to the primary elements. For example, C and Cr elements are added to steel to improve strength and corrosion resistance, and Al-Mn and Al-Mg alloys formed by adding Mn and Mg to aluminum have good corrosion resistance and plasticity (Zhang et al., 2008; Serda, 2013; Liu et al., 2021; Zhou et al., 2022). However, such a primary-element approach dramatically limits the total number of possible element combinations and, therefore, the total number of alloys, most of which have been identified and exploited. New approaches are needed if the compositional space for exploration is significantly enlarged. To obtain alloy materials with better properties, in the 1990s, researchers got alloys with high mixing entropy by adding alloy components (Peker and Johnson, 1993; Choi-Yim and Johnson, 1997). In 2004, Ye et al. (Yeh et al., 2004) prepared multi-principal composition alloys with equal or nearly equal molar ratios, and named such multi-principal alloys as high entropy alloys (HEAs) for the first time. And unlike conventional alloys, the properties of HEAs are jointly influenced by multiple constituent elements. High entropy alloys have advantages not found in conventional alloys, such as high strength, high-temperature resistance, corrosion resistance, etc. (Yeh, 2006, 2013; Senkov et al., 2010, 2011; Miracle et al., 2014; Zhang et al., 2014, 2018; George et al., 2019; Xin et al., 2020).
At present, high-entropy alloys refer to a class of alloys composed of five or more elements, and the atoms of each component are smelted and alloyed according to an equal atomic ratio or close to an equal atomic ratio and have high mixing entropy and solid solution formation tendency (Schopphoven et al., 2016; Liang et al., 2022). Scholars have conducted a lot of research on HEA and have concluded four core effects: high entropy effect, sluggish diffusion, lattice distortion, and cocktail effect, as shown in Figure 1 (Xin et al., 2020). Among them, high lattice distortion and high mixing entropy will lead to a large degree of atomic disorder in the alloy. This allows HEA to have low Gibbs free energy, which significantly improves the stability of the single solid solution phase and inhibits the formation of intermetallic compounds (Wang B. et al., 2018; Huo et al., 2018; Nong et al., 2018). Structural “lattice distortion effect,” that is, the difference in atomic size among various elements, can cause severe lattice distortion, which is considered to be the primary reason for the high strength of high-entropy alloys and has an essential impact on the morphology and movement of dislocation lines (Ma Y. et al., 2020; Xie et al., 2020). The cocktail effect refers to the fact that HEA is an alloy formed by mixing multiple elements and will exhibit properties that a single pure metal element does not have (Lin C. L. et al., 2021). These properties give HEA a more comprehensive range of applications (Wang et al., 2019; Wei et al., 2021; Jiang et al., 2022a, 2022b; Cheng et al., 2022).
[image: Figure 1]FIGURE 1 | Schematic illustration of the properties and characteristics of HEAs (Xin et al., 2020).
Currently, potential applications for HEAs include corrosion-resistant materials, nuclear materials, molds, and biomedicine (George et al., 2020; Soto et al., 2020). Among these, HEAs have great potential in the biomedical field, and biomaterials science continues to be at the forefront of research and innovation in clinical and biomedical applications as medical technology advances and the needs of the population increase. An illustrative example of the significant impact is that degenerative diseases of the bones and joints, such as osteoporosis, affect many people worldwide, mainly middle-aged and postmenopausal women (Cohen et al., 2022; Iki et al., 2022; Mattia et al., 2022). Growing clinical demand for reconstructive joint replacements is prompting researchers to develop implants with better function, biocompatibility, and improved clinical outcomes. Alloys have been used as bone implants for many years. Among them, stainless steel, cobalt-based alloys (CoCrMo), and titanium and their alloys are widely used for their good biocompatibility, sufficient mechanical strength, and excellent corrosion resistance (Gross et al., 2020; Shipilova et al., 2020). However, implants made from these materials are usually much stiffer than natural bone, leading to stress shielding - a significant source of bone resorption and eventual failure of such implants. The human skeleton can be divided into dense bone (cortical bone) and trabecular bone (cancellous bone). Dense bone is almost solid, while the porosity of trabecular bone varies between 50 and 90%, and the mechanical properties of the bone vary significantly with age, anatomical location, and bone mass (Lei et al., 2013; Al-Hafidh et al., 2020; Gaffuri et al., 2021). Such complex mechanical property modulation is difficult to achieve with a single principal element alloy, which requires substantial elemental modulation by HEA to meet specific bone-implant needs. Such complex mechanical property modulation is difficult to achieve with a single primary element alloy, which requires significant elemental modulation of HEA to meet specific bone-implant needs.
We call this HEA with biomedical application potential Biological High Entropy Alloy (Bio-HEAs) [41], and many scholars have already researched the related direction. Metal biomaterials must be composed of raw materials with good biocompatibility, such as non-toxic and non-allergenic materials (Meloni et al., 2019; Kazemi et al., 2020; Spataru et al., 2021). The selection of constituent elements is particularly critical for Bio-HEA. Bio-HEA is mainly composed of Ti, Zr, Hf, Nb, Ta, V, Mo, and W. These elements do not cause side effects to the tissue cells at the implantation site or are within the safe range of side effects to the body throughout the service phase. High-entropy alloys have become one of the most promising medical metal materials in recent years due to their biological safety, high strength, high corrosion resistance, high wear resistance, and ease of forming simple objects. Since high entropy alloys are tunable in terms of properties, the desired properties can be obtained by changing the type or content of the elements in the HEAs, which gives the HEAs a broader scope of application. In the field of biomedicine, high-entropy alloys have a similar hardness to the bone, high specific strength, good corrosion, and wear resistance, and these characteristics are in line with the typical attributes of biomedical metal materials, which means that there is a good potential for its application in the medical health field.
Figure 2 shows the structure and main content of the paper. The second section reviews the composition design theory of Bio-HEAs. It presents the progress of research on developing Bio-HEAs compositions based on the first principles of density functional theory (DFT) simulations calculation. The third section discusses the biocompatibility of the designed and developed Bio-HEAs, including cytocompatibility and corrosion resistance. The fourth section compares the mechanical properties of Bio-HEAs with human bone and commonly used bio-alloys, including strength-ductility, elastic properties, and wear resistance. The fifth section discusses the future development prospects of Bio-HEAs and explores the possibility of high-entropy alloys in biomedicine.
[image: Figure 2]FIGURE 2 | A mind map to explore the design theory, biocompatibility, and mechanical properties of Bio-HEAs in this paper.
COMPONENT DESIGN THEORY AND SIMULATION STUDIES
The proposal of the concept of the high-entropy alloy not only improves the freedom of alloy material composition but also dramatically increases the difficulty of its composition exploration and performance optimization. Selecting alloying elements and the appropriate proportions are particularly important to obtain high-entropy alloys with specific phase structures or properties (Pradeep et al., 2015; Takeuchi et al., 2015; Tian et al., 2015; Ye et al., 2015). The core problems involved in the current high entropy alloys research can often be summarized as the problem of alloy composition design and property optimization (LaRosa et al., 2019; George et al., 2020; Soto et al., 2020).
As one of the members of high-entropy alloys, Bio-HEA has the same component design concept as high-entropy alloys. Due to the large number of optional components of HEAs and the high content of each component, the complex physical properties and chemical synergism between various alloying elements will ultimately significantly affect the mechanical properties and microstructure of high-entropy alloys (Cann et al., 2021; Ostovari Moghaddam et al., 2021). This chapter summarizes the research on Bio-HEAs in recent years as a composition system. The combined effects of all the components are considered from composition design theory. The phase formation laws and mechanisms are discussed through solid-solution phase formation rules. The Bio-HEAs alloy properties are predicted by simulation, such as first principles and molecular dynamics. Machine learning is introduced to provide a reference database for the composition design guidelines of new high-entropy alloys.
Taxonomy and statistical analysis
Bio-HEA alloys were developed based on the research of refractory high-entropy alloys (RHEAs). In 2010, Senkov et al. (Senkov et al., 2010) synthesized near-equivalent atoms WTaMoNb and WTaMoNbV alloys with single-phase body-centered cubic (BCC) lattice using the vacuum arc melting technique. Since then, many other HEAs based on refractory elements (Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) have been the focus of experimental studies (Gu P. et al., 2022; Chen S. H. et al., 2022; Huang et al., 2022; Peng et al., 2022; Zhou et al., 2022). The original RHEA was designed based on five refractory elements (Ta, Nb, Mo, W, and V). The broader elemental system of RHEAs includes Group IV (Ti, Zr, and Hf), Group V (V, Nb, and Ta), and Group VI (Cr, Mo, and W). There are also non-refractory metals such as Al, Si, Co, Cu, or Ni; the number of studies on RHEA is steadily increasing, as shown in Figure 3. Overall, the number of publications shows a roughly exponential relationship with year trends: [image: image]. By the end of December 2021, described 953 RHEAs alloys involved in 633 studies, among which 31 are 3-component, 229 are 4-component, 525 are 5-component, 149 are 6-component and 16 are 7-component (Figure 4). The most common elements in RHEAs are Nb(present in 510 alloys),Ti (472), Cr (457), Fe (375), Ta (372), Ni(361), Co(351), Mo (329), Al (319), V (274), Zr (274), W (202), Hf(153), Mn (110), Cu(85), and some other non-metallic elements Si, C and N are also included, providing more ideas for the composition design of HEA.
