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Abstract— Magnesium (Mg) is a lightweight metal recognized for its excellent mechanical properties, making it a promising candidate for various 

applications, particularly in the biomedical field. However, its high susceptibility to corrosion in moist environments, such as body fluids, presents 

a significant challenge. The rapid reaction with water generates hydrogen gas and forms unstable magnesium oxide layers, severely limiting its 

application in environments requiring high corrosion resistance. To overcome this limitation, extensive research has focused on developing 

magnesium alloys reinforced with additional elements and advanced processing techniques. In this study, Mg composites were fabricated using 

the hot compaction technique. Despite the modifications, the Mg composites demonstrated lower corrosion resistance compared to pure 

magnesium. The recorded corrosion rates for the composites were 2.06 mm/year and 2.07 mm/year, highlighting the need for further optimization 

to improve their performance. 
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I. INTRODUCTION  

The demand for advanced metallic biomaterials for artificial 

implants is steadily increasing, driven by the needs of 

individuals with bone injuries and degeneration caused by 

sports-related incidents and accidents, or bone weakness by 

aging. Biomedical implants are often required to restore 

functionality of these parts in such cases [1]. In recent years, 

significant research has been conducted on biodegradable 

implants, also known as "smart" implants. One key advantage 

of these implants is their ability to degrade in simulated body 

fluid (SBF) solutions [2]. Unlike non-degradable implants that 

may necessitate additional surgical procedures when they 

become ineffective, biodegradable implants have the ability to 

completely dissolve after fulfillment of their purpose [3-4]. This 

avoiding the need for any post implantation surgical 

intervention to remove the remaining parts of the implanted 

materials [3, 5]. Consequently, some issues associated with 

non-degradable implants, such as permanent endothelial 

dysfunction, long-term physical discomfort, and persistent 

inflammatory responses, are often reduced or eliminated with 

biodegradable alternatives [2, 6]. Biodegradable implants offer 

temporary support during the healing process and have the 

potential to fully restore some parts of body structure [7-10]. 

In summary, using biodegradable implants instead of non-

degradable implants offers several advantages summarized in 

the following points [11-13]: 

i. Avoiding of Post Implantation Surgical Operations: 

Biodegradable implants can degrade and dissolve by time, 

eliminating the need for additional surgical procedures to 

remove the implant once it has served purpose. This reduces 

the invasiveness of the treatment and the associated risks 

and costs. 

ii. Reduced Long-Term Complications: Non-degradable 

implants can sometimes cause long-term complications 

such as chronic inflammation, discomfort, and adverse 

tissue reactions. Biodegradable implants, on the other hand, 

gradually degrade and are absorbed by the body, reducing 

the likelihood of such complications. 

iii. Natural Tissue Reformation: Biodegradable implants 

enhancing natural tissue reformation and regeneration. As 

the implant degrades, it provides temporary support to the 

surrounding tissue, allowing new tissue to grow and replace 

the implant. This can lead to better functional and aesthetic 

performance. 

iv. Lower Risk of Infection: Biodegradable implants have the 

advantage of reducing the risk of infection. Non-degradable 

implants can create a foreign body response, making them 

susceptible to bacterial infection, growing and colonization. 

Biodegradable implants, being absorbed by the body, 

eliminate the presence of a foreign material that could 

potentially harbor bacteria. 

v. Adaptability to Growth and Remodeling: Biodegradable 

implants can adapt to the growth, remodeling and accelerate 

tissues regenerations. As the implant degrades, the 

mechanical load is gradually transferred to the healing 

tissue, allowing for natural load distribution and 

remodeling. This can result in improved long-term 

performance and reduced stress shielding effects on the 

surrounding tissues. 

vi. Avoidance of Implant Removal Surgery: Since 

biodegradable implants naturally degrade and are absorbed 

by the body, there is no need for a separate surgery to 

remove the implant once the healing process is complete. 

