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 Abstract 

 

Introduction: Magnesium, a biodegradable biomaterial, has the potential to be applied in 

dental implantology as a bone augmentation material. The electrochemical 

characterization of the surface allows us to trace the deterioration process in vivo. The 

difficulty is to estimate the deterioration rate from the measurement data in order to 

predict the component's "lifetime". The formation of local elements should be avoided, 

ideally evenly distributed, so that a degradation takes place from the outside to the inside. 

This should ensure that the degradation of the Mg structure takes place as far as possible 

at the rate at which the bone is newly formed. The aim of the work was to carry out a 

more detailed evaluation of the degradation behavior on different Mg samples by 

microscopic observation of the surface during the electrochemical measurement. 

 

Methods: Setting up an optical-electrochemical cell chamber with magnesium and 

magnesium alloys in electrochemical corrosion measurements. Observing and recording 

the surface degradation process under microscope. At 37°C, specimens were examined in 

several circulating electrolytes, including MEM, HBSS, and MEM+ (MEM 

supplemented with NaHCO3). CV was measured followed by cycle polarization, which 

was then repeated previous steps after 30mins. Thus, it is possible to observe and correlate 

surface processes such as hydrogen evolution and oxide deposition in real time with 

electrochemical data. The electrochemistry data, which included the OCP exchange 

current density(i0) and corrosion potential, were compared to the potential changes that 

occurred over time throughout these treatments. They were computed in this instance 

using RP obtained from linear polarization and an estimate of the Stern–Geary constant. 

Additionally, the linear polarization curve and EC exchange current corrosion value are 

used to determine how magnesium and magnesium alloys evolve throughout the 

corrosion process. 

 

Result: The corrosion behavior of pure Mg and MgXAg alloys differs significantly. 

Adding Ag to magnesium standardizes electrochemical activity and hence deterioration 

independent of test medium. After the tests, the video microscopic movies indicate 

comparable corrosion and deterioration in CO2-containing electrolytes. Throughout OCP 

measurements, the surface develops distinctive patches that remain stable even during CV. 
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Conclusion: Video microscopic observation of the degradation of Mg and Mg alloys 

raises a variety of new questions for assessing the degradation.  The question of how the 

Ag additives act in the Mg alloy and act as possible hydrogen development spots can 

currently only be suspected. Further investigations are necessary to find an answer to 

these and other questions. For this purpose, strategies for image evaluation still have to 

be developed, which allow, among other things, an effective determination of the 

electrochemically active surface. 
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Zusammenfassung 

  

Einleitung: Magnesium, ein biologisch abbaubares Biomaterial, hat das Potenzial, in der 

dentalen Implantologie als Knochenaufbaumaterial verwendet zu werden. Mit Hilfe der 

elektrochemischen Charakterisierung der Oberfläche ist es möglich, den 

Degradationsprozess so zu verfolgen, wie er auch in-vivo abläuft. Die Herausforderung 

besteht darin, aus den Messdaten die Degradationsgeschwindigkeit so zu bestimmen, dass 

eine verlässliche Prognose für die „Lebenszeit“ des Bauteils möglich wird. Es sollte die 

Bildung von Lokalelementen vermieden werden, idealerweise also gleichmäßig verteilt, 

so dass ein Abbau von außen nach innen erfolgt. So sollte sichergestellt werden, dass der 

Abbau der Mg-Struktur möglichst mit der Geschwindigkeit erfolgt, mit der der Knochen 

neu gebildet wird.  

 

Methoden: Aufbau einer optisch-elektrochemischen Zelle für elektrochemische 

Korrosionsmessungen an Magnesium und Magnesiumlegierungen. Beobachtung und 

Aufzeichnung des Oberflächenveränderungen unter dem Videomikroskop. Bei 37 °C 

wurden die Proben in verschiedenen, zirkulierenden Elektrolyten untersucht, darunter 

MEM, HBSS und MEM+ (MEM ergänzt mit NaHCO3). Zuerst wurde der OCP gemessen, 

dann ein CV und dann nach 30 Minuten eine Wiederholung der gleichen Schritte. Somit 

war es möglich, Oberflächenprozesse wie Wasserstoffentwicklung und Oxidabscheidung 

in Echtzeit zu beobachten und mit elektrochemischen Daten zu korrelieren. Die 

elektrochemischen Daten, OCP, Austauschstromdichte i0 und das Korrosionspotential, 

wurden für die Bewertung der Degradation herangezogen. I0 als Maß für die 

Degradationsgeschwindigkeit wurden in diesem Fall unter Verwendung von RP und der 

Stern-Geary-Konstante aus den verschiedenen CV berechnet. Der Mittelwert und die 

Standardabweichung sind in den Tabellen im Ergebnisteil zusammengefasst. 

 

Ergebnisse: Die Ergebnisse zeigen, dass es deutliche Unterschiede im 

Korrosionsverhalten zwischen den reinen Mg Proben und den MgXAg Legierungen gibt. 

Die Zugabe von Ag zu Magnesium führt zu einer Vereinheitlichung der 

elektrochemischen Aktivität und somit des Abbaus unabhängig vom gewählten 

Testmedium. Die videomikroskopischen Aufnahmen zeigen am Ende der Messungen in 

den CO2 haltigen Elektrolyten ähnliche Korrosions- respektive Degradationsspuren. 
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Während der Zeit der OCP Messungen zeigen sich schon erste charakteristische Spots 

auf der Oberfläche, die auch während der CV sich nicht verändern. 