[image: Figure 3]FIGURE 3 | (A). The number of RHEA publications from 2011 to 2021 and the frequency of RHEA occurrences involved. The number of RHEA articles can be described by exponential growth [image: image]. (B). The frequency of occurrence and the distribution of their positions on the periodic table of elements in the 953 RHEAs counted.
[image: Figure 4]FIGURE 4 | In the statistical publications, the frequencies of RHEAs of 3,4,5,6,7 group elements, respectively (A), while the frequencies of RHEAs based on the most common 4 group element systems of Ta-Nb-Mo-W, Ti-Nb-V-Zr, Ti-Nb-Mo-V, and Ti-Ta-Nb-V are in (B).
Bio-HEAs are based on the study of RHEAs, and the selected metal elements require no cytotoxicity or low cytotoxicity. The following eight alloy compositions are commonly used: Ti, Ta, Nb, Mo, V, W, Hf, and Zr. The refractory high-entropy alloys with four or more group elements are usually designed based on Ta-Nb-Mo-W, Ti-Nb-Zr-Hf, Ti-Nb-V-Zr, Ti-Nb-Mo-V, Ti-Ta-Nb-Zr, and Ti-Ta-Nb-V, as shown in Figure 4. In addition, alloys can contain Al or Si to reduce the alloy density to improve Bio-HEAs performance, and there are also studies to improve the wear performance of Bio-HEAs by adding Cr elements (Tong et al., 2020).
Composition design theory
Bio-HEAs have excellent mechanical properties, and their strong solid solution strengthening mechanism plays an important role. The phase formation mode of HEAs was investigated to explore the composition design of different HEAs and many empirical parameters, such as atomic radius difference, mixing entropy, valence electron concentration, mixing enthalpy, etc. These parameters are usually constructed based on different perspectives such as thermodynamics, lattice distortion, and electronic behavior to explain the stability of the solid solution phase in HEAs. These empirical parameters can distinguish solid solution from intermetallic compound phases, discriminate the formation of phases such as FCC/BCC/HCP, and predict the single-phase and multi-phase structures of HEAs [8]. The researchers have summarized a large amount of data and proposed some semi-empirical criteria for the formation of simple solid solutions:
(1) The mixing entropy (ΔSmix) is 12–17.5 J/(molK), and the calculation formula of ΔSmix is (Zhou et al., 2022):
[image: image]
where R is the gas constant, and ci is the mole fraction of the ith element.
(2) The mixing enthalpy (ΔHmix) is −15–5 kJ/mol, and the calculation formula of ΔHmix is (Zhou et al., 2022):
[image: image]
where cj denotes the mole fraction of the jth element; HAB is the enthalpy of mixing between the A and B elements.
(3) The atomic size difference δ ≤ 6.5%, and the calculation formula of δ is (Zhou et al., 2022):
[image: image]
where ri denotes the atomic radius of the ith component; is the molar average atomic radius.
In addition, the formulae for calculating the three relevant features of HEAs are added (Lilensten et al., 2018), including valence electron concentration (VEC), electronegativity difference (Δχ), and melting temperature (Tm), and the calculation formula is as follows:
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Where ci denotes the atomic concentrations for the ith element, VECi is the valence electron concentration of the ith element. Tmi is the melting point and Pauling electronegativity of the ith element. The structure and properties of Bio-HEA elements are listed in Table 1.
TABLE 1 | Structure and properties of Bio-HEA elements.
[image: Table 1]Based on the six eigenvalues of the designed HEAs, Zhu et al. (Zhu et al., 2022) used an Artificial neural network (ANN) to count a dataset containing 529 HEAs. The Pearson correlation coefficients between the six eigenvalues are listed in Figure 5. The values in the matrix describe the correlation of the two eigenvalues, and the correlations quantitatively vary from 1 to −1, indicating a highly positive or negative relationship (After removing the autocorrelation value of 1, the matrix elements range from −0.65 to 0.65). For example, the atomic size difference is negatively correlated with the mixing enthalpy, which means that as the mixing enthalpy decreases, the atomic size difference appears larger. The electronegativity difference is positively correlated with the melting temperature. Overall, the absence of a strong positive or negative correlation matrix between any two features implies that each of these six feature values has a unique influence on the final properties of the alloy, which needs to be taken into account when designing new group element alloys.
[image: Figure 5]FIGURE 5 | Heatmap of the correlation matrix between six relevant features, including VEC, electronegativity difference, mixing enthalpy, atomic size difference, mixing entropy, and melting temperature (Zhu et al., 2022).
Solid-solution phase formation rules
The solid solution-phase structure of Bio-HEAs is a hot topic of research. For conventional binary solid solution materials, the classical Hume-Rothery criterion predicts the phase composition of the alloy from the atomic size, electronic structure, and other elemental properties (Ye et al., 2016). The alloys should have a high mixing entropy, low atomic size difference, and mixing enthalpies with small absolute values to form solid solutions (Zhang et al., 2008). In addition to the Hume-Rothery criterion, materials workers have proposed many simple but practical parameters to determine the phase composition tendency of high entropy alloys according to the properties of the alloy’s atoms. From Figure 6, it can be seen that Ω and ϕ affect the phase of HEAs, respectively, and a single eigenvalue cannot predict the trend of solid solution phase formation of HEAs. Still, it should be combined with the interaction of multiple eigenvalues. For example, several criteria have been proposed by experts and scholars to predict the formation conditions of solid solutions effectively. Zhang et al. (Zhang et al., 2008) indicated that the favorable conditions for the formation of the solid solution phase are −20 ≤ ΔHmix ≤5 kJ/mol, δ ≤ 6.4, and 12 ≤ ΔSmix ≤17.5 J/(mol K). Guo et al. (Guo et al., 2013) demonstrated that the parameter ranges for forming the solid solution phase are −11.6 ≤ ΔHmix ≤3.2 kJ/mol and δ ≤ 6.6. Yang and Zhang (Yang and Zhang, 2012) noted that the favorable criteria for predicting the formation conditions of the solid solution phase are Ω ≥ 1.1 and δ ≤ 6.6. The possibility of forming a solid solution phase can be notably enhanced during the design process of HEAs, reflecting on the criteria as mentioned above.
[image: Figure 6]FIGURE 6 | The plot of (A) the Ω values versus phases and (B) the ϕ values versus phases for the HEAs. (C) The plot of the VEC versus ϕ for different HEAs. The FCC solid solution mainly forms around a VEC of 8.5, BCC around a VEC of 5, and HCP around a VEC of 2.8, each within a narrow band (Ye et al., 2016)
For the whole alloy system of HEAs, the valence electron concentration (VEC) is the key parameter affecting the crystallization of the solid solution phase in the absence of strong atomic size effects, and a generalization work on the impact of VEC on Bio-HEAs in the literature is presented. To reduce the difficulty of computational work caused by multicomponent alloys, we use the cluster formula approach A cluster formula approach to simplify the calculation based on chemical short-range orders (CSROs). We can consider the solute atoms with similar properties in a multicomponent alloy as a cluster and the remaining solvent atoms with similar properties as a class of gum atoms, and most of the HEAs can be expressed as [cluster](gum atom)x (Yang W. et al., 2022). In Bio-HEAs, the BCC solid solution structure is predominant, guided by Friedel oscillation theory, the gum atomic number is ideally calculated as x = 1–5, with a stable electronic structure. In the Bio-HEAs system, Ti, Zr, and Hf could be regarded as an averaged virtual element, M, since they are in the same group in the periodic table of elements, the value of VEC is four, and the ΔHTi-Zr, ΔHTi-Hf, and ΔHHf-Zr are zero. Ta, Nb, and V can also be considered an average virtual element, A, while Mo and V can be regarded as another average virtual element, B. We use MxAyBz to generalize all [Ti-Zr-Hf]x∼ (Ta-Nb-V)y∼(Mo-W)z, and based on existing studies, we make a classification including [Ti-Zr-Hf]x∼ (Ta-Nb-V)y [Ti-Zr-Hf]x∼ (Mo-W)z and [Ta-Nb-V]y ∼(Mo-W)z, and [Ti-Zr-Hf]x∼ (Ta-Nb-V)y∼(Mo-W)z, where x,y,z≠0. As can be seen from Figure 7, the VECs of the discussed Bio-HEAs range from 4.0 to 5.8, among which [Ti-Zr-Hf]x∼ (Ta-Nb-V)y fluctuate between 4.2 and 4.8 due to the generally low VECs of their constituent elements, and are primarily single BCC solid solution phases. The VEC of Bio-HEAs [Ta-Nb-V]y ∼(Mo-W)z in the high VEC element group is concentrated in the range of 5.2–5.6, mainly in the BCC phase and multiphase, where the multiphase components include Laves phase, BCC2 phase, B2 phase, FCC phase and other precipitated phases (Wang et al., 2020; Mao et al., 2022). The interesting point is that alloys of the system [Ti-Zr-Hf]x∼ (Mo-W)z hardly appear in the surveyed literature, implying that for Bio-HEAs, the V-subgroup elements Ta, Nb, and V with BCC lattice and high mutual solubility are indispensable.
[image: Figure 7]FIGURE 7 | Statistical correspondence between VEC and phase composition in Bio-HEAs, Bio-HEAs are classified by [Ti-Zr-Hf]x∼ (Ta-Nb-V)y [Ti-Zr-Hf]x∼ (Mo-W)z and [Ti-Zr-Hf]x∼ (Ta-Nb-V)y∼ (Mo-W)z, where x,y,z ≠ 0.
The relationship between VEC and the solid solution phase has been studied thoroughly throughout the high entropy alloy system. The VEC of the alloy plays a crucial role in determining the crystallinity of the solid solution phase, especially for single-phase solid solutions. As mentioned earlier, the predominance of the BCC phase in the reported Bio-HEAs is quite reasonable, as the alloy is based on the V-subgroup elements and the IV-subgroup elements (Ti, Zr, and Hf), which are also BCC-phase structures at high temperatures. However, they undergo isotropic transformations and are HCP structures at RT, like Ti and Zr, as shown in Table 1. The phases included in the high VEC Bio-HEAs vary depending on the elemental composition and ratio and the effects of the process. Since the elements used are BCC, the generated solid solution phases are still based on the BCC phase, and the synergistic precipitation phases contain other solid solution phases such as Laves phase, BCC2 phase, B2, and FCC phase (Wei et al., 2022b).
