Devadas Bhat Panemangalore 
  
Dr Rajashekhara Shabadi 
email: rajashekhara.shabadi@univ-lille1.fr
  
David Tingaud 
  
Matthieu Touzin 
  
  
  
Biocompatible silica-based magnesium composites

Keywords: magnesium, biocompatibility, silica, spark plasma sintering

In this study, an in-situ formed Mg2Si-Mg composite is investigated to understand the formation of Mg2Si and its influence in mechanical properties and corrosion behavior. A starting blend of 2.5 wt.% SiO2 nanoparticles and magnesium powders was used to elaborate in-situ composite through mechanical blending followed by spark plasma sintering technique.

High temperature X-ray diffraction measurements and differential scanning calorimetry results confirmed the formation of Mg2Si phase. The addition of 2.5 wt.% SiO2 enhanced hardness while the stiffness values remained the same. The results of potentiodynamic polarization tests revealed an improved corrosion resistance of Mg reinforced with SiO2 nanoparticles. Thus, this work is an attempt to understand the fabrication (dissociation of silica into Mg2Si in presence of Mg) and corrosion properties of silica reinforced magnesium composites with those of pure magnesium targeting biomedical applications.

Introduction

High strength and corrosion resistant materials like titanium, Ti-6Al-4V and SS316L are being largely used for fixation of bone and as implant materials in orthopedic applications.

However, major shortcomings of these materials are their high elastic moduli which lead to stress-shielding effect [START_REF] Nagels | Stress shielding and bone resorption in shoulder arthroplasty[END_REF]. Moreover they are non-degradable [START_REF] Gupta | Insight into Designing Biocompatible Magnesium Alloys and Composites[END_REF] and, hence, require postoperative measures, which come at an additional expense and pain that causes a lot of inconvenience to the patients. Therefore, it is important to develop next generation implant materials that resemble the mechanical properties of bones that counter the 'stress shielding effect' and also are bio-degradable.

Over the past few years, research on biodegradable metals like magnesium, its alloys and composites has gained lot of momentum [START_REF] Farraro | Revolutionizing orthopaedic biomaterials: The potential of biodegradable and bioresorbable magnesium-based materials for functional tissue engineering[END_REF] as magnesium has its elastic modulus close to that of cortical bone [START_REF] Gu | A review on magnesium alloys as biodegradable materials[END_REF] and is an essential mineral for a human metabolism. More importantly, it is biodegradable, i.e., gets absorbed after fixing the bone and its regeneration [START_REF] Zhang | In vivo evaluation of biodegradable magnesium alloy bone implant in the first 6 months implantation[END_REF]. However, a major concern is its poor corrosion behavior under conducive environments [START_REF] Song | Recent progress in corrosion and protection of magnesium alloys[END_REF]. To improve their bio-corrosion behavior and to make it bio-compatible with controlled degradability, two metallurgical approaches can be used: 1. alloying and 2. synthesized composites. In the literature, alloying magnesium involve binary [START_REF] Zhang | Research on an Mg-Zn alloy as a degradable biomaterial[END_REF], ternary [START_REF] Gu | In vitro degradation performance and biological response of a Mg-Zn-Zr alloy[END_REF] or quaternary additions [START_REF] Liao | In vitro response of chondrocytes to a biodegradable Mg-Nd-Zn-Zr alloy[END_REF] to pure magnesium in order to reduce hydrogen gas formation and maintain the surface and chemical integrity of implant materials. However, the major shortcomings of these alloys are maintaining the purity, homogeneity and composition to prevent excessive degradation. Discussion on the alloys is not considered here as it falls out of the scope of the present work. We limit further discussions only to composites and in particularly, silica-based Mg matrix composites.

