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List of abbreviations

Abbreviation English full name
HER Hydrogen evolution reaction
HE Hydrogen evolution
EC Electrochemical
MEM Minimum Essential Medium
HBSS Hanks" Balanced Salt solution
OCP Open circuit potential
SEM Scanning Electron Microscope
Mg XHP Mg extremely high pure
BMs Biometals
Ccv Cyclic voltammetry
NHE Normal hydrogen electrode




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(io) 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 CO;-containing electrolytes. Throughout OCP

measurements, the surface develops distinctive patches that remain stable even during CV.



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.



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 Oberfliche ist es mdglich, den
Degradationsprozess so zu verfolgen, wie er auch in-vivo ablduft. Die Herausforderung
besteht darin, aus den Messdaten die Degradationsgeschwindigkeit so zu bestimmen, dass
eine verldssliche Prognose fiir die ,,Lebenszeit™ des Bauteils moglich wird. Es sollte die
Bildung von Lokalelementen vermieden werden, idealerweise also gleichméBig verteilt,
so dass ein Abbau von auflen nach innen erfolgt. So sollte sichergestellt werden, dass der
Abbau der Mg-Struktur mdglichst mit der Geschwindigkeit erfolgt, mit der der Knochen

neu gebildet wird.

Methoden: Aufbau einer optisch-elektrochemischen Zelle fiir elektrochemische
Korrosionsmessungen an Magnesium und Magnesiumlegierungen. Beobachtung und
Aufzeichnung des Oberflachenveridnderungen unter dem Videomikroskop. Bei 37 °C
wurden die Proben in verschiedenen, zirkulierenden Elektrolyten untersucht, darunter
MEM, HBSS und MEM+ (MEM ergénzt mit NaHCO3). Zuerst wurde der OCP gemessen,
dann ein CV und dann nach 30 Minuten eine Wiederholung der gleichen Schritte. Somit
war es moglich, Oberfldchenprozesse wie Wasserstoffentwicklung und Oxidabscheidung
in Echtzeit zu beobachten und mit elektrochemischen Daten zu korrelieren. Die
elektrochemischen Daten, OCP, Austauschstromdichte ip und das Korrosionspotential,
wurden fiir die Bewertung der Degradation herangezogen. Io als MaBl fiir 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 FErgebnisse zeigen, dass es deutliche Unterschiede im
Korrosionsverhalten zwischen den reinen Mg Proben und den MgXAg Legierungen gibt.
Die Zugabe von Ag zu Magnesium flihrt zu einer Vereinheitlichung der
elektrochemischen Aktivitdit und somit des Abbaus unabhidngig vom gewdihlten
Testmedium. Die videomikroskopischen Aufnahmen zeigen am Ende der Messungen in

den CO; haltigen Elektrolyten &hnliche Korrosions- respektive Degradationsspuren.



Wihrend der Zeit der OCP Messungen zeigen sich schon erste charakteristische Spots

auf der Oberflache, die auch wihrend der CV sich nicht verdndern.

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 Zusdtze in der Mg Legierung
agieren und als mogliche Wasserstoffentwicklungsspots fungieren kann momentan nur
vermutet werden. Hier sind weiter Untersuchungen notwendig, um auf diese und andere
Fragen eine Antwort zu finden. Hierzu miissen noch Strategien zur Bildauswertung
entwickelt werden, die u.a. eine effektive Bestimmung der elektrochemisch aktiven

Oberflache erlauben.

(Diese Zusammenfassung wird mit Genehmigung der MDPI-Verlagsgruppe
wiederverdffentlicht. Es ist Teil der folgenden Veroffentlichung: 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.



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
(Mg>" 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—Mg?" + 2¢" (anodic partial reaction) (1)
2H>0+2e—H>0+H1 (cathodic partial reaction) (2)
Mg+2H,0=Mg?"+20H+H>1 (overall reaction) (3)
Mg?+20H—->Mg(OH) (product formation, hydroxide layer) 4)
Mg(OH)>+ 2CI"—>MgCl,+20H~ (5)



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 MgCl, promotes the release of OH ions from



the precipitation layer (5), which may react with the dissolved Mg?*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 NaHCOs (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

CaCl, 0.2 0.14 0.2

KCl1 0.4 0.4 0.4

CaCl, 0.2 0.14 0.2

MgSO4 0.97 0.098 0.2

NaH,PO4 0.14 0.06 0.14
w/o Phenol red w/o Phenol red w/o Phenol red
Vitamins w/0 Amino acids Vitamins

Special additives Amino acids NaHCOs 0.35 Amino acids
w/oNaHCOs3 KH>PO4 0.06 +0.35g/L NaHCO;3

MgCl 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%,
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96%, and 94% magnesium, were cast and treated with solution T4 respectively. All
specimens were cylindrical, measuring 10mm in diameter and Smm 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
5050D1, 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

12



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 Wwas 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.