The molybdenum equivalent (Moeq) has been widely used to measure the β-phase stability in the multicomponent Ti-based alloy quantitatively. In addition, it has been shown that the Moeq parameter is also reliable for predicting the phase stability of solid solution in HEA, especially for the BCC/HCP phase (Wang et al., 2015); Ishida (Ishida, 2017) suggested a new Moeq based on the thermodynamic database of the Ti alloys, as shown in Eq. 7
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Where [M] is the weight percent concentration of element M. The inclusion of Ti, Zr, Hf, Nb, Ta, V, Mo, and W, the basic elements of Bio-HEAs, implies that the Moeq index is a guide to determining the desired stability of the solid solution phase in Bio-HEAs. Yang et al. (Yang W. et al., 2022) used Moeq to predict the phase stability of BCC/HCP solid solution in the Ti-Zr-Hf-Nb-Ta HEAs system. According to Yang’s calculations, the values of Moeq for Ti-Zr-Hf-Nb-Ta HEAs were in the range of 13.5–21.1 wt%, representing a high trend of BCC solid solution phase formation, which is consistent with the actual results. Iijima et al. (Iijima et al., 2021) used the Moeq parameter to predict various characteristic quantities of solid solution formation, including ΔHmix, Ω, and δ parameters, as shown in Figure 8. The calculations included 1.5×107 Ti-Zr-Hf-Nb-Ta-Mo Bio-HEAs, and it was found that there was no clear relationship between the Moeq parameter and other eigenvalues. The Moeq parameter can be considered independent of other empirical alloy parameters, which can directly be predicted for the Bio-HEAs solid solution phase.
[image: Figure 8]FIGURE 8 | Relationship between Moeq and various empirical alloy parameters used to predict solid solution formation, including ΔHmix, δ (ΔHmix), Ω, and δ parameters in Ti-Zr-Hf-Nb-Ta-Mo alloys with ΔSmix ≥1.5 R (red dots). The green dot indicates the alloys whose Ti concentration was at and above 35 at% and considered the Ti-rich alloys. Hollow black circles (○) indicate the Ti–Zr–Hf–Nb–Ta–Mo alloy investigated in the present study. (A) Moeq vs ΔHmix, (B) Moeq vs δ(ΔHmix), (C) Moeq vs Ω, and (D) Moeq vs δ parameters (Iijima et al., 2021).
Simulation research
Bio-HEA has a “cocktail” effect and is characterized by a multi-component synergistic effect. The design and development of new Bio-HEAs biomaterials require continuous changes in elemental composition and content (Li J. et al., 2021; Ostovari Moghaddam et al., 2021). However, Bio-HEAs have too many permutations of elemental composition and content ratios, and the elements used contain and are not only Ti, Zr, Hf, Nb, Ta, Mo, V, and W, which are expensive. Therefore, direct experimental verification of Bio-HEA alloys’ design is laborious and expensive. DFT has become one of the main methods for exploring material properties in theoretical solid-state physics. Over time, DFT calculations have entered the Bio-HEA field, and the number of corresponding studies has gradually increased (Yang F. et al., 2022; Biermair et al., 2022). Simulations based on the first principles of DFT are an essential method for designing Bio-HEA compositions. They are widely used to predict material properties such as energy band density, electronic structure, and charge density from atomic and electrical scales (Yu et al., 2019; Zhao, 2020; Wu et al., 2022).
Troparevsky et al. (Troparevsky et al., 2015) evaluated the energy of formation of binary compounds by DFT calculations and therefore did not require experimentally or empirical inputs as shown in Figure 9. The model correctly ranks the combinations of elements of known single-phase HEAs based on statistics from numerous studies and eliminates combinations that are not single-phase. The constructed elemental matrix can predict all currently known single-phase HEAs. In addition, this method can predict feasible five-, six-, and seven-component alloys, thus guiding exploring new HEAs.
[image: Figure 9]FIGURE 9 | The DFT calculates the formation energy of the lowest energy structures in various binary relative to their phase separation into pure elements. If the numbers are in bold blue, the energies are evaluated relative to the respective solid solution (Troparevsky et al., 2015)
As the most important influencing factor of Bio-HEA biocompatibility, the selection of elements plays a significant role in the simulation design. Bai et al. (Bai et al., 2021) predicted the impact of Ti elements on the mechanical properties of iso-atomic NbMoTaW HEA from the first-principles calculation based on DFT. The phase structure, density, lattice constant, elastic, and electrical properties of NbMoTaW HEA by Ti elements were calculated. The energy band, total and partial densities of states, and charge density were calculated to investigate the strength and ductility enhancement mechanism of NbMoTaW alloy using Ti alloying. Tong et al. (Tong et al., 2020) used DFT calculations to simulate the effects of Ti, Zr, Cr, V, Hf, and Re additions on the properties of NbMoTaW HEAs and further analyzed the role played by various strengthening mechanisms. Chen et al. (Chen S. M. et al., 2022) used the first-principles approach combined with a thermodynamic model to study phase decomposition in alloys by considering HEA as various pseudo-binary systems, as shown in Figure 10, which predicts that phase decomposition in Hf-Nb-Ti-Zr alloys with a BCC structure occurs at temperatures below the critical temperature of 1298 K. The HEA decomposes most favorably into NbTa-rich and HfZr-rich BCC phases, while the BCC-rich HfZr phase is transferred to the hexagonal compact stacking structure (HCP) phase at low temperatures. (Chen X. et al., 2022; Chen Z. W. et al., 2022). In addition, the effects of solid solution and precipitation strengthening mechanisms on the strength of HEA were calculated based on the predicted phase decomposition results, combined with experimental data.
[image: Figure 10]FIGURE 10 | The final members of the lattice constants of the 1–4 (A) and 2–3 (B) pseudo-binary AxB1- x alloys as a function of the molar fraction. In subfigure (A), A represents one of the Hf-Nb-Ta-Ti-Zr elements, and B represents the other four elements. In subfigure (B), A represents two elements of Hf-Nb-Ta-Ti-Zr, while B represents the other three. The lattice constants that conform to Vegard’s law are shown as dashed lines (Chen S. M. et al., 2022)
In the simulation studies of HEAs, apart from DFT simulations, molecular dynamics also occupy a relatively large proportion, and molecular dynamics-based simulations are more reliable in analyzing the microscopic deformation mechanism of HEAs. Progress has been made in using molecular dynamics simulations to explain the deformation mechanisms and mechanical properties of 3D transition group HEAs (Liu et al., 2020). This approach has significant implications for predicting the performance of HEAs, especially for assessing complex service conditions of Bio-HEAs. Simulation methods still have great research potential in the composition design of Bio-HEAs, and more research is needed to discover the intrinsic connections.
Machine learning
With the increasing number of high-entropy components, the composition design becomes more and more complex, and the traditional empirical trial-and-error method, first-principles calculations, and molecular dynamics simulations introduced earlier gradually fail to meet the needs of the growing performance-oriented high-entropy alloy composition. Build machine learning models to predict the performance of various target alloys for fast and cost-effectively solved material performance evaluation (Kumar et al., 2021). Using a multi-objective genetic algorithm to find the Pareto Frontier of multi-objective performance in the prediction results can solve the problem of searching for elements of material composition (Bao et al., 2022). Combined with adaptive iterative methods for model uncertainty-based material screening, optimized material compositions or processes can be identified, guiding materials research (Chen H. et al., 2022; Thebelt et al., 2022). In the context of multi-objective performance requirements, the application of machine learning to the field of high-entropy alloys is particularly critical, such as the co-optimization of strength and corrosion resistance of high-strength and corrosion-resistant high-entropy alloys, the co-optimization of density and strong toughness properties of lightweight high-entropy alloys, the co-optimization of high-temperature strength and oxidation resistance properties needed for refractory high-entropy alloys, and the co-optimization of biocompatibility, mechanical properties matching those of living organisms, and excellent corrosion resistance required for biological high-entropy alloys.
Machine learning is applied to the strength and hardness properties of HEAs with data and set samples, either derived from experimental studies or obtained with the help of computational simulations (Bakr et al., 2022; Chen Z. W. et al., 2022; Hou et al., 2022). The research mainly focuses on machine learning to accurately predict the strength and hardness properties of new alloys and to guide the design of alloy compositions based on the property prediction results. Klimenko (Klimenko et al., 2021) and Bhandari (Bhandari et al., 2021) et al. developed support vector machine and random forest machine learning models for accurate prediction of yielding of HEAs with an accuracy of more than 95% based on a sample of high-entropy alloy data with characteristic parameters such as composition, modulus, density, mixing entropy, and atomic radius difference of HEAs as inputs. Several well-known machine learning models, including a radial basis function kernel (svr. r), a regression tree model (cart), a back propagation neural network model (bpnn), and a k-nearest neighbor model (knn) to produce a non-convex input/output fitness function to estimate the hardness (Wen et al., 2019). As shown in Figure 11, 42 newly synthesized HEAs were designed based on machine learning and experimental feedback results, with 35 of them having alloy hardness values higher than the best values in the training dataset.