This reduces the overall burden on patients and avoids the 

associated risks and costs of implant removal. 
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Magnesium (Mg), a lightweight and biocompatible metal, 

has garnered significant attention as a smart material in medical 

applications due to its unique combination of properties that 

align well with the demands of advanced biomedical 

technologies. As a smart material, Mg offers not only excellent 

strength-to-weight ratios but also a controlled degradation rate 

that allowing it to gradually dissolve through the human body 

fluids, minimizing the need for post implantation surgical 

operations. Its inherent biocompatibility and bioactivity 

facilitate seamless integration with biological tissues, making it 

an ideal candidate for applications such as orthopedic implants, 

stents, and other medical devices where temporary support is 

needed. Furthermore, ongoing researches deal with Mg 

functionalization and surface modifications to expand its 

potential, enabling the development of responsive materials that 

can adapt to the physiological environment and promote 

enhanced healing and tissue regeneration [14-15]. 

Experiments involving the attachment of Mg plates to 

animal fractured bones have demonstrated promising results. 

These plates have been found to be sufficiently durable and 

capable of decomposing as expected after a certain period of 

time [16]. Similar successful results have been achieved in 

studies where Mg sheets were implanted in the ends of sheep 

vertebrae. The sheep skeleton is comparable to the human 

skeleton, making it a valuable model for these experiments. 

These studies have shown that the implanted Mg plates not only 

provide mechanical properties stability but also contribute to 

accelerated bone formation. This effect leads to the rapid 

healing of fractures and accelerate the regeneration of bone 

tissue [17-18]. These findings highlight the potential of Mg-

based implants in promoting bone growth and achieving 

favorable outcomes in fracture healing. 

Despite Mg exhibits excellent biocompatibility and 

biodegradability, it has some disadvantages that limit its 

widespread use in certain applications. One of the primary 

drawbacks is its low corrosion resistance, especially when 

exposed to saltwater or moisture environments, which can lead 

to rapid degradation [19-20]. Additionally, Mg has relatively 

poor wear resistance and lower hardness compared to other 

metals, making it less suitable for applications where surface 

durability is critical [21]. It is also highly reactive and can be 

challenging to work with, particularly in processes like 

welding, where its tendency to melt and burn at relatively low 

temperatures poses safety risks [22]. Moreover, Mg high 

thermal expansion and low creep resistance can lead to 

dimensional instability in high-temperature applications. 

In their study, Rashad et al. [23] utilized the SPM (Solid 

Phase Mixing) approach to synthesize Mg-GNP (Mg-Graphene 

Nanoplatelets) composites. They observed that; the 

reinforcement of GNPs in Mg had a significant impact on the 

mechanical performance of the composite by modifying the 

structure of the Mg matrix. Similarly, Turan et al. [24-28] 

investigated the influence of carbon-based additives on the 

microstructure and properties of Mg-based composites using 

the SPM approach. This method ensures the uniform dispersion 

of the additive phase within the Mg alloy matrix, eliminating 

the need for ball milling. Ball milling is problematic when 

working with Mg as it generates heat, which can easily lead to 

ignition of the Mg powder [29]. Consequently, the SPM 

approach is considered an alternative to ball milling and holds 

promise for the fabrication of Mg-based composites, which are 

highly sought after in various engineering applications. GNPs 

exhibit superior dispersion in different solvents and matrices 

compared to carbon nano tubes (CNTs). The Mg alloy-GNP 

composite is produced using a semi-powder metallurgy method 

combined with the HTE (Hot Torsion Extrusion) procedure, 

resulting in a uniformly distributed GNP phase within the 

matrix [28]. Similarly, Sabri et al. [29] synthesized an Mg-

based composite with GNPs encapsulated using the SPM 

approach. Their findings demonstrated that; the homogeneous 

and even dispersion of a small amounts of GNPs within the Mg-

based matrix led to partial agglomeration of GNPs and 

improved the corrosion and mechanical properties. 

This research aims to fabricate and characterize magnesium 

composites, focusing on their corrosion properties, using the 

cold-hot compaction technique. 

