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Abstract

:

A new type of Mg-based metallic glass has attracted extensive attention due to its excellent corrosion resistance and favorable biocompatibility. In this study, an amorphous/crystalline composite Mg-RE alloy sheet was prepared by a vertical type twin roll caster (VTRC) method, and its microstructure was characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), and electron probe micro-analysis (EPMA) and transmission electron microscopy (TEM); furthermore, the corrosion behaviors of the Mg-RE alloy sheet were investigated in PBS solution using electrochemical techniques and immersion testing in a simulated physiological condition. Furthermore, it was implanted into the femur of rats to explore its prospect as biological transplantation material. Its microscopic characterization experiments show that the crystal structure is crystalline phase containing amorphous phase. Electrochemical experiments and immersion testing both showed that Mg-RE(La,Ce) sheet with VTRC has a better corrosion resistance than master alloy, and a uniform corrosion layer on the surface. In vivo, as an implant material, tests show that Mg-RE alloy sheets have better biocompatibility and induce new bone formation, and they can be expected to be utilized as implant materials in the future.
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1. Introduction


Metallic glasses present excellent mechanical and chemical properties that are distinctive among solid metals, and are becoming a research hotspot for current studies in the field of metallic materials [1]. In the field of biological health, biomaterials are developing rapidly and improving people’s life quality. Among biomaterials, bioinert metals have been found to be mainly used in cardiovascular scaffolds, orthopedics and dental implants [2,3,4]. However, the characteristics of these crystalline alloys, instance of high elastic modulus, relative low abrasion resistance, and stress corrosion cracking lead to bone stress shielding. Compared with traditional crystalline metals, metallic glass has an amorphous structure, higher strength, lower Young’s modulus, better wear resistance, higher corrosion resistance, and anti-fatigue performance for some Ti-, Zr-, Fe-base systems [5,6]. Over the course of the decades, many metallic glassy alloys have been developed using a wide range of components, including Pd-, Pt-, Zr-, Mg-, Ti-, Co-, and Au-base systems. Among the various different compositions of metallic glasses, Mg-based metallic glass has been widely studied for biomedical applications.



Many amorphization techniques have been developed for metallic glasses, including gun and splat quenching [7], melt spinning [8], high-pressure die casting [9,10], copper mold casting [11], and twin roll casting (TRC). TRC has the advantages of a shorter production cycle, low production cost and lower capital investment compared with conventional techniques [12]. In 1970, following Duvez’s seminal discoveries, Chen and Miller developed a TRC technique for producing metastable uniform sheets [13]. Until now, the technique for producing metallic glass strips has been almost solely confined to laboratory-scale research [14,15,16,17,18,19,20].



Previous studies have shown that TRC is a useful technique for preparing amorphous alloy sheets with an extensive cooling speed. However, the major research until now has been based on horizontal double roll casters. It is turns out that the heat transfer efficiency of vertical-type twin roll casting (VTRC) is higher than that of horizontal double roll casting (HTRC), and the cooling speed of VTRC is higher [21,22]. The rapid cooling speed of the alloy during the TRC process is beneficial for reducing segregation, achieving higher uniformity and expanded solid solubility, refining the microstructure characteristics [23]. It enables better utilization to be made of a variety of transition elements that have limited solid solubilities in magnesium alloy, to improve mechanical and chemical properties [24]. As mentioned above, heat transfer VTRC is more effective method for continuous production of magnesium alloy sheet than HTRC, and the VTRC process enables achieve a wide range of variable casting speed [25], as a result, the processability and application performance of the products are improved.



However, studies of the rapid casting speed of Mg alloy sheets produced by rapid solidification technology using TRC are rare. In this study, based on the VTRC process, the Mg-RE (RE—rare-earth elements) sheets were produced on a vertical twin roll caster and then were annealed. The microstructure of the Mg-RE sheets was investigated. The corrosion behavior properties were studied. Through this study, we expect to the Mg-RE sheet with a special organizational structure to be potential biodegradable material. Meanwhile, it was implanted into the femur of rat to explore its prospect as biological transplantation material.