Magnesium based composites with reinforcements including several oxides, alumina [START_REF] Kang | MgF2-coated porous magnesium/alumina scaffolds with improved strength, corrosion resistance, and biological performance for biomedical applications[END_REF], zirconia [START_REF] Amiri | Electrophoretic deposition of nano-zirconia coating on AZ91D magnesium alloy for bio-corrosion control purposes[END_REF], titania [START_REF] Amaravathy | Bioactive HA/TiO2 coating on magnesium alloy for biomedical applications[END_REF], silica [START_REF] Bakhsheshi-Rad | Structure, corrosion behavior, and antibacterial properties of nanosilica/graphene oxide coating on biodegradable magnesium alloy for biomedical applications[END_REF] have been studied, either as a reinforcing material or in the form of coatings. Alumina particle reinforcements on magnesium scaffolds were studied by Kang et al [START_REF] Kang | MgF2-coated porous magnesium/alumina scaffolds with improved strength, corrosion resistance, and biological performance for biomedical applications[END_REF] for biomedical applications. A 5 wt.% addition led to a slight increase in corrosion as compared to pure magnesium in SBF solution and hence a coating of MgF2 was introduced that reduced the corrosion rate drastically. Nano-zirconia coating using electrophoretic deposition on AZ91D magnesium alloy for biomedical applications were done by Amiri et al. [START_REF] Amiri | Electrophoretic deposition of nano-zirconia coating on AZ91D magnesium alloy for bio-corrosion control purposes[END_REF]. Although AZ91D shows better corrosion resistance, it is not widely accepted as a biocompatible material as a 9 wt.% aluminum in this alloy could induce risk for Alzheimer's disease [START_REF] Ferreira | Aluminum as a risk factor for Alzheimer's disease[END_REF]. Coatings of titania on magnesium have been studied in detail [START_REF] Amaravathy | Bioactive HA/TiO2 coating on magnesium alloy for biomedical applications[END_REF] but a very limited research is available on its usage as a reinforcement material for pure Mg for biomedical applications. Nano silica was selected in this study as a reinforcement because of its high biocompatibility [START_REF] Beck | Bioactive silica-based nanoparticles stimulate bone-forming osteoblasts, suppress bone-resorbing osteoclasts, and enhance bone mineral density in vivo[END_REF] and in moderate dosages, it shows no signs of toxicity in the human body fluids [START_REF] Yildirimer | Toxicology and clinical potential of nanoparticles[END_REF]. It is bioactive and biodegradable material that aids in bone repair and regeneration [START_REF] Wang | Bioactive and biodegradable silica biomaterial for bone regeneration[END_REF]. Hence, in the present study we are concentrating on the influence of silica on the dissociation capacity into Mg2Si in the presence of Mg to become Mg2Si-Mg composites, during in-situ synthesis, and also because there is very little research available on the nano-silica Mg composites. Mesoporous silica nanoparticles which are hollow and biodegradable are known to enhance antitumor efficiency [START_REF] Kong | Biodegradable hollow mesoporous silica nanoparticles for regulating tumor microenvironment and enhancing antitumor efficiency[END_REF]. Using tetraethyl orthosilicate, Kursawe et al. [START_REF] Kursawe | Biodegradable Silica Fibers from Sols[END_REF] synthesized biodegradable silica fibers for reinforcement of medical implants using sol-gel processing. Bio-silica, which is the main mineral component of sponge silicatein aids in treatment of human bone diseases and dysfunctions [START_REF] Wang | Bio-silica and biopolyphosphate: Applications in biomedicine (bone formation)[END_REF]. Also, bio-silica is known to stimulate the formation of hydroxyapatite by mineralizing cells [START_REF] Natalio | Bioengineering of the silica-polymerizing enzyme silicatein-α for a targeted application to hydroxyapatite[END_REF]. Silica nanoparticles are also known to be multifunctional as they possess the potential of imaging and gene delivery [START_REF] Bhakta | Multifunctional silica nanoparticles with potentials of imaging and gene delivery[END_REF]. There have been several ongoing researches on reinforcing silica with magnesium for the enhancement of mechanical properties. Parande et al. used low volume fraction of 10-20 nm silica nanoparticulates to enhance the hardness, compression and damping response of magnesium [START_REF] Parande | Enhancing the hardness / compression / damping response of magnesium by reinforcing with biocompatible silica nanoparticulates[END_REF].