II. MATERIALS, METHODS, AND CHARACTERIZATION  

2.1 Materials  

This study utilized a combination of five materials 

Magnesium (Mg), Tin (Sn), Calcium (Ca), Graphene 

nanosheets (GNs), and Yttria (Y₂O₃) to develop a magnesium-

based nanocomposite. 

2.2 Methods  

The composite powder mixtures were initially dried and 

subsequently compacted through cold and hot pressing at a 

pressure of 800 MPa. They were then transferred to a sintering 

furnace, where they were processed at a controlled temperature 

of 450°C for 25 minutes. 

2.3 Characterization  

The samples are investigated and evaluated by The 

corrosion resistance of the obtained Mg composite samples was 

measured by polishing their surfaces using SiC emery paper 

followed by cleaning with acetone then ethanol. After rinsing 

the corrosion vessel, it was filled with the freshly prepared 

simulated saliva fluid (SSF) solution and the corrosion test was 

conducted at room temperature using an electrochemical 

workstation (AUTO LAB, PGSTA30, Netherlands). Table 1 

list the chemical composition of the prepared simulated saliva 

fluid (SSF) [30]. The corrosion circuit utilized three electrodes: 

the working electrode, the reference electrode, and the counter 

electrode. The working electrode comprised the produced Mg 

nanocomposite samples. The standard calomel electrode (SCE) 

with a potential of +0.2444 V was used. The counter electrode 

is composed of an activated titanium mesh. The electrodes were 

connected using the Potentiostat model PalSens3, with the 

reference electrode connected to the white terminal, the counter 

electrode attached to the red terminal, and the working 

electrode to the green wire. A steady-state open circuit potential 

(OCP) was established for one hour. Before starting the 

experiment, a baseline potential was measured during the OCP 

phase without applying any ramp potential. The current reading 

between the working electrode (positive potential) and the 

counter electrode (negative potential) was approximately 0.01 
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μA. The sample was securely placed in a customized corrosion 

cell and exposed to the environment for 10 minutes. The 

potential was determined by continuous monitoring when the 

steady state conditions were reached. Potentiodynamic 

procedures were selected from the view tab. The exposed 

surface area of the sample was 0.28 mm². Potentiodynamic 

polarization was performed by applying a potential starting at -

0.3 V and ending at 2.7 V, ±500 mV relative to the evaluated 

OCP, using a scan rate of 0.001 V/s in steps of 0.002 V. Each 

specimen for each composition underwent two separate tests. 

 
TABLE 1: Composition of simulated saliva fluid (SSF) [30] 

Composition Concentration (g/L) 

NaCl 0.4 

KCl 0.4 

CaCl2.2H2O 0.795 

NaH2PO4.H2O 0.690 

KSCN 0.30 

Na2S.9H2O 0.005 

Urea 1 

pH 4 

III. RESULTS AND DISCUSSION  

Electrochemical behavior and corrosion properties  

Figure 1 shows potentiodynamic polarization curves of the 

fabricated Mg nanocomposites in the simulated saliva fluid 

(SSF) solution. The cathodic polarization curve can be divided 

into three distinct regions. Region A signifies the passivation 

stage following the Tafel region. Region B corresponds to the 

rise in current density as the potential increases. Lastly, region 

C indicates the occurrence of pitting corrosion. As shown in 

Figure 1 a difference in the sample behavior in the SSF solution 

was noted due to varying the type of reinforcement. Through 

meticulous examination of the Tafel curve, it was revealed that, 

the corrosion potential of Mg composites shifts towards more 

positive values in comparison to pure Mg. Likewise, the pitting 

potential of these composites also shifts towards more positive 

values when compared with pure Mg. According to the data 

presented in Table 2, the pure Mg sample demonstrated a 

potential of -1.66 V and a current density of 4.55E-5 A/cm2. As 

a result of alloying Mg with the 15 wt% Sn-5 wt% Ca metallic 

hybrid, the potential increased to -1.38 V, and the current 

density rose to 6.43E-5 A/cm2. The inclusion of GNs in the Mg 

nanocomposite resulted in a lower potential and current density, 

indicating a higher level of corrosion resistance. However, the 

addition of the GNs-Y2O3 ceramic hybrid led to the highest 

current density recorded at 6.47E-5 A/cm2. As shown in Table 

3, the corrosion rate was increased by the addition of both (Sn-

Ca) and (GNs-Y2O3). The impact of Sn and Ca on Mg alloys' 