 

Schlussfolgerung: Die videomikroskopische Beobachtung der Degradation von Mg und 

Mg-Legierungen wirft eine Vielzahl neuer Fragen zur Beurteilung der Degradation von 

Mg- und Mg-Legierungen auf.  Die Frage wie die Ag Zusätze in der Mg Legierung 

agieren und als mögliche Wasserstoffentwicklungsspots fungieren kann momentan nur 

vermutet werden. Hier sind weiter Untersuchungen notwendig, um auf diese und andere 

Fragen eine Antwort zu finden. Hierzu müssen noch Strategien zur Bildauswertung 

entwickelt werden, die u.a. eine effektive Bestimmung der elektrochemisch aktiven 

Oberfläche erlauben. 

 

 

 

 

(Diese Zusammenfassung wird mit Genehmigung der MDPI-Verlagsgruppe 

wiederveröffentlicht. Es ist Teil der folgenden Veröffentlichung: Yuqiuhan Zhang, Tycho 

Zimmermann, Wolf-Dieter Mueller, Frank Witte, Florian Beuer, Andreas Schwitalla. 

Exploring the degradation behavior of MgXAg alloys by in vitro electrochemical 

methods. Bioactive Materials, 2021, ISSN 2452-199X, 

https://doi.org/10.1016/j.bioactmat.2021.05.044.) 

 

 

 

 

Synopsis 

 

Utilizing electrochemical techniques to observe the corrosion process on the surface of 

magnesium metal and its alloys to investigate the relationship between pitting corrosion 

and electrochemical data. 
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1. Introduction 
As innovative biomaterials for bone grafting therapy, biodegradable metals are being 

considered[1]. In using magnesium as implant material magnesium, a variety of 

beneficial qualities are attributed: low density, possibility of the manufacturing of small 

structures, ease of manipulation, the properties of the breakdown products of magnesium 

(Mg2+ ions) to encourage calcium and phosphorus deposition and compact bone 

formation[2]. Its full breakdown and absorption make a second (removal) surgery 

unnecessary, for instance when employed for the purpose of osteosynthesis[3].  

Magnesium is more highly reactive than other biodegradable metals, such as zinc or 

iron. The fast degradation in the humid physiology remains a key obstacle to wide-

ranging use since magnesium-based implant structural failure can lead to rapid 

mechanical failure of the bone, before it is structurally healed[4], [5]. 

Magnesium and magnesium alloys deteriorate in a non-uniform manner [6]. This is 

owing to a complicated degradation behavior caused by galvanic coupling, which occurs 

when the anodic and cathodic partial reactions of a redox-reaction system occur on the 

same surface area [7]. As a result of the anodic reaction (1), one portion of the surface in 

contact with the electrolyte (the body fluid or simulated body fluid) is oxidized and 

deteriorated, while the two electrons are transported to the cathodic partial reaction, where 

hydrogen evolution (HE) occurs (2). The hydrogen evolution process (HER) is the 

primary cathodic reaction that occurs spontaneously during magnesium corrosion. 

Additionally, the process consumes H+ ions, resulting in a rise in the concentration of OH- 

ions (3) and an increase in the pH of the physiological electrolyte, precipitating 

magnesium phosphate and carbonate[8]. The dissolved Mg+ and OH- ions then precipitate 

as a magnesium hydroxide layer on the surface of the magnesium or magnesium alloys 

(4) [6], [8]. 

   

Mg→Mg2+ + 2e- (anodic partial reaction) (1) 

2H2O+2e-→H2O+H2↑ (cathodic partial reaction) (2) 

Mg+2H2O⇌Mg2++2OH-+H2↑ (overall reaction)    (3) 

Mg2++2OH-→Mg(OH)2 (product formation, hydroxide layer) (4) 

Mg(OH)2+ 2Cl−→MgCl2+2OH− (5) 
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Humans have utilized silver for thousands of years because of potent antibacterial 

properties. Silver containers were being used to hold drinks and food during Alexander 

the Great's reign [9]. Bulk silver in vessels and coins has given way to ionic silver 

enhanced with silver salts (such as AgNO3) or adsorbed on carrier materials, and so has 

the usage of silver in jewelry and watches. [9]–[11]. As silver is considered to be of low 

toxicity in the human body. It is anticipated that clinical exposure to silver via inhalation, 

ingestion, topical application, urological or hematogenous routes would provide low risk 

[12]. As a bone implant material, binary magnesium–silver alloys have been created to 

give antibacterial properties to biodegradable magnesium and also be biocompatible. 

When coupled with its proclivity for degradation under physiological circumstances, the 

antibacterial characteristic may be retained throughout the implant's life. Among the 

parameters for evaluating biocompatibility and antibacterial activity [13], the corrosion 

rates and phases affect the corrosion process [14]. By adding silver, the corrosion potential 

of Mg–Ag metal complexes is changed anodically. Due to the essential nature of these 

complicated interactions, it is necessary to thoroughly investigate the corrosion behavior 

of magnesium-silver alloys [15]–[17]. 