2. Materials and Methods


Ingots of Mg-RE alloy were prepared by induction melting the mixture of industrial AZ31, Mg-10%La and Mg-20%Ce (wt%) master alloys in an induction furnace at 993 K for 30 min under the protection of high-purity argon. The chemical compositions of the ingots were measured by X-ray fluorescence spectrometry, and the results are listed in Table 1. Figure 1 is a schematic diagram of the manufacturing process for magnesium alloy sheets. The Mg-based sheets were prepared by VTRC. The roll, which had a diameter of 300 mm and a width of 100 mm, was made from a copper alloy. Twin roll casting experiments were carried out under casting conditions with a casting speed of 10 m/min and a pouring temperature 973 K. Because the casting produces separation force during the casting process, the metal block was set at the side of the moving roller to form a supporting force in order to minimize the gap between the rollers as much as possible during the casting process. Afterward, the melt of magnesium alloy flowed through a nozzle to a position between running rolls. The initial roll gap was set to 0 mm. An oil tank was set under the roll and the Mg-RE alloy sheet was completely submerged in the tank when the casting process was completed to prevent further grain growth. The final thickness of the sheets between 0.5 mm and 1.1 mm and the width of the strip rang is 25 mm to 50 mm.



From the Mg-RE master ingots and the as-extruded Mg-RE sheets, samples with a dimension of 10 × 10 × 1 mm3 were firstly grounded with SiC papers to1200 grid, and then by diamond pastes down to #0.25 μm grade. The microstructures of the polished surfaces were observed using a field emission scanning electron microscope (FE-SEM, JMS-6301, Tokyo, Japan) and the elements distribution maps were observed by electron probe micro-analysis (EPMA, JXA-8530F, Tokyo, Japan). The alloy phases were obtained by an X-ray diffractometer (XRD, D/Max 2500 PC, Tokyo, Japan). For TEM (HF-3300, Tokyo, Japan) analysis, the focused ion beam (FIB, JIB-4500, Tokyo, Japan) was used for preparation. During the original work of sample preparation, the alloy sheet was cut into 10 mm2 square shapes, and the thinned section thickness was about 60 μm. Square metal sheets with an area of 1.5 mm2 were cut off from the as-cast sheet and stuck together on a Mo grid with some resin glue, and then the sample was further cut with FIB to obtain the ultimate sample thickness of 0.1 μm.



The corrosion behaviors of the alloys were studied by potentiodynamic polarization (HZ700, Tokyo, Japan) and electrochemical impedance spectroscopy (Modulab XM, Tokyo, Japan), using a three-electrode cell comprising an auxiliary electrode of platinum counter, a reference electrode of Ag/AgCl electrode, and a working of the samples. The exposure area was 1 cm2. After immersion for 0.5 h, electrochemical impedance tests were operated at the open circuit potential with signal amplitude of 10 mV over a frequency varying between 100,000 Hz and 0.01 Hz. After immersion for 1 h, potentiodynamic polarization was performed at a scanning rate of 1 mV/s. All electrochemical tests were conducted in PBS (phosphate buffer saline) solution at 310 K. A triplicate electrochemical test was carried out to ensure the reproducibility of the results. For immersion tests, for each sample, only one side of 1 cm2 was exposed. Then, the samples were immersed in PBS solution at 310 K for 30 days. After immersion, the section corrosion morphologies were observed by SEM. The concentration of metal ions in the solutions were analyzed by Inductively Coupled Plasma (ICP) (ICPS-7000 Sequential Plasma Spectrometer, Tokyo, Japan).



All animal experiments were approved by the University of Saitama Institute of Technology Animal Care and Use Committee (Grant NO. 2019-5). The project recognition date is 20 May 2019. 5 white rats (12 weeks of age, 0.36 ± 0.02 kg) from Tokyo University Institute of medicine were used in this study. Rats were anesthetized with isofluane and the right thighs were shaving and disinfected. The skin and muscle of thighs were carefully retracted to expose the femurs. Single screw fixation was used in this implantation experiment. Sheets were 22 × 4.8 mm2 with a thickness of 1 mm. Screws were 5 mm in length, with an outer shaft diameter of 1.75 mm and shaft inner diameter of 1 mm. Animals were monitored daily for general behavior, movement, and food and water intake. High resolution microCT (R.mCT2, Rigaku, Tokyo, Japan) was used to assess Mg-RE sheets degradation and new bone formation.