RT _ Stern—Geary—Coefficient

Iy =

(A/cm?) (6)

nFRp, Rp

microscopic view of the position
of the measurement areas onto
the surface of the specimen

Red - HBSS
Green—-MEM+
Blue - MEM
Black — specimen

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.

Mg pure MEM
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Fig.2: Description of I vs. E curves (The blue circle marks the range of backward scan

for assessing I.or, 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(um) 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
MgdAg 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+.

Mg4Ag

Mg6bAg

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
Yttrium
Copper
Pure Mg
Iron
Tungsten
Cobalt
XHP Mg
Molybdenum
Zirconium
Nickel
Tin

4.16 x10°+1.43 x107
2.42 x10°+1.21 x107
1.56x10°+6.67x10°°
1.13x10°+2.16 x10°¢
9.83 x10°+3.12 x10°®
7.05 x10°+1.33 x10°°
5.13x10°+1.74 x10°¢
3.68 x10°+1.12 x10°°
1.88 x10°+3.69 x107
1.07 x10°+1.71 x10°®
7.93 x107+2.22 x1077
0.82 x10%+1.61 x10°®

1.024+5.24 x10?

1.38+4.08 x107?
2.05x107"'+4.12 x10?

1.38+1.37

8.04 x107'£2.07 x10°
5.81 x107'+1.51 x107
5.03 x107'+£3.55 x107?

1.56+5.48 x10°
3.43 x107'+3.63 x10~
1.71 x107'+7.03 x10°?
5.02 x107'+4.85 x10
5.14 x10'+8.16 x107

-1.035
-1.482
-0.201
-1.463
-0.218
-0.466
-0.461
-1.702
-0.171
-0.395
-0.350
-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, 44g, 6Ag) in MEM , HBSS and MEM+ at 37 C
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  MgdAg MgbAg
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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Mg2Ag

Mg4Ag

Mg6Ag

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 NaHCOs3 is added to the MEM solution, the early signs of localized

oxidation become less visible and are only visible on Mgb6Ag.

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

18



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

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

Mg XHP HBSS Mg pure HBSS

o [

N\

4 22 20 B B 4 -2 MagéAg HBSS E [V vs. SCE|
£V vsSCE)
Mg2Ag HBSS —
" 100
B b ";\;;‘“ Va £ -
T g N V4 S
: ; & =

E [V vs. SCE] e n u b 1A e » 22 20 A8 A6 A4 42 a0

EN v SCE) E [V v.SCE]

Fig.6a: Comparison of the electrochemical behavior of Mg XHP and Mg pure in HBSS
(top) and MgXAg alloys (buttom) at 37°C 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 NaHCOs 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 C in a flow chamber [29].
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Fig.6c: Comparison of the I vs.E curves of cyclic polarization of MgXAg in MEM+ at
37 Cin 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.