While cell-based studies are done in physiological conditions, the environment has a 

significant effect on the degrading behavior of many materials. This is not only for 

biodegradable metals (magnesium, iron, zinc, and tungsten), but also for biodegradable 

polymers. As noted in a major essay [4], even when evaluating materials in general, 

physiological circumstances should be used, such as replicated bodily fluids. This is 

especially more fascinating in the case of biodegradable materials, as a constantly 

changing interface between the substance and the cells develops over time. Understanding 

this evolution is critical in this field of inquiry. Additionally, biological hints (e.g. cellular 

communication, interaction of diverse cell types, material protein interactions) must be 

analyzed, as they will have an effect on material degradation [18]. Numerous types of 

simulated bodily fluids were utilized in in vitro tests to investigate the biodegradation of 

magnesium and magnesium alloys. There is still no apparent consensus about the optimal 

setting for simulating physiological in vivo circumstances [16]. Mg is corroded in the 

human body by 0.14 M NaCl solution and a trace quantity of other inorganic compounds 

(such as Ca2+, PO43-, and HCO3-) [19]. Blood has a typical pH of 7.4, typically 

maintained via the CO2/HCO3- system [20]. Chloride ions typically accelerate corrosion 

[21] owing to the fact that the generation of MgCl2 promotes the release of OH- ions from 
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the precipitation layer (5), which may react with the dissolved Mg2+ions Phosphates and 

carbonates, on the other hand, have the capacity to encourage the formation of corrosion 

products that are protective or partly protective [12]. Organic components, such as 

proteins, organisms, or bacteria, might further complicate the corrosion reaction [22], [23]. 

Also because solubility of calcium phosphate is also temperature sensitive, the body 

temperature of 37°C may both accelerate and modify the corrosion reaction when 

compared to room temperature [22]. These numerous influencing elements derived from 

the body environment complicate research on the corrosion process. 

In new findings, biometals (BMs) such as Magnesium, Zinc and Iron have all been 

proven to have positive impacts on bone regeneration. As beginning, we 

select and compare the electrochemical degradation processes of 10 frequently used  

metals which are nontoxic and harmless in daily life (Zinc, Yttrium, Copper, Iron, 

Tungsten, Cobalt, Molybdenum, Zirconium, Tin and Nickel)[22], [24]–[27]. Expect to 

serve as a guideline for the next generation of magnesium improvements. Recent studies 

published in the literature have shown clearly that magnesium consumption is unique in 

terms of its electrochemical activity when compared to other nutrients. Corrosion of 

magnesium and its alloys occurs naturally as an electrochemical reaction, and their 

electrochemical behavior ultimately determines its corrosion performance or attributes. 

Identifying the electrochemical processes that occur throughout the corrosion process can 

offer a theoretical foundation for understanding the corrosion phenomena associated with 

magnesium and its alloys [22], [28]. Thus, the purpose of this work was to connect 

electrochemical (EC) measurements with a video-microscopic observation of surface 

changes over time under the influence of three different electrolytes derived from the cell 

culture mediums HBSS and MEM, in order to more accurately anticipate the degradation 

process. 

 

2. Materials and Methods 
MEM (Biochrom GmbH, Germany) and HBSS (Life Technologies Limited, UK) buffers 

were used in these studies since they are frequently used and recommended in the 

literature. In comparison to MEM, which includes extra amino acids and vitamins, HBSS 

contains increased NaHCO3 (Sigma-Aldrich Chemie GmbH, Germany), as indicated in 

Table 1. To provide for a more accurate comparison of the corrosion process, 0.35g/L 

sodium bicarbonate was added to the MEM Plus group. 
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Table.1: The major components of MEM, HBSS and MEM plus (formulations offered by 

manufacturer)[29]. 

 

 MEM (g/L) HBSS (g/L) MEM Plus (g/L)  

NaCl 6.8 8 6.68 

CaCl2 0.2 0.14 0.2 

KCl 0.4 0.4 0.4 

CaCl2 0.2 0.14 0.2 

MgSO4 0.97 0.098 0.2 

NaH2PO4 0.14 0.06 0.14 

 w/o Phenol red w/o Phenol red w/o Phenol red 

Special additives 

Vitamins  

Amino acids 

w/oNaHCO3 

w/o Amino acids 

NaHCO3  0.35 

KH2PO4  0.06 

Vitamins 

Amino acids 

+0.35g/L NaHCO3 

  MgCl2 1.0  

 

 

Table.2: The information of 10 commonly used biometal materials. 

 

Material Quality Deliver 

Cobalt 99.99% Aldrich Chemical Company 

Copper 99.98% Aldrich Chemical Company 

Iron 99.9+% Aldrich Chemical Company 

Molybdenum 99.9+% Aldrich Chemical Company 

Nickel 99.997% Aldrich Chemical Company 

Tin 99.999% Aldrich Chemical Company 

Tungsten 99.9+% Aldrich Chemical Company 

Yttrium 99.90% Aldrich Chemical Company 

Zinc 99.9985% Alfa Aesar 

Zirconium 99.9+% Aldrich Chemical Company 

Mg XHP (purity: 99.99%) and Mg pure (purity: 99%) as well as three Mg-Ag alloys - 

Mg2Ag, Mg4Ag, and Mg6Ag - which contain 1.87%, 3.82%, and 6.00% silver and 98%, 



 
 

12 

96%, and 94% magnesium, were cast and treated with solution T4 respectively. All 

specimens were cylindrical, measuring 10mm in diameter and 5mm in thickness. An 

optical coupled electrochemical measuring setup was utilized to characterize the early 

deterioration process during 2 hours 10 mins [30]. 