3. Results and Discussion


3.1. Microstructure Characteristic


Figure 2 reveals the surface morphologies and EDS analyses of the as-cast Mg-RE alloy ingot. It can be seen from Figure 2a that acicular intermetallic compounds crystallize in the Mg-RE alloy ingots. Figure 2b presents the combined EDS results, and the acicular compound crystallization in the red rectangle contains higher contents of Ce elements. Figure 3a presents the microstructure of the Mg-RE alloy sheet at a thickness of ~1.1 mm and a width of ~50 mm obtained at the casting speed of 30 m/min, in which the microstructure of the Mg-RE alloy sheet is characterized by dendrites of fine grains and a closely spaced secondary dendrite axis. Apart from that, as shown by the red rectangular area in Figure 3a, it can be seen that there are portions where no appreciable crystalline features can be observed. Figure 3c shows the XRD patterns of the studied alloys. It can be concluded that the as-cast Mg-RE alloy sheets (Figure 3a) consisted mainly of α-Mg, La-Al and Ce-Al, and it is worth noting that a broad peak appears at the angle of 20°~30°, indicating that the sample may contain both crystalline and amorphous phases.



The crystallite size of each detected phase in Figure 3c could be calculated using the Scherrer equation, which is expressed by Dhkl = Kλ/Bhkl cosθ [26], where Dhkl is the grain size perpendicular to the lattice planes, hkl are the Miller index of the planes being analyzed, K is a constant numerical factor called the crystallite-shape factor, λ is the wavelengths of the X-rays, Bhkl is the width of the X-ray diffraction peak in radians and θ is the Bragg angle. The calculated results are listed in Table 2. It turns out that the grain sizes of the detected phase are very fine. However, the X-ray tube on the line focus side is unsuitable for analyzing such a specific area without crystals, as shown in Figure 3a, as the line focus range is 0.1~0.2 mm wide and 8~12 mm long [27]. To solve these problems, the structure of the areas without crystals was analyzed by means of micro area X-ray diffraction. In the current operation, a collimator that was 0.03 mm in diameter was situated at the point focus side of the X-ray tube. Therefore, very small specific areas could be analyzed without reflecting unnecessary regional structural information. Figure 3d displays the μ-XRD of the areas without crystals of the Mg-RE sheet. The amorphous structure was determined by a peak that does not correspond to any sharp crystalline peak. As shown in Figure 3b and Table 2, very fine grains and dendrites with closely spaced secondary dendrite axes can be found around a large amorphous region.



Figure 4 shows the solute element distribution of Mg-RE with TRC. It can be seen that Mg elements are evenly distributed along the matrix, while Al/Ce/La are concentrated in amorphous areas. In addition, Al, Ce, La element segregation exists between crystal phase and the amorphous region. Meanwhile, the grain boundary is prone to segregation, because the relative atomic radius difference (ARDMg) between Mg and other elements is more than 10% [28], as shown in Table 1. It can also be found that Al, Ce and La elements are enriched in the amorphous phase region, which may be related to the fact that the alloy is prone to producing very stable Al-RE compounds under the solidification condition of low cooling rate. Figure 5 presents the values of enthalpy of mixing (∆  H  [ A B ]   m i x   ) calculated by Miedma’s model for atomic pairs between major elements of Mg-RE sheet samples, in which the enthalpy of mixing between Mg-Al, Mg-La and Mg-Ce are −2 KJ/mol, −7 KJ/mol and −7 KJ/mol, respectively, while the enthalpy of mixing between Al-La and Al-Ce are −38 KJ/mol, which is greater than that between Mg and other major elements [29]. The design of Mg-RE alloy conforms to the three rules summarized by Inoue et al. [30] for the glass forming ability (GFA) of alloys: first, a multi-component system consisting of more than three major elements; second, the difference in atomic size between major elements is large (greater than 10%), and in line with the relationship of large, medium and small; third, the mixed heat between the main elements is a suitable negative value. In other words, Mg-RE alloy has good glass-forming ability.