Lu et al. studied the formation of Mg2Si via mechanical alloying of elemental Mg and Si powders [START_REF] Lu | Formation of nanocrystalline Mg2Si and Mg2Si dispersion strengthened Mg-Al alloy by mechanical alloying[END_REF]. Wang et al. synthesized nanocrystalline Mg2Si using ball milling of elemental powders and found enhanced fracture toughness compared to pure magnesium [START_REF] Wang | Fabrication and mechanical properties of bulk nanocrystalline intermetallic Mg2Si[END_REF]. Kondoh et al. also adopted powder metallurgy route in solid-state synthesis of Mg2Si intermetallic compounds but using a technique called repeated plastic working with compaction and extrusion using pure elemental powders [START_REF] Kondoh | In-situ Synthesis of Mg2Si Intermetallics via Powder Metallurgy Process[END_REF]. Sun et al. studied the synthesis kinetics during the formation of Mg-Mg2Si composite and concluded that at temperatures below 580 o C, the elemental powders did not react completely to form Mg2Si [START_REF] Sun | Kinetic Analysis of Solid-State Formation of Mg2Si by Powder Metallurgy Process[END_REF]. In-house scraps of the wrought optical silica glass fiber were milled with AZ31 by Kondoh et al. to fabricate composites by consolidation, heating and hot-extrusion [START_REF] Kondoh | New process to fabricate magnesium composites using SiO2 glass scraps[END_REF]. However, they couldn't be used for bio-medical applications as they did contain lot of impurities as they were manufactured from scrap materials. Using hot-pressing technique, Myalska et al. synthesized in-situ Mg metal matrix composites based on hydrophilic fumed silica nanoparticles of 5 nm size and they comprised of Mg2Si and MgO dispersoids [START_REF] Olszówka-Myalska | Microstructure of in-situ Mg Metal Matrix Composites Based on Silica Nanoparticles[END_REF]. Gupta et al. [START_REF] Gupta | Electrochemical Behavior and Localized Corrosion Associated with Mg2Si Particles in Al and Mg Alloys[END_REF] studied the electrochemical behavior of Mg2Si particles in AS31 magnesium alloy and AA6360-T6 and AA7075-T651 aluminum alloys in both acidic and alkaline medium. The intermetallic Mg2Si was found to be active at low pH and passive at high pH conditions. Also the Mg2Si in Al matrix was found to serve as a local anode, whereas in Mg matrix, the Mg2Si remained intact while the surrounding matrix gets corroded. Ben-Hamu et al. found improved corrosion behavior of wrought Mg-Zn-Mn alloy with the presence of polygonal shape Mg2Si intermetallics [START_REF] Ben-Hamu | The role of Mg2Si on the corrosion behavior of wrought Mg-Zn-Mn alloy[END_REF][START_REF] Ben-Hamu | The role of Si and Ca on new wrought Mg-Zn-Mn based alloy[END_REF]. Also, as reported by Kondoh et al. the corrosion resistance of Mg2Si is better than that of stainless steels [START_REF] Kondoh | New process to fabricate magnesium composites using SiO2 glass scraps[END_REF]. This conclusion was arrived based on salt spray tests according to JIS Z 2731 standard conducted on intermetallic bulk Mg2Si and conventional 304 stainless steel. At room temperature, corrosion phenomenon was not observed after 1000h of 5% salt spray for Mg2Si whereas the corrosion initiated after 300-600h for stainless steel. The corrosion potential for Mg2Si in aluminum alloys is more positive than that of pure Mg as studied by Birbilis et.al [START_REF] Birbilis | Electrochemical Characteristics of Intermetallic Phases in Aluminum Alloys[END_REF]. This intermetallic Mg2Si has a high melting point and hardness [START_REF] Suveen | Magnesium technology[END_REF][START_REF] Niu | Formation of magnesium silicide by mechanical alloying[END_REF][START_REF] Michel | Effect of temperature on hardness and indentation cracking of fused silica[END_REF].