 

2.1 Preparation of Magnesium specimens  

Mg XHP, Mg pure, and MgXAg (X=2,4,6) samples were produced by partially 

encapsulating the sample in an epoxy resin to prevent it from crumbling during grinding. 

The surface was ground from 800 to 2500 using silicon carbide sandpaper (150mm 

Hermes, Germany), then polished with 1.0 m silica suspension and etched for 10 seconds 

with a solution mainly composed of glacial acetic acid and picric acid. Following that, 

the specimens' surfaces were cleaned with ethanol and dried.  

 

2.2 Roughness measurement 

To compare the surface conditions of the specimens, a video microscope (Keyence VHX-

5000, Japan) was used to view them, and an IF-microscope was used to quantify the 

roughness at five points on each specimen (Alicona, Austria). The magnifying optic is 

IFM G4 10x/0.30A. Vertical scanning and calibration coordinate system used before 

measurements. The measurements took 5 fields of view(left, right, up, down and middle) 

separately. Taking the average value for comparison.   

 

2.3 Electrochemical measurements 

The specimens were linked on their reverse side to a copper wire through a silver 

amalgam for electrochemical tests. The surface reactions of specimens were examined 

using a video microscope (Keyence VHX-5000) connected to a specialized 

electrochemical cell [31], as shown in (Fig.1). PStrace (PalmSens, Netherlands) was used 

to modify and aggregate the electrochemical data in conjunction with a mini-potentiostat 

(Emstat3+, PalmSens, Netherlands). The potentials are related to SCE (saturated calomel 

electrode) +0.241V vs NHE (Normal hydrogen electrode). 

Using a laboratory pump, the liquids were pushed through the apparatus (Watson Marlow 

5050Di, United Kingdom). The flow rate was set at 4.3ml/min and the temperature to 

37°C (310K). The OCP (open circuit potential) was determined over 30 minutes, followed 

by six cycles of CV (cyclic voltammetry) between a potential range of ±500mV vs the 
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OCP. Stop the measurement and allow it to rest for 30 minutes before repeating the 

procedure described above. OBS Studio (version 26.0.2) was used to record the 

microscopic video observations made during the process. Desktop SEM Phenom XL G2 

was used to take SEM images (Thermo Fisher Scientific, America). Before SEM, the 

specimens were cleaned in pure alcohol and blown dry. 

 

2.3 Data collection and analysis  

At Ecorr, the exchange current density icorr was calculated from each cyclic I-E 

curve. In equation (6), the linearized Butler-Volmer equation, the body temperature of 

310K, the number of electrons transported per reaction (n=2), the Faraday constant F of 

96485 Asmol-1, and the Stern-Geary coefficient of 0.01335 were utilized. 

I! =
"#
$%"!

= &'()*+,(-).+/0(11232(*'
"!

 (A/cm2) (6) 

 

  
Fig.1: Left: electrochemical flow chamber under the video-microscope (magnification 

x135); right: the measurement areas on the surface of the specimen for each of 
the electrolytes [29]. 
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Figure 2 illustrates a particular I vs E cyclic curve with the highlighted data points. 

 

 

Fig.2: Description of I vs. E curves (The blue circle marks the range of backward scan 
for assessing Icorr, the red circle for the forward scan and the red arrows marked 
the scan direction and points of interest.[29] 
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3. Results 
3.1 Roughness measurements 

The roughness values of the specimens examined are comparable, as indicated by the data 

in Table 2. Mg2Ag has the maximum degree of roughness, followed by pure Mg 

specimens, Mg4Ag, and Mg6Ag. 

 

Table 3: Surface roughness of specimens after polishing [29]. 

 

materials(µm) Sa(left) Sa(right) Sa(up) Sa(down) Sa(middle) ±SD(Sa) 

Mg2Ag 1.426 1.688 1.706 1.523   1.747 0.1371 

Mg4Ag 1.018 1.233 0.963 1.034 1.187 0.1163 

Mg6Ag 1.352 0.932 1.097 0.908 1.138 0.1796 

Mg XHP 1.316 1.313 1.337 1.328 1.329 0.0099 

Mg Pure 1.341 1.298 1.327 1.305 1.315 0.0172 

 

The images in Figure 3 illustrate the starting states of the MgXAg alloys produced for 

electrochemical experiments in HBSS, MEM, and MEM+. 

Fig.3: Initial states of MgXAg alloys before the electrochemical measurements in HBSS 
– MEM and MEM+ [29]. 
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3.2 Electrochemical measurements 

As can be observed in Tab. 4, zinc has the highest corrosion rate, whereas Sn has the 

lowest corrosion rate of all the metals tested. Molybdenum, Zirconium, Nickel and Tin 

are lower corrosion rate than Mg XHP. The corrosion rate of Iron, Tungsten and Cobalt 

are between Mg pure and Mg XHP.  