To ascertain the amorphous phase structure, many initial specimens were prepared using the FIB technique, and TEM observation was further performed. Figure 6c shows that the first step of TEM sample preparation is to find the amorphous phase on the surface of the sample in the SEM diagram, and then cut the specific phase area with FIB technology which make the cutting area length was 30~60 μm. Figure 6a presents the cross section of the sample is sliced by FIB technique. Since part of the sample was cut with FIB on the surface, it is easy to find the section position to be cut. The sample was cut into steps, originally, and a slice thickness of 0.1 μm was ultimately prepared, as shown in Figure 6b. Figure 6d presents the TEM image and selected area diffraction pattern (SADP) of the amorphous phase, in which amorphous circular halos are not distinctly visible, and a poor crystallinity is shown, although few spots of electron diffraction exist. This may be due to the small size of the amorphous phase in the current TEM sample or the slight oxidation of the Mg-RE alloy sheet after cutting by FIB technology.




3.2. Electrochemical Measurements


Figure 7 shows the electrochemical behaviors of the prepared Mg-RE alloy ingot sample and the sheet with TRC sample in PBS solution at 310 K. In addition, the fitting results are summarized in Table 3. As stated above, after the two-roll casting process, the Mg-RE alloy sheet presented a more positive potential (−1.08 VAg/AgCl), with comparable potentials to the Mg-RE alloy ingot (−1.37 VAg/AgCl). Based on electrochemical theory, in the process of electrode reaction, the ions in the solution were mainly in charge of conveying the transformation to the surface of the electrode. In the cathode area, the Mg-RE alloy dissolves into metal cation. Because the metal cation ion concentration is too high, the charge exchange process cannot be carried out as soon as possible. The cloud of ions blocks the electrodes’ ability to charge, which is called polarization resistance (Rp). In general, the larger the Rp of the metal materials, the larger the ion cloud on the electrode surface, thus preventing charge exchange. The corrosion potential (Ecorr) of the samples is mainly determined by the relative size between anode and cathode reaction rates, which reflects the reaction trend [31]. Furthermore, the corrosion current density (Icorr) shows a decreasing trend: Mg-RE sheet with TRC sample (1.51 × 10−4 μA) < Mg-RE ingot sample (1.74 × 10−3 μA). Lower Icorr indicates better corrosion resistance. Therefore, it is demonstrated that the Mg-RE sheet sample with TRC possesses a higher corrosion potential, a smaller current density, and a better corrosion resistance. Due to the influence of part of the amorphous phase being formed in the Mg-RE alloy after rapid cooling solidification by two-roll casting, the corrosion resistance was enhanced.



The electrochemical impedance data were determined for the corrosion potential in PBS and presented in Nyquist plots (Figure 7b, and Bode plots (Figure 7c). The equivalent circuit for electrochemical impedance is shown in Figure 7b. Rs, Rt, and Rf represent the solution resistance between the reference electrode and the working alloy sample, the resistance of charge transfer and the resistance of the corrosion product layer on the surface of the sample, respectively. Additionally, CPE1 and CPE2 illustrate the capacitance of the corrosion product layers and charge separation at the positions where hydrogen evolution increases. In the Nyquist plots shown in Figure 7b, the magnitude of the radius curvature has different values, showing a decreasing trend: Mg-RE ingot sample < Mg-RE sheet with TRC sample, which is also illustrated by the decreasing impedance modulus trend of the Mg-RE alloys in the curves in Figure 7c. It is well known that the size of the Nyquist curve is an important parameter that reflects corrosion resistance. That is to say, better corrosion resistance and behavior of the metal and alloy matrix is related to higher |Z| modulus at lower frequency, which is inversely proportional to the corrosion rate of the alloy. The Bode phase plot is shown in Figure 6d, and it can be found that the phase angles corresponding to high frequency are in a decreasing order as follows: Mg-RE sheet with TRC sample > Mg-RE ingot sample, which could be attributed to the protective properties of the surface film layers.