In the present work, it is expected that Mg dissociates SiO2 into Mg2Si and MgO at the sintering temperatures using Spark Plasma Sintering technique (SPS) there by forming an insitu composite of Mg2Si +Mg as per the following reaction [START_REF] Olszówka-Myalska | Microstructure of in-situ Mg Metal Matrix Composites Based on Silica Nanoparticles[END_REF]:

With the fine blend of nano-silica into the Mg matrix, it is expected to have uniformly distributed Mg2Si in the Mg matrix. In this article, we summarize our observations on the synthesis, mechanical properties and general corrosion behavior targeting biomedical applications.

Materials and Methods

Materials

Pure magnesium (Mg) powder of 99.8% purity with an average particles size of 44 µm, and silica (SiO2) nano powders of 99.9% purity with a size range of 10-20 nm were used as the base material and reinforcement respectively.

Synthesis

Pure Mg and 2.5 wt.% SiO2 reinforced magnesium nanocomposites were synthesized using mechanical mixing/crushing and sintered using SPS. SPS experiments have been carried out using a Dr. Sinter 515S Syntex (Fuji Electronic Industrial Co., Japan) belonging to the "Plateforme CNRS de Frittage Ile de France" (ICMPE, Thiais, France). Pre-weighed amounts of pure Mg powder and SiO2 nano-powders were carefully blended for 1 h using a mortar and pestle. The blended powder mixtures were first pre-compacted under a pressure of 100 MPa, and then sintered using SPS at a temperature of 585 o C under a pressure of 60 MPa for 10 min in the form of cylindrical pellets of 10 mm in diameter and 3 mm thickness. 

Density measurements

The density of two sintered samples was measured using a Helium gas pycnometer. 20

measurements have been taken on each sample to get a good statistical evaluation.

Optical and scanning electron micrographs

To conduct microstructural characterizations, specimens were polished up to 4000 grit paper and then surfaces were given a finishing with diamond paste up to 1/4 µm. Optical micrographs were taken on the samples using ZEISS Axio Observer inverted microscope after mechanical polishing and etching with acetic-picral. Macrographs of the corroded surfaces were recorded using a ZEISS Stemi 2000C stereo microscope. A scanning electron microscope (JEOL 7800F) equipped with an energy dispersive spectrometer (EDS) was used to study the microstructure, and the precipitates of Mg2Si in the processed samples.

Microhardness and elastic modulus

Micro-indentation experiments were carried out on flat and polished specimens at room temperature using a CSM 2-107 Tester using a pyramidal Vickers indenter. The indentation loads from 0.1 to 25 N and the loading rates between 0.5 N/min and 300 N/min were available on the instrument range. For this experiment, 0.5 N load and a loading rate of 1 N/min was applied. The indenter was maintained at the maximum load during 5 s. The tests were conducted for 10 repeatable readings to ensure reproducibility. Oliver-Pharr method was applied to the Load Vs Displacement curves to determine the microhardness and the Elastic modulus.

Corrosion behavior

Electrochemical measurements were done using Voltalab instrument. The standard threeelectrode setup was used: i.e. saturated calomel electrode as reference, platinum as counter and the test sample mounted in a resin as working electrodes. Potentiodynamic polarization tests using Phosphate Buffer Saline (PBS) solution at controlled temperature of 37 o C was used and the scan rate adopted was 1 mV/s ranging from -2.5 V to -0.5 V. The composition of PBS solution is given in [START_REF]Phosphate buffered saline tablet | Sigma-Aldrich[END_REF].

Minimum of three trials for each sample were conducted. The samples before corrosion were polished using SiC abrasive papers to 4000 grit and then washed with ethanol. SEM coupled with energy dispersive spectrometry was used to record the microstructure of corroded samples.

Results and discussion

SPS sintered samples were tested for their physical properties, mechanical properties and their corrosion behavior. In the following sections, we summarize different observations of those properties: glass powder mixture [START_REF] Kondoh | New process to fabricate magnesium composites using SiO2 glass scraps[END_REF]. The DSC curve in their studies showed an exothermic peak at 457 o C. In the current study an exothermic peak is observed in all the repeated measurements.