[image: Figure 11]FIGURE 11 | Test error evaluation of three different models, (A) a holdout method and (B) bootstrapping methods, indicating sur. r outperforms the bpnn and knn model. (C) The predicted values as a function of the measured values of the svr. r model for training data (randomly chosen 70%) and testing data (the rest 30%) (Wen et al., 2019)
In addition to the prediction of properties such as strength and hardness of HEAs, machine learning has also done a lot of work on elastic properties, which are the most critical concern for medical high-entropy alloys, to achieve the design of Bio-HEAs compositions corresponding to modulus and strength requirements based on the model’s prediction of elastic properties. Chanda et al. (Chanda et al., 2021) trained a neural network model using 140 samples of high-entropy alloy data with seven characteristic quantities such as electronegativity difference, mixing enthalpy, and mixing entropy as inputs and predicted the alloy elastic modulus with an accuracy of 94%. Roy et al. (Roy et al., 2020) trained gradient boosted tree regression models based on 89 high-entropy alloy data samples with ten empirical parameters as input characteristic parameters to predict the elastic modulus for 26 equimolar high-entropy alloys with low, medium, and high entropy compositions of the MoTaTiWZr system, and the agreement with the experimental results was high. The correlation coefficients revealed that the enthalpy of mixing and alloy melting point is the most critical for the prediction of elastic modulus, which provides a theoretical database for the subsequent design of Bio-HEAs with specific Young’s modulus to solve the stress shielding problem.
As a new type of medical alloy, Bio-HEAs have the characteristics of biosafety, high strength, high corrosion resistance, high wear resistance, etc. It has recently become the most promising medical metal material for research (Liu et al., 2022b; 2022a). Biocompatibility is the focus of attention for Bio-HEAs in clinical applications, but the long development cycle of biomaterials (about 20 years) limits the speed of development of new materials. Rapid interaction between Biological Omics and Material attributes through machine learning will significantly shorten this process (Basu et al., 2022). It revealed the relationship between biological data and material properties through the concept of biomaterialomics, as shown in Figure 12. Therefore, material design measurement methods that integrate machine learning, search algorithms, and adaptive iteration are essential to guide the efficient design of Bio-HEAs with small data samples, large cost space, and multi-objective performance requirements.
[image: Figure 12]FIGURE 12 | Introducing the concept of biomaterialomics, an interdisciplinary study unraveling the relationship between biological data and material properties (Basu et al., 2022).
BIOCOMPATIBILITY
Due to the frequent occurrence of diseases, and other human injuries, the demand for implant materials has increased, and more attention has been paid to medical metal materials. In contrast, high-entropy alloys have become one of the most promising new medical materials in recent years due to their excellent performance and have been explored and researched by many scholars at home and abroad (Nagase et al., 2020). Bio-HEAs use Ti, Ta, Zr, Nb, and Hf elements with high biosafety and good biocompatibility. As a new bio-alloy material, Bio-HEAs require a series of biosafety assessments before they can be implanted in organisms, and the common factors affecting the biology of biomedical implants are shown in Figure 13. For Bio-HEA to be truly used in the clinical field as a biomedical implant, its biocompatibility needs to be experimentally proven by the mechanical, physical, and degradation properties, by sterilization (freeing the implant surface from all types of microorganisms), by toxicological aspects (examination and treatment of any toxins or toxic substances), by surgery, implant site and load-bearing capacity (Davis et al., 2022). Based on the existing research work, this chapter summarizes the biocompatibility performance of Bio-HEAs in terms of their cytocompatibility and corrosion resistance in physiological solutions.
[image: Figure 13]FIGURE 13 | The primary factors are affecting the functional biocompatibility of a biomedical implant.
Cytocompatibility
Most of the research on Bio-HEA biocompatibility currently focuses on evaluating the cytocompatibility of HEA alloys by the direct cell contact method (Wang J. C. et al., 2022; Wei et al., 2022a; Guo et al., 2022). The cytocompatibility of alloy materials includes cell adhesion ability and cytotoxicity (Ma N. et al., 2020); cell adhesion is essential to maintain the stability of tissue structure and is a regulator of cell motility and function, with significant effects on cell proliferation and differentiation (Yang et al., 2011). Cytotoxicity is an indicator to assess the biological activity of cells on the surface of the alloy, which is one of the critical indicators for the in vitro evaluation of Bio-HEAs. The commonly used cell lines are human aortic smooth muscle cell, osteoblast, human osteosarcoma cell, human epithelial fibroblast, L929 mouse fibroblast cells, and Mouse embryo osteoblast precursor cells。
Currently, the cytotoxicity tests on Bio-HEAs are conducted by culturing cells in vitro and measuring their survival rate on the alloy surface to assess their biological properties. Todai et al. (Todai et al., 2017) cultured human osteoblasts on the surface of TiNbTaZrMo Bio-HEA, which exhibited superior biological activity to pure Ti. Yang et al. (Yang W. et al., 2022) used MC3T3-E1 cells on Ti20Zr20Hf20Nb20Ta20 (Alloy-I), Ti25Zr25Hf25Nb12.5Ta12.5 (Alloy-II), Ti27.78Zr27.78Hf27.78Nb8.33Ta8.33 (Alloy- III) and Ti6Al4V substrates were incubated to evaluate the biocompatibility of Ti-Zr-Hf-Nb-Ta HEA, as shown in Figure 14. The biological activities of HEA and Ti-6Al-4V were observed by fluorescence staining after 72 h of culture, as shown in Figure 14. It was found that a large number of MC3T3-E1 cells adhered to the surface of HEA and Ti-6Al-4V with a high survival rate of adherent cells, indicating that MC3T3-E1 cells had a high survival rate and good initial adhesion on this HEA. In addition, the survival numbers of cells in HEA and Ti-6Al-4V were counted on the first, second, and third days, respectively, and no statistically significant differences were found, indicating that TiZrHfNbTa HEA has the same level of biocompatibility as Ti-6Al-4V. Iijima et al. (Iijima et al., 2021) used mouse primary osteoblasts cultured on TiZrHfNbTaMo surface for 24 h. After 24 h in a humidified atmosphere of 5% CO2, the cells were fixed in methanol, stained with 5% Giemsa aqueous solution for staining, and observed under a light microscope, as shown in Figure 14. In addition, Bio-HEAs such as TiZrNbHfTa (Braic et al., 2012; Motallebzadeh et al., 2018) have good mechanical properties and excellent friction and wear resistance, showing close to or even better biocompatibility than conventional medical alloys such as Ti-6Al-4V.
[image: Figure 14]FIGURE 14 | Live/dead staining of MC3T3-E1 cells on (A) Alloy-I, (B) Alloy-II, (C) Alloy-III, and (D) Ti64 after 72 h of incubation. (E) The proliferation of MC3T3-E1 cells on Alloy-I, Alloy-II, Alloy-III, and Ti64 after 1, 3, and 5 days of cell culture, respectively (Yang W. et al., 2022). Biocompatibility of the arc-melted isoatomic TiNbTaZrMo (TZHNTM-Eq) and non-isoatomic Ti28.32Zr28.32Hf28.32Nb6.74Ta6.74Mo1.55 (TZHNTM-3) and SUS316L stainless steel, ASTM F1537-08 of Co-Cr-Mo alloy and commercially pure titanium (CP-Ti) were used as references. (F) Quantitative analysis of the density of osteoblasts cultured on the fabricated specimens by staining images with Giemsa and (G) fluorescent images of osteoblast adhesion on the fabricated specimens (Iijima et al., 2021).
Corrosion resistance
Bio-HEAs have been shown to have excellent cytocompatibility. Still, the application of the material should also consider the working service environment, where all metals and alloys are subject to corrosion when in contact with body fluids because the body environment is very aggressive due to the presence of hydrogen ions and chloride ions, and proteins (Khodaei et al., 2020). Bio-HEAs, as metal implants, undergo various chemical reactions with body fluids, where the metal components of the alloy are oxidized to ionic form and dissolved oxygen is reduced to hydroxide ions, causing various forms of corrosion damage (Cui et al., 2022). For the study of the corrosion resistance of Bio-HEAs, the solutions commonly used to simulate the physiological environment include saline (0.9% NaCl solution), Hank’s solution (with a composition of 0.137 M of NaCl, 5.4 mM of KCl, 0.25 mM of Na2HPO4, 0.44 mM of KH2PO4, 1.3 mM of CaCl2, 1.0 mM of MgSO4, and 4.2 mM of NaHCO3, pH = 7.4), phosphate buffer saline (PBS) and fetal bovine serum (FBS).
Potentiodynamic polarization curve measurement is one of the most widely used measurements in electrochemical corrosion (Gu M. et al., 2022; Li et al., 2022), which can provide information on the corrosion rate and corrosion mechanism of bio-alloy materials under a simulated physiological environment and evaluate the bio-suitability of Bio-HEAs by chemical corrosion conditions. In the corrosion reaction, corrosion potential (Ecorr), corrosion current density (Icorr), and AC impedance are essential parameters for analyzing the corrosion resistance of the material, and the relevant parameters of some Bio-HEAs are listed as shown in Table 2. For Bio-HEAs with Ti and Ta elements, their lower Ecorr indicates that they will both readily form protective passivation layers (usually oxides) (Zheng et al., 2018). Most Bio-HEAs have no pitting reaction until 2V, which means promising applications in human environments around 0–0.2 V. No pitting and no localized corrosion due to the breakdown of the protective passivation films, dramatically increasing the lifetime of alloy implants (Hwang et al., 2019; Li T. et al., 2021). The corrosion current density indicates the corrosion rate of the material. The lower the Icorr value, the lower the corrosion rate of the material, and the low Icorr value of Bio-HEAs indicates that it is preferable in medical alloy implant applications (Zhu et al., 2021; Feng H. et al., 2022).
TABLE 2 | Electrochemical parameters of the relevant Bio-HEAs in simulated human solutions.