3.3. Immersion Test


Figure 8 presents the cross-sectional SEM micrographs of corrosion morphology of the Mg-RE alloy ingot sample and the sheet with the TRC sample in PBS solution at 310 K for 10 days. It can be observed from Figure 8a that the corrosion layer covered the Mg-RE ingot sample surface, which extended to the inside of the matrix with crack features. In addition, the maximum length of the corrosion cracks extending to the interior of the matrix was 30 μm, and they were distributed unevenly along the cross section of the Mg-RE ingot sample. The improved corrosion-resistance properties of the Mg-RE alloy with TRC are reflected in Figure 8b, in that the corrosion layer is thinner and more uniform. The results of the energy spectrum analysis indicate that the content of elements in different location of Mg-RE alloy ingot is dissimilar, which is mainly connected with the corrosion behavior of the alloy in PBS solution. The mechanism of corrosion analysis is as described below.



The multiple layers of Mg-RE alloy ingot primarily consisted of C, O, Mg, Al, Ce and other elements during the immersion test in PBS solution. Mg transformed into the stable Mg2+ ion in the initial stages. Meanwhile, the cathodic reaction occurred on account of the galvanic corrosion between the matrix and the secondary phase, accompanied by the hydrogen evolution [32]. The cathode reaction formed a heterogeneous thin porous layer which was predominantly magnesium hydrate on the surface of the Mg-RE alloy. This prevented contact of the solution and the substrate, resulting in a decrease in the corrosion rate [33]. Moreover, the chloride ions in the PBS solution were able to easily penetrate the membrane and react with the magnesium hydrate compounds. Therefore, magnesium hydrate compounds were converted into magnesium chloride compounds, which are more likely to dissolve into magnesium ions and chloride ions [34]. The dissolution of the compound leads to a decrease in the magnesium hydrated compounds around the protective layer, leading to further dissolution of the matrix.



Magnesium hydrated films constituted on the surface of magnesium are generally referred to as crystals. Previous studies have found that the composition and structure of magnesium and magnesium alloy surface films can be changed using a rapid solidification process. The conversion of magnesium hydrated films from a crystal form into an amorphous film structure improves the corrosion resistance. Amorphous films have better protection than crystalline films, and films without grain boundaries are better able to resist ion motion than crystalline films [35]. The Mg-RE alloy sheet obtained by the TRC process has a unique structure due to its crystal structure surrounding the amorphous structure, which may be the reason for the improvement of the corrosion resistance of the magnesium hydrated film.



Figure 9 presents the Mg, Al, Ce and La metallic ion concentrations of the solution for (a) the Mg-RE alloy ingot sample and (b) the sheet with the TRC sample at day 10, day 20 and day 30 under immersion testing in PBS solution at a temperature of 310 K. Specifically, both alloys showed a general trend of increasing Mg ion concentration in the PBS solution with increasing immersion time from day 10, day 20 and day 30. In contrast, for Al ion concentration, both alloys showed a decreasing trend. Generally, the Mg-RE alloy ingot sample showed greater average Mg and Al ion concentration in the PBS solution at each time point—day 10, day 20 and day 30. From day 10 to day 20 after immersion, the magnesium ion concentration for the sheet sample was obviously less than the ingot sample after 10, 20 and 30 days. This may be caused by the rapid corrosion of alloys in the initial corrosion stage and then the beginning of passivation to slow down the corrosion. The decrease of aluminum in the corrosive solution may have resulted from the formation of corrosion products on the surface of the sample.



Figure 9a,b also shows that throughout the entire 30 day culture period, the Mg-RE with TRC sample group showed significantly lower release rates of Ce and La ions than the Mg-RE alloy ingot sample, and the group showed a general trend of increasing Ce and La ion concentration with increasing immersion time, but no significant change for the Mg-RE with TRC sample group. Overall, the content of metallic ions concentrations in the corrosion solution of the Mg-RE alloy sheet produced by rapid solidification TRC method less than that of Mg-RE alloy ingot sample within the same amount of immersion time. Which is probably induced by the special microstructure formed under rapid cooling and exhibits an improved corrosion resistance.