corrosion performance is multifaceted. The addition of Sn and 

Ca to Mg can deteriorate its corrosion resistance due to several 

reasons [31-34]. First, Sn and Ca can form secondary phases by 

interacting with Mg, such as Mg2Sn or Mg2Ca, which are 

electrochemically inert than the Mg matrix. This creates a 

microgalvanic cell, where the Mg matrix acts as the anode and 

corrodes preferentially, and accelerating overall corrosion. 

Second, the addition of Sn and Ca introduces heterogeneity in 

the microstructure, leading to different electrochemical 

potentials on the Mg nanocomposite surface, which can 

promote localized corrosion, such as pitting corrosion. Third, 

Sn and Ca may segregate at the grain boundaries, weakening 

these areas' corrosion resistance. Grain boundaries are often 

preferred sites for corrosion initiation, and the presence of these 

alloying elements can exacerbate their susceptibility. 

Furthermore, magnesium typically forms a thin, protective 

oxide film MgO on its surface that helps slow corrosion. 

However, adding Sn and Ca can alter the composition and 

stability of this film, making it less effective in protecting the 

underlying metal. This altered film may be more porous or less 

adherent, leading to increased corrosion rates . In Mg-xSn 

alloys, the precipitation of Mg2Sn phases aids in passivity 

promotion but also serves as the site for pitting corrosion 

initiation [35]. The corrosion in Mg-(2-8wt%) Sn alloys 

primarily manifests as localized corrosion. Despite the increase 

in overall dissolution rate with the addition of up to 8 wt% Sn, 

passivity is enhanced due to the increasing in the H2 evolution 

rate and augmented pitting corrosion initiation sites. As per the 

Mg-Sn binary phase diagram, Sn solid solubility in Mg 

significantly decreases from 14.85 wt% at the eutectic 

temperature to 0.45 wt% at 200°C [36]. Hence, Sn addition 

should be restrained to prevent excessive formation of the 

Mg2Sn phase. Calcium is commonly added to AZ series of Mg 

alloys, and it has been shown to have a beneficial effect on 

refining the microstructure of these alloys [37, 38]. The 

corrosion behavior of an AZ61 Mg alloy containing various 

amounts of Ca has been investigated and reported on previous 

report. The research findings indicate that as the Ca 

concentration in the AZ61 alloy was increased, the corrosion 

rate initially decreased, but then rose sharply. Interestingly, the 

lowest corrosion rate was observed when the Ca content 

reached 1%. 

The incorporation of Y2O3 can result in a more 

heterogeneous microstructure [39]. This heterogeneity can 

create localized areas of varying electrochemical activity, 

promoting localized corrosion. Y2O3 can segregate at grain 

boundaries, which may become sites for preferential corrosion 

[40]. Grain boundary corrosion can rapidly deteriorate the 

mechanical properties of the alloy, leading to accelerated the 

overall corrosion. 

The addition of GNs to Mg significantly improves its 

corrosion resistance by acting as a physical barrier that prevents 

the penetration of corrosive agents like water and chloride ions 

[41]. Graphene nano sheets also contribute to refining the 

microstructure, leading to smaller grain sizes and fewer 

initiation sites of corrosion. Their high electrical conductivity 

helps distribute electrochemical potentials more evenly, 

reducing localized galvanic corrosion [42-44]. Additionally, 

GNs enhance the formation of a stable, protective oxide layer 

on the Mg surface, which further protect the metal surface from 

environmental corrosive media. Together, these effects make 

Mg more resistant to corrosion when GNs are incorporated. 