[image: Table 2]The Ti-Zr-Ta-Hf-Nb system of Bio-HEAs has promising properties as a novel superior metallic biomaterial with an ideal combination of wear resistance, wettability, pitting, and resistance to general corrosion outperforming the conventional metallic biomaterials 316L, CoCrMo, and Ti-6Al-4V in these aspects (Cui et al., 2022). Wang et al. (Wang and Xu, 2017) investigated the electrochemical behavior of HEA in PBS by kinetic potential polarization test. They initially evaluated its corrosion resistance in a physiological environment and compared it with Ti6Al4V, 316L SS, and CoCrMo alloys, as shown in Figure 15. TiZrNbTaMo HEA exhibits an extensive passive plateau in the curve up to 1.2 VSCE without pitting or turning passivation. Such a response is similar to that of Ti-6Al-4V, except for a more positive Ecorr and a slightly higher pass for Ti-6Al-4V. TiZrNbTaMo HEA exhibited excellent corrosion resistance comparable to Ti6Al4V alloy and significantly better-pitting resistance than 316 L SS and CoCrMo alloys in a physiological environment simulated by PBS media. TiZrNbTaMo HEA exhibited excellent corrosion resistance comparable to Ti6Al4V alloy and significantly better-pitting resistance than 316 L SS and CoCrMo alloys in a physiological environment simulated by PBS media. Gurel et al. (Gurel et al., 2021) studied the biocompatibility of three TiTaHf-based high-entropy alloys, namely TiTaHfNb, TiTaHfNbZr, and TiTaHfMoZr alloys, using FBS as a test environment to compare their corrosion resistance as bone implants by the level of ions released from HEA etched by FBS solution, TiTaHfNb HEA exhibited the highest corrosion resistance to FBS, as shown in Figure 15. In addition, after 28 days of immersion in FBS solution, the three HEA were found to produce hydroxyapatite on their surfaces when in contact with FBS, further demonstrating their great potential for use in orthopedic implants.
[image: Figure 15]FIGURE 15 | (A) Potentiodynamic polarization curves of arc-melted TiZrNbTaMo HEA, as well as Ti-6Al-4V, 316L, and CoCrMo alloys in PBS for comparison of biocompatibility (Wang and Xu, 2017). Ti2p peaks after etching times of 360 and 1,080 s immersed in FBS for 28 days: (B) and (C) for TiTaHfNb, (D) and (E) for TiTaHfNbZr, (F) and (G) for TiTaHfMoZr (Gurel et al., 2021).
Antibacterial property
In addition to applications in human implants, Bio-HEAs have great potential for medical devices. Conventional medical devices, despite their strict sterilization procedures, are still subject to bacterial infections, which greatly threaten the health of patients (Grischke et al., 2016; Zhang et al., 2021). Antibacterial metals and alloys are more suitable metal materials for medical devices, prepared by elemental alloying and processing processes, exhibiting strong inhibition of bacterial adhesion, growth, and proliferation. Currently, common antibacterial medical devices are antibacterial stainless steel, antibacterial magnesium alloy and antibacterial titanium alloy, and the elements that play an antibacterial role are mainly Cu, Ag and Zn (Chopra, 2007; Tie et al., 2013; Nan and Yang, 2016). Biological HEAs with antibacterial properties usually contain these antibacterial elements, and Chen et al. (Chen C. et al., 2022) designed CrFeNiCuSi HEA with antibacterial properties, which achieved 97.45% inhibition of E. coli. Similarly, the synergistic effect of copper ions and copper-rich phase greatly improved the antibacterial performance of Bio-HEAs, and CoFeCrCu HEA showed superior antibacterial performance with 99.97% inhibition of E. coli and 99.96% inhibition of Staphylococcus aureus after 24 h, much higher than conventional antibacterial alloy materials (Ren et al., 2022).
The antibacterial mechanism exhibited by Bio-HEAs containing Cu elements has been explored and verified (Sarell et al., 2010; Squitti et al., 2015; Zhang et al., 2019). On the one hand, the electrostatic force of Cu2+ can directly disrupt the adhesion of bacteria and rupture their cell walls, leading to cell rupture and death. On the other hand, in HEA, Cu and other elements (such as Fe) form a potential difference to form a miniature galvanic cell, releasing a large amount of Cu2+, which further exerts the bactericidal effect of Cu ions. In addition, according to Ren et al. (Ren et al., 2022), direct contact of bacteria with the copper-rich phase in Bio-HEAs produces an effective concentration of ROS (H2O2) during incubation, which induces oxidative stress, resulting in an antibacterial effect.
HEAs with antibacterial ability not only have strong and long-lasting bactericidal ability but also have good corrosion resistance and mechanical properties, indicating that Bio-HEAs also have great potential in the field of medical devices. Bio-HEAs containing Cu ions or Ag ions show stronger antibacterial ability, but the release of Cu2+ and Ag + may cause some damage to human body, which requires finding the right combination of elements to make Bio-HEAs have antibacterial ability and at the same time have basically no side effects on human body.
MECHANICAL PROPERTIES
In addition to the biological safety of the material, meeting specific medical functions is a fundamental requirement of Bio-HEA. The implant generally serves as a replacement for damaged bone or as extra support. For different disease sites, an alloy with mechanical properties appropriate to the tissue is required. The mechanical match between the material and the biological organism during the implantation and functionalization of the material also influences the service effect of the implant in the damaged area. Too low modulus of elasticity can reduce the medical therapeutic impact of the alloy, while the too high modulus of elasticity can lead to stress shielding problems (Uppal et al., 2022; Xing et al., 2022). Therefore, Bio-HEA should not be pursued for high-strength mechanical properties but should be consistent with human tissues, close to or complete the therapeutic effect before failure. The natural selection of Bio-HEAs for implants is due to the multiple biomaterials advantages, including high strength, low density (high specific strength), high corrosion resistance, complete inertness to the body environment, and enhanced biocompatibility, low modulus, and increased capacity to join with bone and other tissues. These properties fit with the specific properties of biomedical metal materials, which means there is a good potential for its application in the medical field.
Strength and ductility
From an engineering perspective, the multi-component nature of HEAs predestines the strengthening mechanism of HEAs to be equally multidimensional. Current research on HEAs is characterized by numerous discoveries, intense discussions, and illuminating scientific research questions (Chen X. et al., 2022; Jin et al., 2022). Strength and ductility are widely studied as core mechanical properties of metallic materials. Complex alloying and thermo-mechanical processing affect the microstructure of HEAs, which has a dramatic effect on strength and ductility (Wu and Fan, 2020; He et al., 2021).
Several factors may influence the strength and ductility of Bio-HEA. Undoubtedly, the elemental composition is the most critical factor. Moreover, the strength and ductility may be changed by various factors such as microstructure, processing method, and post-heat treatment (Liu Z. et al., 2022; Jin et al., 2022). At the same time, these influencing factors interact with each other. For example, the microstructure manifests the combined effect of elemental composition and processing routes of Bio-HEAs. This composition-processing route-microstructure-property study idea, widely applied in conventional alloys, is also applicable in HEAs alloy systems. Still, the challenges are enormous, and the verification is more complex.
The elements composition of Bio-HEAs has the most critical effect on its strength and ductility. First, alloying elements determine the elastic behavior and atomic interactions of Bio-HEA, affecting the strength and ductility of the alloy at the atomic level. In addition, the ratio of elements can determine the phase composition and fraction of Bio-HEAs. In multi-component Bio-HEAs, the type and content of modulating elements can have a significant impact on the mechanical properties of the HEA, and common element additions include metallic and non-metallic elements (Tancret, 2021).
As the most common element in Bio-HEAs, Nb can provide an effective strengthening effect. The strengthening effect of Nb is due to its large atomic radius, which produces severe lattice distortion when added. It is widely used as a precipitation hardening element in the Bio-HEAs system (Li W. et al., 2021). Like Nb, Ti element with a larger atomic radius also strengthens solid solution in Bio-HEAs (Zhang et al., 2017). Still, the difference is that the strengthening effect of Ti on Bio-HEAs occurs mainly at low Ti content. Low Ti element concentration promotes solid solution formation, strengthened BCC phase, and hard Laves phase. In contrast, high Ti concentration leads to the precipitation of intermetallic compounds in HEAs to embrittle the alloy (Zhou et al., 2007). The strengthening mechanism of element Ta (Mohd Pauzi et al., 2016) for Al0.5FeCrNiMnCo (the primary phase is BCC + FCC) is mainly characterized by the precipitation strengthening effect and the presence of more Laves intermetallic phase precipitation. In addition, the strengthening effects of W (Waseem and Ryu, 2017), Zr (Yurchenko et al., 2017), and Cr (Stepanov et al., 2015) in Bio-HEAs were analyzed separately, and the compressive and tensile strengths increased to varying degrees with the addition of small amounts of the elements. Still, their strength benefits were compromised as the elements were alloyed. On the other hand, ductility tends to be the opposite of strength, and depending on the type of alloy, strength and ductility may vary roughly linear or nonlinearly with element concentration.