3.4. In Vivo Implantation


The Mg-RE sheet with TRC samples was successfully inserted into the subcutaneous tissue of the rat thigh and attached to the femur with an AZ31 screw during surgery, despite the slight mismatches between the Mg-RE sheet and femur owing to manual surgical placement and the fact that there is only one screw to fix the femur and alloy sheet. Slight skin swelling was observed in the hind limbs of the rats during the visual examination of the rats during the study period. The bulge disappeared after a few days.



Figure 10 reveals the surface volume of the degrading Mg-RE alloy sheet and bone growth changes, depicted using MicroCT 3D rendering after various implantation times. As can be seen from Figure 10a,c, two weeks after surgery, no new bone production was found around the Mg-RE alloy sheet and femur, and the screw between them was clearly visible. There are no obvious corrosion pits on the surface of magnesium alloy sheet. Figure 10b,d, six weeks after the surgery, new bone was formed between the Mg-RE alloy sheet and the femur. Figure 10e presents on the cross section of the bone–alloy joint, the new bone is generated and surrounds the original femur. The sheets are attached to the femur by new bone, which appears to be relatively stable in living organisms. In the red area shown in Figure 10, corrosion pits began to appear on the surface of magnesium alloy sheet after six weeks of surgery. This indicates that the films with improved corrosion resistance of Mg-RE alloy sheet began to degrade in vivo after 6 weeks.



Mg-RE sheet degradation and femoral change were assessed by volume quantification in MicroCT 3D rendering separately as shown in Figure 11. Before surgery, the volume of self-made Mg-RE alloy bone sheet was 94.79 mm3. The Mg-RE sheet corroded, resulting in 9.32 ± 0.86 mm3 volume loss after 6 weeks. With regard to the changes in the femur, the volume of the femur did not change significantly during the two weeks following the surgery. In fact, for some time after the surgery, the rat lost significantly more weight, the reason for this being that it took some time for the body to adapt the a foreign body. After about five days, the rats returned to their normal mental state and began to eat normally. By 6 weeks, as new bone had formed between the sheet and the femur, a noticeable change in bone volume was observed from 2 to 6 weeks. The rat showed no abnormal physical or physiological responses during subsequent breeding.



Uniquely, magnesium alloy application has the potential to enhance bone formation. Several previous studies have shown that the potential performance, presenting increased bone mass, mineral apposition, and bone mineral density around magnesium alloy implants in bone [36,37,38,39]. In our present study, new bone appears in the area where the femur contacts the alloy sheet, which confirmed our findings that the Mg-RE alloy with TRC degradation can lead to the promotion of bone formation. The new bone formation is not common in absorbable polymers or permanent metal devices, thus emphasizing the unique advantages of magnesium fixtures. In this way, the degraded fixture will be gradually replaced in the future.





4. Conclusions


	(1)

	
The Mg-RE alloy sheet was prepared using a vertical-type twin-roll caster method. Its microscopic characterization experiments show that the crystal structure is crystalline phase containing amorphous phase.




	(2)

	
EPMA experiments show that Al, La and Ce elements are enriched in the amorphous phase region and the grain boundary region. However, Mg is evenly distributed throughout the microscopic region. This shows that segregation is more likely to affect Al, La and Ce elements.




	(3)

	
Electrochemical tests and immersion test results revealed that Mg-RE sheet with TRC has a better corrosion resistance than master alloy, and a uniform corrosion layer on the surface.




	(4)

	
In vivo, as an implant material, the tests show that Mg-RE alloys sheets were safe with respect to rat physical fitness and induced new bone formation; thus, they were promising for utilization as implant materials in the future.
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Figure 1. Schematic diagram of the manufacturing process for magnesium alloy sheets. 






Figure 1. Schematic diagram of the manufacturing process for magnesium alloy sheets.