This peak is attributed to an in-situ reaction of magnesium with silica that has taken place to form Mg2Si but a peak-split could be seen. It is considered that they are not two peaks but one peak split into two as there is no available literature for the existence of two peaks that could correspond to two different reactions for Mg-SiO2 composite. There is only one reaction that takes place and it is the formation of Mg2Si. Since nano-silica is used in this case, the reaction takes place slightly earlier, at 410 o C and it commences upto 460 o C. The first peak is attributed to Mg2Si formation due to deformation of the particles done before DSC. The second peak is attributed to the solid state reaction of residual Mg with residual SiO2 to form Mg2Si at a slightly higher temperature. Mechanical milling induced sub-processes were studied before on the formation of nanocrystalline Mg2Si [START_REF] Wang | The effect of mechanical milling on the formation of nanocrystalline Mg2Si through solid-state reaction[END_REF]. As the peaks for Mg2Si in HT-XRD appear after 470 o C in Figure 2, it can be deduced that the reaction product in DSC after the experiment is Mg2Si. Slightly higher temperature 457 o C in the results obtained by Kondoh et.al [START_REF] Kondoh | New process to fabricate magnesium composites using SiO2 glass scraps[END_REF] could be due to the fact that, it was an alloy AZ31 instead of pure magnesium and also because SiO2 was a glass powder mixture in their study. DSC analysis done by Myalska et.al on a powder mixture of granulated Mg and nanosized silica showed an exothermic peak at 515 o C. An increase in the temperature could be because the initial powders were not mixed properly [START_REF] Olszówka-Myalska | Microstructure of in-situ Mg Metal Matrix Composites Based on Silica Nanoparticles[END_REF]. Also a 1:1 powder mixture was considered that delayed the onset of phase formation. By adopting mechanical alloying process, Lu et.al studied the formation of nanocrystalline Mg2Si using elemental Mg and Si powders [START_REF] Lu | Formation of nanocrystalline Mg2Si and Mg2Si dispersion strengthened Mg-Al alloy by mechanical alloying[END_REF]. They observed an exothermic peak at 190 o C after 10h of mechanical alloying and the formation of Mg2Si took place at the same temperature for increased milling time. Because of the attrition between the powders, this process introduced lot of defects and resulted in decreasing the activation energy for diffusion.

Density

Using SPS technique, highly dense Mg and Mg-SiO2 composites were synthesized. The density measurements are shown in Table 1. The experimental densities are always higher than the theoretical predicted density for pure magnesium (1.7 g/cc). This is due to the presence of MgO in the starting powders and also due to the formation of MgO during sintering process. Mg-2.5 wt.% SiO2 exhibits maximum experimental density value due to the incorporation of SiO2, which is only approx. 1% greater than that of pure Mg.

The higher experimental density values for both samples are attributed to the presence of low

MgO content (about 2-3 vol.%) present on all the sintered samples. MgO has a density of 3.58 g/cm 3 and its presence has certainly increased the overall density of the sintered samples.

Further, a marginal increase in the density value of the composite is due to the presence of dense Mg2Si particles in the sample. The density of Mg2Si is 1.99 g/cm 3 , which is slightly higher than that of pure magnesium.

Optical Microscopy

The optical observations of sintered samples etched using acetic-picral and their corresponding grain size histograms calculated for 500 grains are shown in Figure 4. 

Mechanical Characterizations

Table 1 shows the microhardness results for pure Mg and Mg-2.5wt.% SiO2 after sintering.

Mg-2.5wt.% SiO2 sintered composite has an increased microhardness value than the pure Mg material. This could be due to the presence of Mg2Si. Mg2Si being an intermetallic compound with high hardness, low density and a high melting temperature [START_REF] Niu | Formation of magnesium silicide by mechanical alloying[END_REF]. Hard nano-silica [START_REF] Michel | Effect of temperature on hardness and indentation cracking of fused silica[END_REF] particles distributed uniformly due to grinding and sintering led to a dispersion strengthened Mg2Si-Mg composite with the formation of intermetallic Mg2Si that has a good interface with Mg matrix. Hence the hardness of SiO2 reinforced composite is higher than that of pure magnesium.