Small amounts of non-metallic elements, such as O, B, C, N, and Si, are usually added to Bio-HEAs to improve the overall performance of the alloy. According to the traditional experience, adding C elements to steel materials can greatly improve the mechanical properties of steel, and this method is also applicable to Bio-HEAs. The trace addition of C elements will form MC-type alloy carbides on the BCC matrix of Hf0.5Mo0.5NbTiZr, and the work-hardening ability and plastic strain of the alloy is enhanced (Gao et al., 2021). Chen et al. (Chen et al., 2018) investigated the effect of O element content on the microstructure and compressive properties of ZrTiHfNb0.5Ta0.5 Bio-HEAs. O atoms were present in the lattice of ZrTiHfNb0.5Ta0.5 Bio-HEAs and did not precipitate the MO alloy oxide phase. With the increase of the O element, the interstitial solid solution strengthening effect of the O atom increases, and the yield strength of the alloy gradually increases but the plasticity decreases. Further, Lei et al. (Lei et al., 2018) used ordered oxygen complexes to replace O atoms in the gap enhancement, changed the dislocation shear mode from planar slip to wave slip through ordered gap complexes, and promoted double cross-slip through the formation of Frank-Read sources (a mechanism to explain the generation of multiple dislocations), thus promoting dislocation proliferation, deformation, and stretching to achieve a massive increase in strength and plasticity of TiZrHfNb Bio-HEAs, as shown in Figure 16, the tensile strength is enhanced (by 48.5 ± 1.8 percent), and ductility is substantially improved (by 95.2 ± 8.1 percent). As with metallic elements, small amounts of specific non-metallic elements have a strengthening effect on Bio-HEAs, while transitional doping deteriorates the strengthening effect.
[image: Figure 16]FIGURE 16 | (A) Room-temperature tensile stress-strain curves for TiZrHfNb (TiZrHfNb)98O2, and (TiZrHfNb)98N2 HEA. The inset shows the corresponding strain-hardening response (dσ/dε) (B) Variation in strength and ductility of the HEA presented here, relative to several established high-performance alloys (Lei et al., 2018).
Processing is another crucial factor affecting the strength and ductility of the alloy under the premise that the compositions of the Bio-HEAs group elements are clearly defined. Common preparation methods for Bio-HEAs include vacuum arc melting (Chen et al., 2016), electromagnetic induction melting (George et al., 2020), powder metallurgy techniques (Hu et al., 2022), magnetron sputtering (Dvurečenskij et al., 2022), laser electron beam melting (Arif et al., 2022), and 3D printing additive manufacturing (Wang S. et al., 2022). Smelting is the most common preparation method for Bio-HEA, followed by powder metallurgy and additive manufacturing (Arif et al., 2021). The preparation of homogeneous bulk bioethanol by conventional arc melting is challenging, it requires several post-processing (such as remelting), which is a complex process and only yields samples of simple shapes (Cieslak et al., 2019; Güler et al., 2022). As a fabrication process that overcomes the limitations of traditional machining methods, additive manufacturing (AM) is considered as an advanced machining method for generating low-defect HEA specimens, which has the advantage of producing parts with complex geometries with high precision and achieving large-scale customization to maximize material, energy and time savings (Cui et al., 2021; Du et al., 2021). Recently, AM techniques commonly used for Bio-HEA preparation include directed energy deposition (DED) and powder bed fusion (PBF) (Lin Y. C. et al., 2021; Hassan et al., 2021). Directed energy deposition (DED) is an advanced preparation method based on powder feeding technology that allows higher precision shape customization. The advantages of DED are material design, preparation of different types of coatings and fast repair (Yadav et al., 2021; Yang F. et al., 2022). In contrast, selective laser melting (SLM) and selective electron beam melting (SEBM) offer higher processing accuracy and minimal surface roughness. In addition, in PBF technology, due to the extremely high cooling rate (105–107 K/s), smaller microstructures can be obtained compared to the conventional casting process (100 K/s), which greatly improves the mechanical properties of the part (Huang et al., 2021; Muftah et al., 2021; Ocak and Goller, 2021). For HEAs, the high cooling rate can greatly inhibit the segregation of elements and make it easier to achieve a solid solution structure with a strengthening effect (Zhu et al., 2021).
A change from one preparation technique to another can dramatically affect strength and ductility (Feng et al., 2021, Feng et al., 2022 J.; Wei et al., 2022b). Even for the same technology, the influence of the processing route on the product forming has to be taken into account. Adjusting the processing time and the processing temperature can cause changes in the microstructure and internal defects of the alloy. In addition, the as-prepared alloy samples may have undergone extensive post-treatment processes, such as homogenization, forging, cold and hot rolling, annealing, tempering, aging, etc. This complex process situation, coupled with the elemental diversity of Bio-HEAs, makes it nearly impossible to quantify the effect of processing on the strength and ductility of the alloy, and more precise characterization and analytical tools are needed to address this issue.
The microstructure that most directly affects the mechanical properties of Bio-HEAs also has various forms, including phase composition, grain size, dislocation density, twinning, layer dislocations, size and distribution of precipitated phases, etc. The main phase structures in Bio-HEAs mentioned earlier include BCC, FCC, HCP, Laves, B2, and IC, and MB, MC, MN, MO, and MSi formed by doping with non-metallic elements, as shown in Figure 7. Most single-phase Bio-HEAs are BCC structures, where the elements randomly occupy lattice positions and start BCC phases under the effect of high entropy. The atomic packing density of the BCC phase is 68%, smaller than that of the FCC phase (74%) and the HCP phase (74%). The spatial structure of the BCC phase structure has a higher gap, which makes it easier for small radius solute atoms to enter between the BCC lattice to form interstitial reinforcements, such as the non-metallic elements mentioned previously, without changing the phase structure. Dual solid solution phases Bio-HEAs involve BCC1+BCC2, BCC + HCP, BCC + FCC, BCC + Laves, BCC + B2, and BCC + TC, usually with the B2 phase or BCC phase as the matrix, and the second phase is induced in the alloy by composition adjustment or heat treatment. The multi-phase structure of Bio-HEAs still mainly uses a single-phase or a double phase as the dominant phase and the rest of the phases as the precipitating phases, which play a role in regulating the strength and ductility of Bio-HEAs. To date, there have been many studies on reconciling the strength and ductility of HEAs, including inducing transformation-induced plasticity (TRIP) by stressing (Radi et al., 2022), and creating specially tailored eutectic structures (Ostovari Moghaddam and Trofimov, 2021), introducing interstitially ordered oxygen complexes, and producing nanoscale precipitates or lamellar structures.
Even though Bio-HEAs have a large scope for compositional tuning, it is still difficult to design materials with both high strength and good ductility. At the same time, a large number of researchers have also worked on the strength-ductility conflict, for example, in the case of sacrificing a small amount of strength, the ductility can be greatly improved, or a certain ductility can be guaranteed so that the strength of the alloy is greatly enhanced. Various selectable alloying elements, sophisticated processing methods, and microstructure design allow Bio-HEAs to have more strength-ductility options to design specific alloys according to actual needs (Sheikh et al., 2016).
Elastic properties
Elastic properties characterize the reversible stress-strain of material when sufficient load is applied (Lv et al., 2022). These parameters are essential for analyzing complex mechanical properties (e.g., ductile-brittle behavior), and studying the elastic properties of Bio-HEAs is necessary because they open up an almost unlimited compositional space in material design. And as a new medical alloy material, elastic properties are also an essential factor in determining the application prospects of Bio-HEAs.
Metals and alloys have a long history of use as bone implants. Still, implants made of traditional medical metal material types are usually much harder than natural bone, leading to stress shielding effects, which is the primary factor in bone resorption and eventual failure of such implants (Wang et al., 2016). The stress shielding effect refers to the fact that when metal implants are aligned parallel to human bone, the modulus of the metal is often more than ten times that of the bone. The huge difference in modulus makes the stresses mainly borne by the alloy. At the same time, the human bone is left unstressed, or under less stress for a long period, bone regeneration is inhibited, and bone atrophy occurs, which leads to implant failure. The modulus of elasticity of human cortical bone (dense bone) is 3–30 Gpa, while the modulus of elasticity of bone trabeculae (cancellous bone) is even lower at 0.02–2 GPa (Wu et al., 2018). Most current metallic materials for implants have a much higher modulus than bone. For example, Ti-6Al-4V has a modulus of about 110 Gpa, while CoCrMo alloys have a modulus of 210 GPa (Che Ghani et al., 2020) and Table 3 shows the modulus of elasticity of various biomedical alloys compared to bone. Therefore, new materials with low Young’s modulus and other bone-adapted mechanical properties need to be developed to avoid stress shielding at the bone-implant interface.
TABLE 3 | Mechanical properties of human bone, traditional biomaterials, and Bio-HEAs.
[image: Table 3]A high-priority goal in designing new metallic materials for load-bearing implant applications is to reduce Young’s modulus in the major loading direction approximating that of cortical bone. In recent years, some biological HEAs and MEAs have been developed (Wang et al., 2017; Wang L. et al., 2018), and the elastic moduli of TiZrHf (HCP), TiZrNbHfTa (BCC), TiZrNbHf (BCC), and TiZrTaHf (BCC) alloys are 111, 103, 83, and 86GPa, respectively (Hu et al., 2021). The elastic modulus of these alloys is relatively low, about half that of CoCr alloys and stainless steel, which is closer to human bone and can effectively reduce the effect of stress shielding.