 
Table 4: Comparison of 10 commonly used metals in the MEM electrolyte.（Corrosion 

rate rating from high to low） 
 

Material Icorr [A/cm2] Ecorr [V] Eocp [V] 
Zinc 4.16 x10-5±1.43 x10-5 1.02±5.24 x10-2 -1.035 

Yttrium 2.42 x10-5±1.21 x10-5 1.38±4.08 x10-3 -1.482 
Copper 1.56x10-5±6.67x10-6 2.05 x10-1±4.12 x10-2 -0.201 

Pure Mg 1.13 x10-5±2.16 x10-6 1.38±1.37 -1.463 
Iron 9.83 x10-6±3.12 x10-6 8.04 x10-1±2.07 x10-2 -0.218 

Tungsten 7.05 x10-6±1.33 x10-6 5.81 x10-1±1.51 x10-2 -0.466 
Cobalt 5.13 x10-6±1.74 x10-6 5.03 x10-1±3.55 x10-2 -0.461 

XHP Mg 3.68 x10-6±1.12 x10-6 1.56±5.48 x10-3 -1.702 
Molybdenum 1.88 x10-6±3.69 x10-7 3.43 x10-1±3.63 x10-2 -0.171 

Zirconium 1.07 x10-6±1.71 x10-6 1.71 x10-1±7.03 x10-2 -0.395 
Nickel 7.93 x10-7±2.22 x10-7 5.02 x10-1±4.85 x10-2 -0.350 

Tin 0.82 x10-8±1.61 x10-8 5.14 x10-1±8.16 x10-3 -0.435 
 

Each alloy's OCP values begin at a very cathodic point and progressively rise to a more 

or less constant value for the course of up to 30 minutes of measurement time, as shown 

in Fig.4 for the different alloys examined. 
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Fig.4: Comparison of the OCP vs. time curves of Mg XHP and Mg pure on the top and 

MgXAg ( from left to right: 2Ag, 4Ag, 6Ag) in MEM , HBSS and MEM+ at 37℃ 
in a flow chamber [29]. 

 
Contrary to predictions, no significant variations in the OCP of the MgXAg alloys were 

discovered. Only in the case of pure and XHP Mg can it be shown that the OCP is moved 

anodically moved after 30 minutes in MEM compared to HBSS. Table 5 summarizes the 

final potentials after 30 minutes. 

 

Table 5: Final potential(V) after 30 min OCP in 3 different electrolytes [29]. 

 

Mg/Mg alloys Mg XHP Mg pure Mg2Ag Mg4Ag Mg6Ag 

HBSS -1.920 -1.802 -1.652 -1.637 -1.649 

MEM -1.645 -1.768 -1.681 -1.653 -1.628 

MEM+   -1.596 -1.613 -1.608 
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Fig. 5: Situation at the surface of MgXAg alloys after OCP measurements over 30 min 

in HBSS – MEM and MEM+. Initial degradation is marked by red arrows [29].  
 
 

Even if the OCP values are hardly different, the pictures demonstrate noticeable changes 

after 30 minutes, as shown in Fig.5. In HBSS, a difference in the quantity and distribution 

of HE spots may be noticed compared to the oxide-covered region. All surfaces in MEM 

exhibit significant oxidation, either by dark staining, as with Mg2Ag, or through 

pathways of localized "migrating" reactions, as indicated by red arrows on Mg4Ag and 

Mg6Ag. When NaHCO3 is added to the MEM solution, the early signs of localized 

oxidation become less visible and are only visible on Mg6Ag. 

 

 

3.2.1 Cyclic Voltammetry 

Cyclic voltammograms exhibit various forms based on the kind of solution and the type 

of material, pure magnesium or MgXAg alloys. The location of the Ecorr and icorr data 

varies based on the solution in which they were measured. The pure and XHP Mg 

behavior under cyclic polarization is entirely different, as seen by the curves in Fig. 6a. 

In HBSS, neither pure Mg nor MgXHP undergoes breakdown, indicating no extra HE 

(Hydrogen evolution) occurs during anodic polarization. In MEM, the typical behavior 

 



 
 

19 

with rapid hydrogen streams may be observed at some locations near the surface. 

Typically, very tiny bubbles are formed, appearing like a small stream. 

 

 
Fig.6a: Comparison of the electrochemical behavior of Mg XHP and Mg pure in HBSS 

(top) and MgXAg alloys (buttom) at 37℃ in a flow chamber [29]. 
 

The curves of several MgXAg alloys, polarized in various electrolytes, are shown in Fig 

6a–6c. Certain variations in behavior can be noticed depending on the Ag content. 

Phenomenologically, the behavior of HBSS and MEM+ is comparable to that of MEM, 

although somewhat different. The CV values obtained for the alloys tested in MEM (Fig. 

6b) suggest that magnesium and magnesium–silver alloys exhibit hysteresis. It indicates 

that the material was subjected to some degree of pitting corrosion during immersion in 

the electrolytes. It is critical to understand that as silver content increases, the alloys 

become more susceptible to pitting corrosion. However, as seen in Fig. 6c, this appears 

to be reduced again when NaHCO3 is added. Mg6Ag exhibits pitting corrosion behavior 

only during the initial cycle. However, with the passage of time or the number of cycles, 

the corrosion current decreases. 
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Fig.6b: Comparison of the I vs.E curves of cyclic polarization of Mg XHP and Mg pure 
in MEM (top) and MgXAg alloys (bottom) at 37℃ in a flow chamber [29].  