Furthermore, GNs contribute to the formation of a more stable 

and protective oxide layer on the Mg surface, enhancing 

passivation and resistance to environmental attack. Lastly, GNs 

can suppress the anodic dissolution of Mg by either blocking 

active sites or reducing the anodic reaction rate, thereby 

lowering the overall corrosion rate. 
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Fig. 1. Potentiodynamic Polarization curves of the fabricated Mg composites 

in the simulated saliva fluid (SSF) solution. 

 

TABLE: 2. Corrosion parameters and corrosion rate in (mm/year) of the 
fabricated Mg composites in the simulated saliva fluid (SSF) solution. 

Specimen 
Ecorr 

(V) 

Jcorr 

(A/cm2) 

Βc 

(V/dec) 

Βa 

(V/dec) 

Corrosion 

rate(mm/year) 

Mg -1.66 4.55E-5 0.403 0.439 1.004 

Mg-15 

Sn/5 Ca 
-1.38 6.43E-5 0.326 0.291 2.06 

Mg-15 Sn-
5 Ca/1 GNs 

-1.40 3.59E-5 0.303 0.255 1.15 

Mg-15 Sn-

5 Ca/(1 

GNs-
1Y2O3) 

-1.43 6.47E-5 0.415 0.386 2.07 

 

 
Fig. 2. Nyquist plot of the Mg matrix nanocomposites in the simulated saliva 

fluid (SSF) solution. 

 

Figure 1 presents the electrochemical impedance spectra of 

Mg matrix nanocomposites tested at room temperature in the 

simulated saliva fluid (SSF) solution. The data revealed that, 

the pure Mg exhibits high impedance. Interestingly, the 

addition of (Sn-Ca) and (GNs-Y2O3) reinforcements to the Mg 

matrix significantly reduced the impedance values. In contrast, 

incorporating layered GNs into the Mg matrix resulted in an 

increase in the impedance. This is attributed to the GNs coating 

and dispersing along the grain boundaries of the Mg, which 

enhances the corrosion resistance. The equivalent circuit 

diagram as shown in Figure 2 was used to fit the 

electrochemical impedance parameters. Analysis of these 

parameters revealed that, the pure Mg composite recorded the 

highest polarization resistance (Rp) value of 660 Ω. Higher Rp 

values indicate greater corrosion resistance of the material. 

Reinforcing the Mg with (Sn-Ca) and (GNs-Y2O3) reduced the 

Rp to 234 Ω and 161 Ω, respectively. 
 

 
Fig. 3. The equivalent circuit for curve-fitting of the EIS results. 

 

TABLE 3. Parameters obtained by fitting the EIS data to the equivalent 
circuit. 

Specimen 

Rp (Ω) 

Polarization 

Resistance 

Rs(Ω) 

Solution 

Resistance 

CPE.Y0(F) 

Mg 660 417 1.58E-5 

Mg-15 Sn/5 Ca 234 420 2.75E-5 

Mg-15 Sn-5 Ca/1 

GNs 
313 419 2.89E-5 

Mg-15 Sn-5 Ca/(1 

GNs-1Y2O3) 
161 435 3.75E-5 

IV. CONCLUSION 

(1) Due to the formation of the Mg2Sn secondary phase, which 

is electrochemically innert than the Mg matrix, and the 

disruption of the MgO layer's stability by the addition of 

Y2O3, making Mg less protective, the Mg-15Sn-5Ca and 

Mg-15Sn-5Ca/(50%GNs-50%Y2O3) composites exhibited 

the highest corrosion rates, measuring 2.06 mm/year and 

2.07 mm/year, respectively. 

(2) The Mg exhibited the lowest corrosion rate at 1.004 

mm/year, followed by the Mg-Sn-Ca/1% GNs composite at 

1.15 mm/year. 
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