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MgZnCa amorphous matrix-based composites whereby reinforcing the matrix with suitable reinforcements to achieve enhanced mechanical, biomedical and anti-corrosion properties have been studied here. Here, MgZnCa-based composites have been developed with different amounts (0-25%wt) of yttria-stabilized zirconia (YSZ) reinforcement phase. The aim is to understand the corrosion behaviors of YSZ-reinforced MgZnCa-based composites in physiological saline solution. It is found that the incorporation of YSZ into amorphous MgZnCa matrix can cause crystallization of the amorphous matrix. The higher the YSZ introduced, the higher the degree of crystallization, and a fully crystalline matrix is obtained at a YSZ concentration of 25%. Electrochemical testing and ion release measurements, revealed that the composite with 8%YSZ possesses the smallest corrosion current density and the least ion release rate. Surface morphology analysis indicates a much stronger anti-corrosion ability of 8%YSZ-reinforced MgZnCa composite.

Introduction

Magnesium alloys have found growing uses in a variety of industries, e.g. handphone, automotive, and aerospace. The growing importance has been due to their low density and high strength/weight ratio [START_REF] Friedrich | Magnesium Technology: Metallurgy, Design data, Applications[END_REF]. However, magnesium and its alloys have also received a poor reputation for their corrosion resistance for many years, especially in chloride ion-containing environments [START_REF] Song | Corrosion behavior of AZ21, AZ501 and AZ91 in sodium chloride[END_REF][START_REF] Inoue | Corrosion rate of magnesium and its alloys in buffered chloride solutions[END_REF]. Yet, this intrinsic characteristic has spurred recent research on developing Mg-alloys as a novel material for biodegradable implants (e.g. stents). As the fourth most plentiful cation in human body, around 20-28 grams of magnesium is stored in the body, and a mean daily intake of magnesium is recommended as ~380 mg/day for adults [START_REF] Britton | Dietary magnesium, lung function, wheezing, and airway hyper-reactivity in a random adult population sample[END_REF][START_REF] Peuster | Are resorbable implants about to become reality?[END_REF]. Moreover, redundant magnesium ions would not cause any adverse effect since they would be excreted in the urine [START_REF] Song | Control of biodegradation of biocompatible magnesium alloys[END_REF]. The attractiveness is that Mg alloy-based implants would eventually be degraded and absorbed by human body after fulfilling their functions. Such biodegradable implants would thus reduce or overcome the problems caused by permanent implants, such as mismatches between surrounding tissues and implant [START_REF] Nagels | Stress shielding and bone resorption in shoulder arthroplasty[END_REF], or outbreaks of physical irritation, and chronic inflammation [START_REF] Steinemann | Metal implants and surface reactions[END_REF]. The implementation of biodegradable stents also removes the need for additional surgical interventions to remove the implants [START_REF] Pietak | Bone-like matrix formation on magnesium and magnesium alloys[END_REF][START_REF] Drachman | Inflammation as a mechanism and therapeutic target for in-stent restenosis[END_REF].

The recently developed MgZnCa alloy system is considered to be the most suitable Mg alloy as biomedical implants due to the fully biocompatible alloying elements [START_REF] Gao | Fabrication and characterization of rod-like nano-hydroxyapatite on MAO coating supported on Mg-Zn-Ca alloy[END_REF]. However, the fast degradation rate has restricted its further applications. Recently, the development of metallic glass fabrication techniques provides an effective alternative for MgZnCa alloy to improve their corrosion resistance. The reason was attributed to their chemically homogeneous structure and the absence of grain boundaries, second phases and segregations. Successful development of MgZnCa metallic glasses in both rods and ribbon has been well documented [START_REF] Wang | In vitro corrosion behaviors of Mg67Zn28Ca5 alloy: From amorphous to crystalline[END_REF][START_REF] Gu | Mg-Zn-Ca metallic glasses with high strength and significant ductility[END_REF]. Apart from the significant improvements of mechanical properties (except the ductility), a higher in vitro cell viability was observed for L929 and MG63 cell lines cultured on amorphous Mg 66 Zn 30 Ca 4 and Mg 70 Zn 25 Ca 5 alloys [START_REF] Gu | Corrosion of, and cellular responses to Mg-Zn-Ca bulk metallic glasses[END_REF]. Further animal trials reported by Zberg et al [START_REF] Zberg | MgZnCa glasses without clinically observable hydrogen evolution for biodegradable implants[END_REF] clearly revealed that glassy Mg 60+x Zn 35-x Ca 5 (0 ≤ x ≤ 7) alloys showed a great reduction in hydrogen generation and possess the same good tissue compatibility as crystalline Mg implants. However, the lack of plasticity of metallic glasses makes them too brittle to be used. The most common ways of improving plasticity in metallic glasses is adding second phase particles to the alloy matrix [START_REF] Jang | Synthesis and characterizatioin of the Mg-based amorphous/nano ZrO2 composite alloy[END_REF][START_REF] Shanthi | Synthesis, characterization and mechanical properties of nano alumina particulate reinforced magnesium based bulk metallic glass composites[END_REF]. Here, yttria-stabilized zirconia (YSZ) reinforced MgZnCa composites have been successfully developed. The objective of the present work is focused on the corrosion behaviors of YSZreinforced MgZnCa composites physiological saline solution, in order to understand their related in vitro degradation process.