 
 

Fig.6c: Comparison of the I vs.E curves of cyclic polarization of MgXAg in MEM+ at 
37℃ in a flow chamber (the drop down in the curves in case of Mg4Ag is caused 
by loss of electrical connection by hydrogen gas bubbles adhering to the surface 
of the specimen) [29].   

 
Table 6 presents the important data for the Ecorr location of the forward and backward 

scans, as well as the icorr data. 
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Table 6: The mean values±SD of Ecorr and icorr data from 5 cycles forward and 
backward scan of Mg and MgXAg in HBSS, MEM and MEM+ at 37°C under 
flow conditions and after 30 mins. 

 
 

I  
[A/cm2] 

E  
[V vs SCE] 

I  
[A/cm2] 

E  
[V vs SCE] 

I  
[A/cm2] 

E  
[V vs SCE] 

forward HBSS 
 

MEM 
 

MEM+ 
 

Mg2Ag 1.24x10-4 

±4.3x10-6 
-1.66 

±0.00837 
9.79x10-5 

±1.76x10-5 
-1.66 

±0.00837 
6.24x10-5 

±3.87x10-5 
-1.61 

±0.0187 

Mg4Ag 1.02x10-4 

±5.15x10-5 
-1.54 

±0.0526 
1.3x10-5 

±3.47x10-6 
-1.45 

±0.0217 
5.15x10-5 

±3.02x10-5 
-1.61 

±0.0000 

Mg6Ag 3.24x10-6 

±2.63 x10-7 
-1.23 

±0.0559 
1.16x10-4 

±1.92x10-6 
-1.65 

±0.00837 
6.94x10-6 

±2.11x10-6 
-1.3 

±0.0349 
backward 

 
 

 
 

 
 

Mg2Ag 1.62x10-5 

±5.17 x10-6 
-1.47 

±0.0367 
5.88x10-6 

±1.09x10-6 
-1.41 

±0.0311 
8.01x10-6 

±5.04x10-7 
-1.20 

±0.0336 

Mg4Ag 1.25x10-4 

±1.94 x10-5 
-1.63 

±0.005 
6.68x10-5 

±3.84x10-5 
-1.6 

±0.0409 
2.23x10-5 

±1.43x10-6 
-1.52 

±0.00707 

Mg6Ag 7.18x10-6 

±7.78x10-7 
-1.18 

±0.0311 
2.89x10-5 

±4.04x10-6 
-1.51 

±0.0164 
5.63x10-6 

±1.19x10-6 
-1.33 

±0.039 
 

After 
30 mins 

I  
[A/cm2] 

E  
[V vs SCE] 

I  
[A/cm2] 

E  
[V vs SCE] 

I  
[A/cm2] 

E  
[V vs SCE] 

forward HBSS 
 

MEM 
 

MEM+ 
 

Mg2Ag 6.49x10-6 

±1.77x10-6 
-1.27 

±0.0383 
1.11x10-5 

±2.87x10-6 
-1.43 

±0.0114 
2.09x10-5 

±3.57x10-5 
-1.44 

±0.0989 

Mg4Ag 1.45x10-4 

±3.45x10-5 
-1.6 

±0.0167 
2.78x10-5 

±5.15x10-5 
-1.42 

±0.117 
8.27x10-5 

±2x10-5 
-1.59 

±0.00548 

Mg6Ag 8.8x10-6 

±4.09 x10-6 
-1.37 

±0.0286 
9.99x10-5 

±2.96x10-5 
-1.55 

±0.0513 
4.78x10-6 

±5.8x10-7 
-1.26 

±0.0249 
backward 

 
 

 
 

 
 

Mg2Ag 8.01x10-6 

±5.04 x10-7 
-1.20 

±0.0336 
3.9x10-5 

±3.96x10-5 
-1.53 

±0.055 
4.79x10-6 

±1.38x10-6 
-1.41 

±0.0259 

Mg4Ag 4.5x10-5 

±3.19 x10-5 
-1.41 

±0.0167 
5.52x10-6 

±3.11x10-6 
-1.1 

±0.617 
2.48x10-5 

±5.82x10-6 
-1.5 

±0.0249 

Mg6Ag 8.93x10-6 

±4.03x10-6 
-1.33 

±0.0716 
8.11x10-5 

±2.62x10-5 
-1.51 

±0.051 
4.73x10-6 

±4.24x10-7 
-1.23 

±0.0205 
 

The data collected during the electrochemical experiment, which lasted about two hours, 

could not be used to derive an exact rule. However, it may be used to derive a general law. 

The corrosion rate of the second group is lower than the corrosion rate of the first group 

when measured in terms of time. Comparing the MEM+ group to the MEM group, it is 

comparatively low in terms of corrosion rate. As the silver content of the alloy rises in the 

same electrolyte simultaneously, the alloy exhibits an increase in corrosion rate in MEM 

while exhibiting a reduction in corrosion rate in HBSS and MEM+. However, it is 

necessary to monitor the specificity of Mg4Ag over a more extended period. 
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Fig.7: Changes of Ecorr of the forward scan with time for MgXAg alloys in 3 different 

electrolytes at 37°C und flowing conditions [29]. The evolution of Ecorr over time, 
which is also related to the number of cycles. 