[image: Metals 09 01075 g001]







[image: Metals 09 01075 g002 550] 





Figure 2. SEM morphologies (a) and the precipitation by EDS analysis (b) of as-cast Mg-RE alloy ingot. 
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Figure 3. The SEM micrographs and X-ray diffractometry (XRD) patterns of as-cast Mg-RE sheet: (a,c) SEM micrographs and XRD of the Mg-RE sheets. (b,d) SEM micrograph and μ-XRD of local amorphous region. 
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Figure 4. The major element distribution of the Mg-RE alloy sheet with TRC samples. 
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Figure 5. The values of ∆  H  [ A B ]   m i x    (KJ/mol) calculated by Miedma’s model for atomic pairs between major elements of Mg-RE sheet samples. 
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Figure 6. (a,b) TEM specimen by FIB technique of Mg-RE sheet with TRC; (c) SEM and FIB processing area on the Mg-RE sheet surface; (d) TEM image and high-resolution morphology. 
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Figure 7. Electrochemical behaviors of the Mg-RE alloy ingot sample and the sheet with TRC sample in PBS solution: (a) polarization curves; (b) equivalent circuit and Nyquist plots of the real part Z′ vs. the imaginary part Z″; (c) Bode plots of |Z| vs. frequency; and (d) Bode plots of phase angle vs. frequency. 
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Figure 8. Cross-sectional SEM micrographs of corrosion morphology of (a) the Mg-RE alloy ingot sample and (b) the sheet with TRC sample in the PBS solution at 310 K for 10 days. 
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Figure 9. Metallic ion concentrations of the PBS solution at 310 K with (a) Mg-RE alloy ingot sample and (b) sheet with TRC sample at day 10, day 20 and day 30 under immersion testing. 
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Figure 10. Determination of the volume of the degrading Mg-RE alloy sheet and bone growth changes, depicted in MicroCT 3D rendering after implantation times of 2 weeks (a,c) and 6 weeks (b,d). A cross section slice of femoral-sheet contact area observed after 6 weeks (e) shows that the new bone (Nb is represented in green) was formed between the Mg-RE alloy sheet (S) and the original bone (Ob is represented in blue). 
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Figure 11. Mg-RE sheet degradation after 6 weeks was estimated by the volume of quantification. This shows a sheet volume loss of 9.32 ± 0.86 mm3 after 6 weeks. MicroCT 3D rendering after 2 weeks shows there was no obvious change in bone growth around the degrading Mg-RE sheet. By 6 weeks, as new bone formed between the sheet and the bone, a notable change in bone volume was observed from 2 to 6 weeks. 
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Table 1. Composition and the atomic radius of the Mg-RE alloy (atomic radius difference between Mg (Al) and other elements is symbolized by ARDMg (ARDAl).
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	Elements
	Mg
	Al
	Si
	Mn
	Cu
	Fe
	Zn
	La
	Ce





	at%
	95.253
	3.460
	0.145
	0.132
	0.040
	0.041
	0.053
	0.297
	0.579



	wt%
	90.770
	3.660
	0.160
	0.284
	0.101
	0.090
	0.136
	1.618
	3.181



	Radius/nm
	0.160
	0.143
	0.134
	0.132
	0.128
	0.126
	0.139
	0.187
	0.182



	ARDMg/%
	-
	10.63
	16.25
	17.50
	20.00
	21.25
	13.13
	16.87
	13.75



	ARDAl/%
	11.88
	-
	6.29
	7.69
	10.50
	11.88
	2.78
	30.77
	27.27
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Table 2. Crystallite sizes of the Mg-RE alloy sheet, calculated by Scherrer equation.
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	(hkl)
	(100)
	(002)
	(101)
	(102)
	(110)
	(103)





	Dhkl/nm
	5.1
	14.2
	7.8
	10.6
	16.6
	17.9
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Table 3. Result of the electrochemical polarization tests in PBS solution.
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	Sample
	Ecorr

(V)
	Icorr

(μA)
	Rs

(Ω·cm−2)
	Rf

(Ω·cm−2)
	CPE1

(F)
	CPE2

(F)
	Rt

(Ω·cm−2)
	Rp

(Ω·cm−2)





	Ingot
	−1.37
	1.74 × 10−3
	50.73
	22.72
	7.1 × 10−5
	2.60 × 10−2
	528.37
	410.12



	Sheet
	−1.08
	1.51 × 10−4
	56.61
	216.18
	4.03 × 10−6
	1.57 × 10−4
	4655.12
	4920.25
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