To further verify the advantages of elastic properties, in addition to the research on Young’s modulus, the current research on Bio-HEAs involves single-crystal elastic constant, polycrystalline elastic modulus, and Debye temperature (Huang and Vitos, 2022). The single-crystal elastic constant Cij describes the response of a material to an external load and can be determined from the stress-strain and or energy-strain relationships (Chanda et al., 2021). The single-crystal elastic constants and polycrystalline elastic moduli of Bio-HEAs can be studied experimentally (in situ neutron diffraction, tensile tests, and ultrasonic resonance frequency techniques) and computationally (first-principles calculations) (Diao et al., 2017). For Bio-HEAs cubic crystals, there are three fundamental, independent modes of elastic deformation, namely expansion due to hydrostatic stress, shearing along the cubic crystal axis on the cubic plane of the crystal, and the shear resulting from the plane rotated 45° about the cube axis from the cube face is sheared in a direction perpendicular to that axis. The single-crystal elastic constants describe the relationship between the measured h, k, and l-specific elastic lattice strains, using neutron diffraction and the macroscopic stresses applied to the polycrystalline HEA material. The polycrystalline elastic modulus is calculated by the Voigt–Reuss–Hill method based on the single-crystal elastic coefficients to obtain Young’s modulus E, bulk modulus B, shear modulus G, microhardness H, Poisson’s ratio υ, and Cauchy pressure of Bio-HEAs, and thus further evaluate the mechanical properties of Bio-HEAs such as strength, hardness, and elastic anisotropy.
The elastic anisotropy is related to the formation of microcracks in the material and impacts the mechanical durability of Bio-HEAs. The study of the elastic anisotropy of Bio-HEAs was examined theoretically and experimentally (Duesbery and Vitek, 1998; Fazakas et al., 2014; Tian et al., 2014; Dirras et al., 2016; Lilensten et al., 2018; Laplanche et al., 2019; Akdim et al., 2021; Raturi et al., 2022). Virtual crystal approximation (VCA), coherent potential approximation (CPA), and special quasi-random structure (SQS) simulations by calculating the BCC HEA with elastic stiffness constants (Fazakas et al., 2014; Tian et al., 2014). For example, Tian et al. (Tian et al., 2014) showed that molybdenum-containing alloys are almost isotropic compared to molybdenum-free alloys of the TiZrNbMoVx system. By studying the single-crystal elastic properties of 21 Bio-HEAs, as shown in Figure 17, Schonecher et al. (Schönecker et al., 2022) verified that the valence electron number has a dominant effect on the elastic anisotropy and crystal orientation of low Young’s modulus and high torsional modulus in HEAs, and discussed the potential of using single crystals or woven aggregates to reduce Young’s modulus in Bio-HEAs.
[image: Figure 17]FIGURE 17 | Higher single crystal elastic anisotropy for the present HEAs typically implies a lower minimum Young’s modulus. For comparison, the vertical yellow bars indicate the targeted Young’s modulus of cortical bone (Schönecker et al., 2022).
Wear resistance
When conventional biomedical alloys are implanted, friction and wear are usually accelerated due to the corrosive physiological environment, resulting in considerable corrosion and wear of the material, severely reducing the service period (Chiba et al., 2007). Therefore, biomedical metal implant alloys need excellent biocompatibility, high corrosion, and good wear resistance. However, due to the low wear resistance of Ti-based alloys, particle diseases resulting from the wear debris may occur when they are performing in physiological environments (Long and Rack, 1998; Geetha et al., 2009). Ti-Zr-Nb-based refractory HEAs typically exhibit a body-centered cubic (BCC) solid solution structure and thus have higher hardness, yield strength, and wear resistance than Ti-6Al-4V, making them highly resistant to plastic deformation and fracture under high loads.
The wear resistance of Bio-HEAs is the key to their service life (Moazzen et al., 2022; Zhang et al., 2022). Poulia et al. (Poulia et al., 2016) analyzed the influence mechanism of the solid solution phase on relative wear resistance. They found that MoTaWNbV high-entropy alloy with a single-phase BCC structure could effectively absorb the energy during wear due to the abundant slip system in the BCC structure of the alloy, the BCC structure of this alloy possesses more slip systems. However, MoTaNbZrTi high-entropy alloy with a dual-phase BCC + HCP structure will form an oxide on the surface during wear to lubricate the surface and improve wear resistance. Both alloys have higher wear resistance than conventional high-temperature alloys. Figure 18 shows the wear resistance of MoTaWNbV and MoTaNbZrTi alloys compared to conventional high temperature alloys. To further investigate the wear resistance of Bio-HEAs under physiological environments, some researchers used PBS solutions to test the wear resistance of TiZrHfNbFex HEAs under real service conditions (Wang W. et al., 2022). Figure 18 shows the fatigue wear of Bio-HEAs under applied load, where the deformed layer of the alloy surface is stripped off, and the exposed fresh metal surface reacts with the PBS solution and exhibits better resistance to wet wear than Ti-6Al-4V. In addition, the content of Fe elements was found to affect the wear mechanism of these Bio-HEAs, from abrasive and corrosive wear of Fe0 to Fe1 alloy to fatigue and corrosion wear of Fe1.5 and Fe2 alloys after sliding in PBS solution.
[image: Figure 18]FIGURE 18 | (A, B) Comparison of frictional properties of MoTaWNbV high entropy alloy and Inconel 718 conventional high-temperature alloy, using aluminum oxide and steel balls as counter body materials (Poulia et al., 2016). C–I SEM images of worn-scar surfaces of the Ti-Zr-Hf-Nb-Fex HEAs under PBS wet wear conditions (Wang et al., 2022c).
CONCLUSION AND OUTLOOK
In conclusion, Bio-HEAs have potential applications in the biomedical field but are still in the laboratory stage. The immature preparation process, high cost, and clinical experiments have not yet been realized, making it difficult for Bio-HEAs to be widely used. The design theory, mechanical properties, and biocompatibility of Bio-HEAs are summarized, and their future directions are partially discussed as follows:
(1). There are currently relatively systematic design theories for HEAs, including semi-empirical guidelines for characteristic quantities such as mixing entropy, valence electron concentration, atomic radius difference, mixing enthalpy, and electronegativity. However, a great deal of validation work is still required for Bio-HEAs to design novel alloys. A simulation is an essential approach for the composition design of Bio-HEAs to predict material properties from electronic and atomic scales. Combined with machine learning, it can significantly reduce the time and cost of designing Bio-HEAs with new compositions.
(2). The phase structure of Bio-HEAs is dominated by the single phase of BCC, and the second phases of multi-phase Bio-HEAs include FCC, HCP, Laves, B2, and IC phases. Still, not all of these precipitated phases exhibit beneficial effects on the alloy, and excessive doping will destroy the continuity of the matrix. It is necessary to verify the reinforcement mechanism of precipitated relative Bio-HEAs through continuous exploratory experiments to achieve the goal of multiphase synergistic reinforcement.
(3). In the biomedical field, the application trend of Bio-HEAs is biased towards metal implants, which requires rigorous experimental to demonstrate the biosafety and service life of Bio-HEAs, and the continuous efforts of several research teams.
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RGR (%) Grade RGR (%) Grade RGR (%) Grade
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Alloying Biocompatibility Corrosion resistance Mechanical performances References
elements
Al Ai is neurotoxic, it may cause Alzheimer’s It is beneficial for corrosion The addition of Al increases the strength and ~ Agarwal et al. 2016;
disease and damages muscle fibers resistance plasticity Mirza et al. 2017
Zn Zn is an essential trace element for human It makes the corrosion resistance  Zn mainly plays the role of solid solution  Tian et al. 2016;
body, with non-cytotoxic and good decreases with the increase of Zn  strengthening, and the strength increases  Becerra et al. 2020
biocompatibility content with the increase of Zn content
Mn Mn is an essential trace element for human It is beneficial for the corrosion It increases yield strength, and decreases Cho et al. 2017; Liu
body. However, it has been reported that Mn s resistance sle strength and clongation etal. 2021b
cytotoxic and neurotoxic
Ca Caisanimportant component of human bone, It makes the corrosion resistance It makes the strength increases and plasticity ~ Zhang et al. 2017b;
with non-cytotoxic reduces with increasing Ca reduces with increasing Ca content Mohamed et al. 2019
content
St Sris an important component of human bone, It makes the corrosion resistance It makes the strength increases with Dong et al. (2022a)
with non-cytotoxic. It can promote bone of Mg alloys reduces with increasing St conten.t
formation increasing Sr content
Zr Zr has good biocompatibility and bone It makes the corrosion resistance 1t makes the grains refine, strength and Agarwal et al. 2016;
bonding ability reduces with increasing Zr plasticity increase Zhou et al. 2020a
content
i Si is an essential trace element for human body It reduces the corrosion It produces coarse Mg;Si phase, increases Qi et al. (2019)
resistance strength and decreases plasticity
Li Li may cause malformation of human It reduces the corrosion ‘When the addition amount of Li exceeds Wu et al. 2017;
cardiovascular system resistance 5.5%, the microstructure changes, the Kumar et al. 2018
strength decreases and the plasticity increases
Nd Nd is cytotoxic at high concentration, while it It improves the corrosion It makes the new phases form, microstructure ~ Xie et al. (2021)
has good biosafety at low concentration resistance refine, mechanical performances improve
Y Y has good biocompatibility It improves the corrosion It increases the strength and plasticity Ren et al. 2017 Nie
resistance etal. 2021
Ce Ce is high cytotoxic It improves the corrosion It improves the strength and fatigue Amukarimi and
resistance, while more amount  resistance Mozafari (2021)
reduces corrosion resistance
La La is higher cytotoxic It improves the corrosion It improves the strength and creep resistance  Ding et al. (2014)
resistance
Er Er is cytotoxic It improves the corrosion It improves strength and plasticity Zhang et al. 2010;
resistance Zhang et al. 20122
Gd Gd is cytotoxic It improves corrosion resistance, It improves strength due to solid solution Chen et al. (2019b)