Hardness and elastic modulus values are obtained from micro indentation hardness tester using Oliver-Pharr method with 500 mN of constant load and a dwell time of 5s. Hardness values show a 39 percent increase for Mg-2.5 wt.% SiO2 composite as to pure Mg.

The resulting load-displacement curves are shown in Figure 6. Using these curves, reduced elastic modulus was calculated. These values are in the range of 45-48 GPa, which is in close comparison to the elastic modulus of cortical bone which is 10-20 GPa [START_REF] Gupta | Insight into Designing Biocompatible Magnesium Alloys and Composites[END_REF].

Figure 6: Load-displacement curves for sintered magnesium and it's composite Apart from corrosion resistance, another important property of a biomaterial targeting orthopedic applications is elastic modulus. Conventional implants made of titanium and stainless steels have elastic modulus in the order of 100-200 GPa [START_REF] Gupta | Insight into Designing Biocompatible Magnesium Alloys and Composites[END_REF]. Because of the difference in the stiffness of an implant and the bone, a phenomenon called stress shielding occurs. This leads to decrease in bone mass, which is known as bone resorption. Also implant materials made of magnesium is biodegradable, which rules out the need for its removal during second surgery. Thus the synthesized in-situ Mg2Si-Mg composite with its properties similar to that of natural bone has the potential to replace commercially available expensive implants. The composite does not show increased elastic moduli with the addition of SiO2 or the in-situ precipitation of Mg2Si. This is rather beneficial as the elastic modulus of bone is similar to that of pure Mg.

Potentiodynamic Polarization Test

Figure 7 shows the potentiodynamic polarization curves plotted for pure Mg and Mg-2.5 wt.% SiO2. Immediately after immersion in the PBS solution, the voltage sweep was carried out to measure the current for freshly prepared specimens. Mg-2.5% SiO2 shows greater corrosion potential and lower corrosion current density compared with pure magnesium. The polarization parameters are tabulated in Table 1. As seen in the table, the corrosion current for the silica reinforced composite is two orders of magnitude lower than for pure magnesium.

Also the corrosion rate calculated using tafel slope plot is 0.2 mm/y in comparison with 35.2 mm/y for pure magnesium. This shows the improvement in the corrosion behavior with the reinforcement of nano silica. Figure 8 shows the macrograph of the corroded surfaces of pure Mg and Mg-2.5 wt.% SiO2

after potentiodynamic polarization test. The degradation layer with a certain thickness that appears as whitish gray spread across the complete surface of pure magnesium. This layer is fragile and it could easily be chipped off. On the other hand in the case of Mg-2.5 wt.% SiO2, the entire surface was not corroded. Corrosion took place in certain areas that are well connected, leaving aside some areas uncorroded. To study the corrosion morphology in detail, SEM analysis of corroded samples after potentiodynamic polarization studies was carried out and their morphology is shown in Figure 9. In the case of pure magnesium, as seen in Figure 9a, preferential oxidation of grain boundaries was observed along with the grain interiors oxidizing uniformly, the corrosive products were deposited everywhere in the sample. These products do not have a definitive morphology and they are irregular. In the case of Mg-2.5 wt. % SiO2, these products mostly form globular shape and they are not as dispersed as that of pure magnesium. conducted for a long time [START_REF] Kondoh | New process to fabricate magnesium composites using SiO2 glass scraps[END_REF]. Ben Hamu et al. introduced different amounts of Si to Mg-6Zn-0.5Mn alloy to study their corrosion behavior [START_REF] Ben-Hamu | The role of Mg2Si on the corrosion behavior of wrought Mg-Zn-Mn alloy[END_REF]. When the Si content is below 1 wt.% (Chinese script type morphology of Mg2Si), the corrosion rate was found to be higher. But when the volume fraction of silicon is higher (polygonal type morphology of Mg2Si), the corrosion rate was low. Mg2Si is resistant to corrosion [START_REF] Birbilis | Electrochemical Characteristics of Intermetallic Phases in Aluminum Alloys[END_REF] as compared to pure Mg although, it was proven in aluminum alloys. Birbilis et al. studied several intermetallics on AA7075 and it was found that Mg2Si did not show any breakdown potential and it corroded freely above their Ecorr [START_REF] Birbilis | Electrochemical Characteristics of Intermetallic Phases in Aluminum Alloys[END_REF]. They conducted electrochemical testing of aluminum alloys via microcell method and in NaCl solution the corrosion potential of intermetallic Mg2Si was found to be more positive than pure Mg [START_REF] Birbilis | Electrochemical Characteristics of Intermetallic Phases in Aluminum Alloys[END_REF]. For further clear understanding of the role of intermetallic Mg2Si, it is necessary to conduct microcapillary electrochemical measurements.