Experimental

High purity metals of Mg, Zn, and Ca were alloyed with a designed composition of Mg 67 Zn 28 Ca 5 under vacume to produce the raw ingots. a designed amount (2, 8, 16 and 25%wt) of YSZ powder was introduced into the alloy system during the smelting process, in order to obtain the raw ingots of YSZ-reinforced MgZnCa composites. The raw ingots were remelted by induction melting in a boron nitride crucible and injected in a purified atmosphere into a copper mold to produce the rod samples with a size of 2mm in diameter. The thermal response of the casted rods were investigated using differential scanning calorimetry (DSC, Perkin-Elmer DSC-Diamond) with graphite pans under flowing purified argon gas with a heating rate of 20K/min. Physiological saline solution (PSS) was employed to investigate the in vitro degradation behaviors of MgZnCa metallic glass and YSZ-reinforced MgZnCa composites. PSS solution was prepared by dissolving an appropriate quantity of reagent grade NaCl (Sigma-Aldrich) in deionized water to obtain a final concentration of 0.9%wt. samples were firstly cleaned ultrasonically in ethanol and then immersed in PSS for up to 5 days at 37 o C in a water bath. At each immersion period (1h, 5 days), the solutions were collected to measure the leached ion concentrations of Mg, Zn and Ca with inductively coupled plasma atomic emission spectrometer (ICPAES, PerkinElmer Optima 2000). An average of three measurements was taken for each sample. The removed samples were gently washed with deionized water and dried at room temperature, and then were used for surface analysis with scanning electron microscope (SEM, JEOL JSM-5600LV) and energy dispersive Xray spectroscopy (EDS, Oxford Instruments).

Electrochemical measurements were investigated in PSS in terms of open circuit potential (OCP) evolution and potentiodynamic polarization tests. All the tests were performed using electrochemical workstation (CHI 660C) with a standard three-electrode configuration: a saturated calomel was used as reference with a platinum electrode as counter, and the sample as the working electrode. The changes of OCP were monitored as a function of immersion time for up to 1.5h. Potentiodynamic polarization curves were recorded with a potential sweep of 2 mVs -1 after a period of stabilization time. the process of crystallization of full amorphous MgZnCa alloy involves three well-defined broad asymmetric exothermic peaks in the range of 400-550K, indicating a stepwise process of structural transformation from fully amorphous to full crystalline. The addition of 2%YSZ possesses a similar DSC pattern as pure MgZnCa samples (not shown here), indicating that small amount of YSZ does not cause any significant crystallization. For 8%YSZ-MgZnCa sample, even though three distinct crystallization peaks are observed, the intensity of those peaks is reduced, indicating a certain degree of crystalline structure in the MgZnCa matrix. As the concentration of YSZ was increased to 16%, only a few non-distinct crystallization peaks could be observed (Fig 1), implying more crystalline structures were generated within the MgZnCa matrix. With further increase of YSZ concentration to 25%, no obvious crystallization peaks could be observed (Fig 1), revealing a fully crystalline MgZnCa matrix generated during the casting process. The degree of crystalline structure (V cry ) can be derived from the related DSC curves according to the difference of enthalpy (∆H cry ) during crystallization. As indicated in Table 1, with the increase of YSZ concentration, the crystallization degree increases gradually from 9% for the 8%YSZ composite, 54% for the 16%YSZ composite, to 100% (fully crystalline) for the 25%YSZ composite. Therefore, the incorporation of YSZ can significantly reduce the glass forming ability of MgZnCa alloy system. The reason is attributed to the promoted heterogeneous nucleation rate surrounding YSZ particles, since Mg has very strong tendency to bind to oxygen atoms provided in YSZ. Electrochemical analysis For exposure to a corrosive solution, the OCP usually varies with the immersion time (OCP-t), due to the changes in nature of the sample surface. Hence, the measurement of OCP variation with time can be used to understand the chemical stability, and the related corrosion process taking place on sample surface. Fig 2 shows the change of OCP in PSS with immersion time for all samples. Except for the composite with 8%YSZ, all other samples undergo a similar trend: the potentials drift gradually toward the noble side within the first half an hour, followed by constant value (or certain variation around a constant average value for 0%YSZ). The increase of OCP at the initial stage of immersion implies that the formation of a certain type of passivation layer on the sample surface. In contrast, the composite of 8%YSZ maintains a constant OCP value throughout the testing period, revealing a quite stable electrochemical surface. Notably, the duration of potential fluctuation for pure MgZnCa sample (0%YSZ) is believed to be associated with the occurrence of pitting corrosion or the process of depassivation-repassivation, indicating an instable surface electrochemical property during this period. According to the OCP-t measurement, the electrochemical activity of different samples follows the order of 2%YSZ ≈ 0%YSZ < 16% YSZ < 8%YSZ < 25%YSZ. That is to say, the higher degree of crystallinity caused by the addition of more YSZ, results in a more electrochemically active surface of the corresponding composite. The typical potentiodynamic polarization behaviors for the samples are shown in Fig 3 . The related corrosion potential (E corr ) and corrosion current density (i corr ) are derived directly from these curves by Tafel region extrapolation. The corresponding results are summarized in Table 2. It is clear that I corr reduces significantly from 12.3µA/cm 2 for pure MgZnCa sample to 7.24µA/cm 2 for 2%YSZ, and 2.75µA/cm 2 for 8%YSZ samples. However, further increase of YSZ concentration causes the fast increase in corrosion current density , e.g. 37.2µA/cm 2 and 45.7µA/cm 2 for 16%YSZ and 25%YSZ samples respectively. According to Faraday's law, the corrosion rate, R corr , only depends on the corrosion current density, and can be calculated as [START_REF] Ahmad | Principles of corrosion engineering and corrosion control[END_REF]:

Results and discussion

Crystallinity of YSZ-reinforced MgZnCa composites

ρ ⋅ ⋅ ⋅ = F z i A R corr w corr (1)
Where A w is the average atomic weight of metal, ρ is the density, z is the charge number which indicates the number of electrons exchanged in the corrosion reaction and F is the Faraday constant. As such, the calculated corrosion rate of tested samples can be ranked in the following order of 8%YSZ < 2%YSZ < 0% YSZ < 16%YSZ < 25%YSZ.

The difference in corrosion rate of the composites tested is attributed to the degree of crystallinity induced by the presence of YSZ reinforcement particles. It has been reported that the corrosion behavior of MgZnCa alloys strongly depended on its structures, and a lowest corrosion rate was obtained for the samples with certain degree of crystallinity (partially crystallized samples) [START_REF] Wang | In vitro corrosion behaviors of Mg67Zn28Ca5 alloy: From amorphous to crystalline[END_REF]. Therefore, in this study, it is reasonable that the lowest corrosion rate achieved is the 8%YSZ sample, since it possesses the most stable structure. Further detailed studies related to this part are still being investigated. Degradation rate MgZnCa alloys are very active and tend to suffer from corrosion in Cl -containing solutions, including PSS solutions. The corrosion reaction can be simply described as [START_REF] Song | Corrosion behavior of AZ21, AZ501 and AZ91 in sodium chloride[END_REF][START_REF] Song | Control of biodegradation of biocompatible magnesium alloys[END_REF]:

Z + 2H 2 O Z 2+ + 2OH -+ H 2 ↑ (Z = Mg, Ca, Zn) (2) 
Ion concentrations of Mg, Zn and Ca leached from the samples could be monitored to evaluate the corrosion rate of MgZnCa alloys and composites. The corrosion rates of different samples are summarized in Fig 4. Due to the active nature of Mg and Ca, when the samples are immersed into PSS, surface corrosion occurs immediately, resulting in a fast corrosion rate within the first few hours. As such, a fast leaching rate is observed for Mg and Ca ions (Fig 4a andc). Along with the generation of Mg and Ca ions, OH -ions will also be produced, which can result in the increase of pH value locally. As such, certain types of less soluble (Mg 2+ , Ca 2+ )-containing hydroxide will precipitate onto the sample surface, which serves as a protective layer for the inner active metal. 

Conclusions

The incorporation of yttria-stabilized zirconia (YSZ) into amorphous MgZnCa matrix can cause crystallization of the amorphous matrix. The higher the amounts of YSZ introduced, the higher the degree of crystallization, and a fully crystalline matrix is obtained at a YSZ concentration of 25%.

From electrochemical testing and ion release measurements revealed that the composite with 8%YSZ possesses the smallest corrosion current density, and the least ion release rate. Surface morphology analysis indicates a much stronger anti-corrosion ability of 8%YSZ-reinforced MgZnCa composite.

  Fig 1 shows the DSC results of MgZnCa alloys with the different reinforcement concentrations of YSZ. As confirmed by XRD (not shown here), a fully amorphous structure is obtained for pure MgZnCa alloy (0%YSZ). As shown in Fig 1,
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 233456 Fig 2 Evolution of open circuit potential in PSS as a function of exposure time

Table 1

 1 Degree of crystallinity of samples with different concentration of YSZ

			Concentration of YSZ	
		0%	8%	16%	25%
	∆H cry (J/g)	55.4	50.93	29.67	/
	V cry (%)	0	9	54	100

Table 2

 2 Results of potentiodynamic polarization tests of different samples in PSS

		YSZ concentration (%)	
	0%	2%	8%	16%	25%
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