which decreases when Gd
content is high

strengthening
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Disadvantages
Low mechanical
properties

High degradation rate

Hydrogen (H,)

Description

Implants generally need to be able to withstand a certain load and deformation. At present, it is difficult for most Mg
alloys to meet clinical needs in both strength and plasticity

It is casy to cause premature loss of mechanical integrity and support of implants, which restricts its application in
clinical treatment, especially in orthopedic load-bearing parts

H; released during Mg degradation accumulates in the surrounding soft tissue

References

Seetharaman etal. (2022)

Ding, (2016)

Razavi and Huang,
(2019)





OPS/images/fbioe-10-953344/fbioe-10-953344-t001.jpg
Advantages

Low density and elastic
modulus

High specific strength
Machinability

Stress shielding effect
Biocompatibility

Degradability

Description
Density and elastic modulus are similar to those of cortical bone

The strength to weight ratio is approximately 35-260 kNm/kg

Mg has excellent machinability, is easy to achieve stable dimensions and can be easily processed into
complex shapes

The elastic modulus of Mg is very close to that of bone, many problems associated with implant stress
shielding can be greatly reduced

Mg is biocompatible and has been shown to have osteogenic functions

Mg eventually degrade completely in the body, which is beneficial to the patient

References

Sezer et al. (2018)

Seetharaman et al. (2022)
Kirkland et al. (2011)

Seetharaman et al. (2022)
Amukarimi and Mozafari,

(2021)
Kumar et al. (2018)
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Classification

Materials

Young's modulus
(GPa)

oy, (MPa)

Phase

o/ p
(MPa*em™g™)

Ref

Human bone

Cortical bone

Cancellous bone

Traditional biomaterials  Co-Cr alloys

Bio-HEAs

Stainless stecl
Pure Ti

Ti-6Al-4V/

Mg alloys

Hfy 2Nby5:Tay 51 Tio.soZros
Hfy Moy sNbTiZr

HfMog ,sNbTaTiZr

HfMoy sNbTaTiZr
HEMONbTaTiZr
HfMoNbTiZr
HfNbTaTiZr

Moy NbTiViyZr
MoNbTaTiw
MoNbTaVW

MoNbTaW
MoNbTiVyZr

MoTaTiV/

NbTaTiv

NbTIVZr

15-30
0.01-1.57
210-253
210-253
110

116
30-50
1250
123.1
121.0
1319
147.0
1392
1106
106
2294
2318
257.8
1529
189.8
1338
1043

30-70
4-12
448-1,606
221-1213
485
896-1,034
100-235
822

1,150
1112
1,260
1,512
1,575
1,073

932

1,455
1,246

996

1750
1,221

965

1,104

BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC
BCC

79.1

149.4
122
140.4
1521
1813
108.4
1412
1238
100.7
729

2412
1274
1052
1709

Wu et al. (2018)

Uppal et al. (2022)
Moghadasi et al. (2022)
Moghadasi et al. (2022)
Moghadasi et al. (2022)
Moghadasi et al. (2022)
Moghadasi et al. (2022)
Feuerbacher et al. (2015)
Guo et al. (2016)

Juan et al. (2016)

Liu et al. (2017)

Juan et al. (2015)

Guo et al. (2015)

Lin et al. (2015)
Huang et al. (2017)
Han et al. (2018)
Senkov et al. (2011)
Han et al. (2018)
Zhang et al. (2012)
Qiao et al. (2017)

Qiao et al. (2017)

Wu et al. (2015)

(Where o, is the yi

1d strength, 6,/ p represents the specil

strength of the Bio-HEAs).
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