In a study pursued by Andreatta et al. [START_REF] Andreatta | Volta potential of second phase particles in extruded AZ80 magnesium alloy[END_REF] on the corrosion behavior of the intermetallics in a magnesium alloy, they found that among several intermetallics, Mg2Si showed the weakest cathodic behavior relative to the matrix. The difference in the electrochemical potential between Mg2Si and Mg or MgO and Mg leads to the formation of galvanic couples between these phases and the matrix. These phases are distributed uniformly throughout the matrix.

The localized corrosion was not observed for the synthesized Mg2Si-Mg composite. The degradation took place uniformly.

With the addition of SiO2 and the formation of Mg2Si, the quantity of Mg decreased. Pure Mg undergoes rapid corrosion due to the Cl -ion from the solution that gets trapped in the surface film which is pseudo-passive. It is possible that the presence of these phases in the film reduces the porosity of the film structure and prevents Cl -ions from attacking pure Mg and enhances the corrosion resistance of Mg-Mg2Si composite.

Hence, the addition of silica nanoparticulates is beneficial in synthesizing a bionanocomposite that can delay the degradation process as an implant in a human body.

Conclusions

Magnesium-silica based composites were prepared by powder metallurgy for in-situ synthesis of Mg2Si. The existing works on micro-silica addition to Mg and its alloys consists of Mg2Si particles in Chinese script type or polygonal with particle sizes in the order of 10-60 μm [START_REF] Ben-Hamu | The role of Mg2Si on the corrosion behavior of wrought Mg-Zn-Mn alloy[END_REF].

Another study of incorporating micro SiO2 to pure Mg consisted of agglomeration due to increased size of Mg2Si phase. This decreases the mechanical properties of the composite material [START_REF] Aydin | Microstructure and hardness of Mg-based composites reinforced with Mg2Si particles[END_REF]. Also the density of the composites gets lowered if the particle size of the reinforcement is beyond a certain limit.

Hence we used nanometer silica, to not only have a uniform distribution of Mg2Si phase but also to ensure the complete conversion into Mg2Si due to an increased reactivity of nanosilica. This enhances the mechanical properties, density and the corrosion resistance. Also SiO2 nanoparticles have been extensively used for biomedical applications such as drugdelivery agents as it has greater surface properties. As this work is associated with developing Mg composites targeting biomedical applications, usage of nano-silica was reasonable.

After determining the structure, mechanical and corrosion behavior of these materials, the following conclusions were attained.

1. Dense sintered pure magnesium and silica reinforced magnesium composites were synthesized using mechanical alloying and SPS technique.

2. The elastic modulus of sintered composites did not change significantly as compared to pure magnesium.

3. A slight increase in the microhardness of the composites implies that low weight percent silica reinforcement offers resistance to localized deformation.

4. The corrosion behavior measured using potentiodynamic polarization test in PBS solution at 37 o C showed a significant improvement for silica reinforced composites.

Thus, these nanocomposites could be a viable candidate as a biomaterial for implants and fixation devices and need further evaluation with series of cell culture studies.
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2. 3 .