 
Ecorr exhibits an anodic change with time in all of these situations. The apparent anodic 

shift of Ecorr for Mg6Ag in electrolytes containing NaHCO3 is unexpected. Additionally, 

the results demonstrate that when Ecorr potentials are anodically moved, the values of 

icorr are substantially lower than when they are more cathodically situated, as seen in Fig. 

8a - 8c.  
 

Fig.8a: Comparison of icorr vs. Ecorr data from cyclic polarization (top) of Mg2Ag alloy in        
HBSS, MEM and MEM+ together with the situation at the surface after the 
electrochemical measurements [29]. 

t [s]

0 200 400 600 800 1000 1200 1400 1600

E
co

rr
 [V

 v
s.

 S
C

E
]

-1,8

-1,7

-1,6

-1,5

-1,4

-1,3

-1,2

-1,1

Mg2Ag HBSS 
Mg2Ag MEM
Mg2Ag MEM+ 

t [s]

0 200 400 600 800 1000 1200 1400 1600

E
co

rr
 [V

 v
s 

S
C

E
]

-1,7

-1,6

-1,5

-1,4

-1,3

-1,2

-1,1

Mg4Ag HBSS
Mg4Ag MEM 
Mg4Ag MEM+

t [s]

0 200 400 600 800 1000 1200 1400 1600

E
co

rr
 [V

 v
s 

S
C

E
]

-1,7

-1,6

-1,5

-1,4

-1,3

-1,2

-1,1

Mg6Ag HBSS
Mg&Ag MEM
Mg6Ag MEM+

 



 
 

23 

 
Fig.8b: Comparison of icorr vs. Ecorr data from cyclic polarization (top) of Mg4Ag alloy in 

HBSS, MEM and MEM+ together with the situation at the surface after the 
electrochemical measurements [29]. 

 
 

Fig.8c: Comparison of icorr vs. Ecorr data from cyclic polarization (top) of Mg6Ag alloy in 
HBSS, MEM and MEM+ together with the situation at the surface after the 
electrochemical measurements. The video microscopic view before (left) Mag: 
x=150 and after (right) Mag.: x=300; 2.5 hours after the end of the 
experiment[29]. 

 
The surfaces following electrochemical polarization are shown in Figures 8a–8c. 
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Except for Mg6Ag in HBSS, visible alterations on the surfaces may be observed 

following treatment. Localized "moving" oxidation processes are seen as black, 

meandering lines. Pitting is visible in the instance of Mg4Ag in MEM plus, which is 

characteristic of static electrolytes. Mg6Ag in HBSS astonishes with a nearly uniform 

covering of the surface by an oxide layer devoid of visible deterioration spots. 

 

3.3 Scanning electron microscopy (SEM) 

MgXAg specimens after 130 minutes of electrochemical testing in three different 

electrolytes are seen in SEM images (Fig.9). The major corrosion products observed in 

pits and fractures are magnesium oxide (MgO) and magnesium hydroxide (Mg(OH)2) 

[26]. Electrochemical research indicated that all three alloys had a non-circular concavity 

pattern with a depressed surface irregularly spaced. Mg2Ag corroded evenly and pitted, 

but Mg6Ag corroded gently and uniformly compared to the other two alloys in the same 

electrolytes. When NaHCO3 is added to the same alloyed MEM electrolyte, visibly larger 

pits form. 

 
Fig.9: Three MgXAg alloys showing special surface structure, SEM after 200mins 
electrochemistry experiment [29]. 
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4. Discussion 
Mg-based biometals (BMs) degrade at a quick speed in body fluid according to 

our research. With such a fast degradation rate, it would be possible for it to lose 

mechanical integrity in a short amount of time, which would restrict its use as an implant 

material. Magnesium alloy corrosion is mostly galvanic couple corrosion, corrosion of 

the second phase or impurity phase as a cathode phase[32]. For Fe, Cu, Ni, etc. present 

in the interior of magnesium alloy, and the substrate alloy constitutes a corrosion 

microcell of Mg Alloy. As for Zn, Y, etc., to a certain extent, because of its high hydrogen 

overpotential, it is expected to improve the corrosion resistance of magnesium alloys to a 

certain extent. 

The current exchange densities of (icorr or i0) indicate the intrinsic electron transfer rates 

between an analyte and an electrode [33], [34]. These rates give information on the 

composition and interactions of the analyte and electrode. Through this test, we have a 

comprehensive understanding of the degradation process of magnesium and its alloys, 

and it is crucial to quantify the excess of HE on the magnesium surface [35]. 

According to our inquiry and aim, we expected to uncover a consistent relationship 

between electrochemical behavior, precisely when measuring the current exchange 

density, which measures the rate of degradation in an in-vitro environment, and the 

electrolyte composition. Second, we want to investigate the influence of visible changes 

on MgXAg alloys during open circuit degradation and electrochemical polarization [16], 

[19]. 

As demonstrated by the results given here, there is a difference in Mg XHP and Mg pure 

electrochemical behavior depending on the in-vitro solutions utilized by HBSS and MEM. 

A third electrolyte, MEM+, was employed to replicate the CO2 buffer activity in MEM 

for the MgXAg alloys tests. 

The results collected in this experiment showed no apparent systematic explanation for 

the differences in the electrochemical performance between the various MgXAg alloys. 