 3 Microstructural Characterizations 2.3.1. X-ray Diffraction at room temperature and in-situ high-temperature measurements X-ray Diffractometer (Philips) using cobalt source with a voltage of 40 kV and tube current of 20 mA was used to characterize the phases formed after SPS. A 20 o -120 o range of diffraction angle measurement was considered using a scan rate of 0.01 o /s. For high temperature X-Ray Diffraction (HT-XRD) measurements, Bruker D8 Advance instrument with copper source was used. The generator voltage was set to 40 kV and the current was set to 40 mA. A 5 o C/min heating rate was used and a step size of 0.5s to record the scans sweeping from 20 o -100 o in N2 atmosphere. 2.3.2. Differential Scanning Calorimetry A Differential Scanning Calorimeter (DSC) from NETSZCH, model 404C was used. The DSC response was recorded under argon flow of 60 cc/min with samples weighing approximately 10 mg. In all experiments, the samples were heated at 10 o C/min from ambient temperature 25 o C to 500 o C. The tests were conducted for two repeatable readings.

3. 1 .

 1 Microstructural characterization 3.1.1. X-ray diffraction at room temperature The XRD patterns of the sintered samples are shown in Figure 1. For both samples, the pyramidal peak (1 0 1̅ 1̅ ) at 42.8 o is the most intense. It is followed by the basal peaks (0002) at 40.3 o and the prismatic (1 0 1̅ 0) at 37.6 o . Therefore, addition of 2.5 wt.% SiO2 did not affect the texture of pure magnesium. For sintered Mg-2.5 wt.% SiO2 diffractogram, Mg2Si peaks are observed, as identified by their diffraction peaks at 28.2 o and 46.8 o corresponding to (111) and (002) diffraction planes respectively. The presence of MgO peaks at 50.4 o and 88 o could be seen for both the samples.

Figure 1 :

 1 Figure 1: X-ray diffractogram of sintered samples

Figure 2 :

 2 Figure 2: HT-XRD of Mg-2.5wt.% SiO2 blended powders

Figure 3 :

 3 Figure 3: DSC thermograms of pure Mg and blended Mg-2.5 wt.% SiO2 powders

Figure 4 :

 4 Figure 4: Optical micrographs and histograms for Mg and Mg-2.5 wt.% SiO2 sintered samples

Figure 5 :

 5 Figure 5: EDS maps for Mg, O and Si and its corresponding BSE image for Mg-2.5 wt.% SiO2 composite

Figure 7 :

 7 Figure 7: Potentiodynamic Polarization Curves for sintered pure Mg and Mg-2.5 wt.% SiO2

Figure 8 :

 8 Figure 8: Macrograph of the corroded surfaces of pure Mg and Mg-2.5 wt.% SiO2 after potentiodynamic polarization test

Figure 9 :

 9 Figure 9: SEM images of corroded surfaces of Mg and Mg-2.5 wt.% SiO2 sintered samplesA detailed EDS analysis is presented in Table2. For pure magnesium corroded sample, the

  

Table 1 :

 1 Measurements related to density, hardness and corrosion

	Material	Density	Hardness	Corrosion rate in PBS solution at 37 o C

Table 2 :

 2 EDS analysis of Mg and Mg-2.5 wt.% SiO2 composites. The values are in weight percent

	Material Spot	Mg	O	Si	P	Cl
	Mg	A	28.5 49.6		19.5 2.4
		B	30.1 38.2		28.6 3
		C	26.3 52.3		20.6 0.9
		D	25.6 54.5		18.5 1.5

In-situ precipitated Mg2Si with its uniform distribution has improved the general corrosion behavior significantly. It is possible that these precipitates act as a barrier to further corrosion by stabilizing the hydroxide film formed on it's surface. Also, it minimized the α-Mg content subjected to corrosion by introducing Mg2Si precipitates. As reported by

Kondoh et al., 

according to Japanese International Standard JIS Z 2371, the corrosion process was initiated in a conventional stainless steel over Mg2Si intermetallic during a salt spray test at 35 o C
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