Comparing optical recordings taken before and after polarization (using cyclic 

voltammetry) shows that a surface already showing signs of corrosion will be attacked 

more severely. However, polarization may significantly impact a surface that was only 

slightly oxidized to begin with[36], [37]. 

This can be attributed to various factors depending on the alloy composition and structure, 

including grain size position and orientation and chemical activity [18]. 
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No particular areas could be observed that might be attributed to hydrogen evolution or 

the oxidation and precipitation of more minor soluble compounds near the surface, based 

on our observations. Each examined surface had its distinct structure, as seen in Fig.8a-c 

after the treatments. 

When exposed to an aqueous solution (such as MEM or HBSS solution), corrosion occurs 

on the border of the growing patch, causing the corrosion product to precipitate in the 

region. Magnesium corrosion products have been shown to have enhanced catalytic 

activity against human epidermal growth factor receptors [14]–[16]. 

By evaluating both the forward and backward scans for the electrochemical activity of 

the various MgXAg alloys, it is possible to observe a minor correlation between the Ag 

content and the anodic shift of Ecorr at the peak of icorr. In Mg6Ag, the electrolytes 

containing CO2, HBSS and MEM+, exhibit the same activity as the CO2-free electrolyte 

(MEM). However, as seen in Fig. 10a and 10b, it is not visible in the case of Mg2Ag and 

Mg4Ag. 

 

              

Fig.10: Assessment of forwarding (top) and backward (bottom) scan for three different 
MgXAg alloys in 3 different electrolytes [29]. 

 

As seen in the SEM pictures in Fig.9, pitting corrosion was identified as the most effective 

form of deterioration at the end. The inhomogeneity of the metal surface is a significant 
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cause of pitting corrosion [38]. It is crucial to understand why and when the concentration 

of chloride ions in the solution increases, and the breakdown process accelerates [20]. 

These circumstances are confusing for electrochemical analysis of magnesium and 

magnesium alloy degradation [39]–[41]. The decrease in active reaction area and the 

connection between anodic and cathodic reaction pathways complicate degradation 

prediction[37]. The video-optical setup provides additional information about the effect 

of the electrolyte composition on the degradation behavior of MgXAg alloys, as the 

images changed throughout the investigation, namely the changing positions of the 

oxidation, which impose, as mentioned earlier, as meandering black lines, and 

additionally, specific sites for hydrogen production were identified in the vicinity of 

which no apparent changes in the surface appearance was observed. 

This complicates obtaining an accurate picture of magnesium and magnesium alloys 

deterioration. The apparent changes on the surfaces, which were interpreted in some 

instances as a significant deterioration and alteration of the surface, were not well 

represented in the electrochemical data, as described in Fig.11. 

 

 
Fig.11: Influence of the Ag-content on Ecorr (left) and icorr (right). Comparison of the 

data from cyclic voltammetry divided into forwarding and backward scan [29]. 
 

Only a trend of deterioration can be determined due to the galvanically coupled response 

on the surface. Additional studies are required to determine the critical influence or 

location(s) of surface modifications linked with the observed electrochemical activity. 
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5. Conclusion 
The varying rates of corrosion from one phase to another influenced the mechanism of 

pitting corrosion. The corrosion potential of Mg–Ag metallic compounds was moved in 

anodic direction by adding silver content. The composition of the alloy as well as the 

composition of the electrolyte have a significant influence on the electrochemical 

performance of the investigated alloys. Most interestingly, we discovered that the silver 

content is a critical element in pitting corrosion protection of magnesium alloys while 

keeping the overall corrosion rate under control. It is also vital to pay more attention to 

the concept of protein evoked effects during magnesium corrosion, as it undoubtedly 

plays an important role in reducing both homogeneous and pitting corrosion of 

magnesium materials used in the body. Dependent on this performance, biodegradable 

implants containing MgXAg binary alloys would have a multifunctional use. In the next 

step the observation period can be extended, or the pH changed to monitor changes in the 

magnesium corrosion site. It is also our aim to track the factors influencing the trend of 

pitting corrosion during the reaction. 

 

 

6. Summary  
Apparent surface activity correlates to high electrochemical activity, although the 

relationship between composition and activity is not consistently established. The 

fluctuating rates of corrosion influenced the pitting corrosion process throughout stages 

of the corrosion process. The corrosion potential of magnesium–silver metallic 

complexes was changed from the cathodic to the anodic direction by increasing the silver 

concentration. The composition of the alloy and the composition of the electrolyte have 

a significant impact on the electrochemical performance of the alloys under investigation. 

Most intriguingly, we discovered that silver in magnesium alloys plays a critical role in 

preserving them from pitting corrosion while also reducing the overall rate of corrosion. 

Also important is paying greater attention to the notion of protein-evoked effects during 

magnesium corrosion. This concept unquestionably plays a significant role in reducing 

both homogeneous and pitting corrosion of magnesium materials used in the body. 

MgXAg binary alloys, which are used to make biodegradable implants, offer a wide range 

of potential uses, depending on their performance. If the magnesium corrosion site 

changes are seen, the observation period may be extended, or the pH may be changed in 
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the next step, if necessary. In addition, we would like to keep track of the factors that 

impact the pitting corrosion trend throughout the reaction. 
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