[ E [ E [ E
[A/cm?] [Vvs SCE] | [A/em?] | [VvsSCE]| [A/em?] | [V vs SCE]
forward HBSS MEM MEM-+
Moo 1.24x10* -1.66 9.79x10° -1.66 6.24x107 -1.61
ESAE | 143x10° | +0.00837 | +1.76x10° | +0.00837 |+3.87x10°| +0.0187
MedAg 1.02x10* -1.54 1.3x10° -1.45 5.15x10°7 -1.61
+5.15x10° | +0.0526 | +3.47x10°| +0.0217 |[+3.02x10°| +0.0000
Mo6A 3.24x10°° -1.23 1.16x10* -1.65 6.94x10°¢ -1.3
EORE | 1263x107 | +£0.0559 | +1.92x10°| +0.00837 |+2.11x10°| +0.0349
backward
MaA 1.62x10° -1.47 5.88x10° -1.41 8.01x10°|  -1.20
ESAE | 4517x10° | +£0.0367 | +1.09x10°| +0.0311 |+5.04x107| +0.0336
ModA 1.25x10™ -1.63 6.68x107 -1.6 2.23x10° -1.52
EMAE | 11.94x10° +£0.005 | +3.84x10° | +0.0409 |+1.43x10°| +0.00707
Mg6Ag 7.18x10° -1.18 2.89x10° -1.51 5.63x10° -1.33
+7.78x107 | +0.0311 | +4.04x10°| +0.0164 |+1.19x10°| +0.039
After i E i E i E
30 mins [A/cm?] [V vs SCE] [A/cm?] [Vvs SCE] | [A/em?] | [V vs SCE]
forward HBSS MEM MEM-+
Mg2Ag 6.49x10° -1.27 1.11x10° -1.43 2.09x10° -1.44
+£1.77x10° | +0.0383 | +2.87x10° | +0.0114 |+3.57x10°| +0.0989
ModA 1.45x10™ -1.6 2.78x107 -1.42 8.27x10° -1.59
EMAE | 1345x10° | +£0.0167 | £5.15x10° | +0.117 £2x10° | +0.00548
Mg6Ag 8.8x10° -1.37 9.99x10° -1.55 4.78x10°° -1.26
+4.09x10° | +0.0286 | £2.96x10° | +0.0513 | +5.8x107 | +0.0249
backward
R 8.01x10° -1.20 3.9x10° -1.53 4.79x10°|  -1.41
ESAE | 1504x107 | +0.0336 | +3.96x10° |  +0.055 |+1.38x10°| +0.0259
MgdAg 4.5x10° -1.41 5.52x10° -1.1 2.48x107 -1.5
+3.19x10° | +0.0167 | +£3.11x10° | +0.617 |+5.82x10°| +0.0249
Mo6A 8.93x10° -1.33 8.11x10° -1.51 4.73x10°|  -1.23
EOAE | 1403x10° | +0.0716 | 4+2.62x10° |  +0.051 |+4.24x107| +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.

21




Mg6Ag HBSS
a2 @ Mg4AgHBSS 12 : MQMQ MEM
-@- MgdAg MEM o Mg QMEM
-
413 Y Mg MEM+ Vet

E... [V vs. SCE]
E,.. [V vs SCE]
E,,, [V vs SCE]

et

@ Mg2Ag HBSS
-@- Mg2Ag MEM
Y- Mg2Ag MEM+ -16

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 8OO 1000 1200 1400 1600
tis] tis] tls]

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 NaHCOj 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 - &c.
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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].

22



8065 8 Mg4Ag HBSS

MgdAg MEM
4,005 J
| — =

S

Lo [AVCTY]

MgdAg

-158 -156 -154 -152 -150 -148 -14¢
E oo [V VS SCE]

40

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].
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Fig.8c:Comparison of icor 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—S8c.
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Except for MgbAg 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. Mgb6Ag 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),)
[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 NaHCOs is added to the same alloyed MEM electrolyte, visibly larger

pits form.

Mg2Ag

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 OF 19) 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 CO; 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 CO,, HBSS and MEM-+, exhibit the same activity as the CO,-free electrolyte
(MEM). However, as seen in Fig. 10a and 10b, it is not visible in the case of Mg2Ag and
MgdAg.

influence of Ag content on E,,, w/o OCP influence of Ag content on i, in HBSS, MEM and MEM+
1,2 4
-@- HBSS -@- HBss
-~ MEM - MEM
- MEm+ 4 - Mem+
1.3 o4
or
% &
£
2
; 1.4 i
uE 8

wt-% Ag Ag Wt-%

E.,r bw scan icorr bw scan

1 D—//I//gt—'
§

-@- HBSS

-~ MEM
- MEM+

E,, [V vs SCE]

i, [Alcm?]

wt-% Ag wt-% Ag

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.
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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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Magnesium as biodegradable biomaterial could serve as bone augmentation material in implant dentistry. The
knowledge about the predictability of the biodegradation process is essential as this process needs to go hand in
hand with the formation of new bone to gradually replace the augmentation material. Therefore, this work aimed
to assess if the electrochemistry (EC) measurements of the corrosion process correlate with the surface features at
various time points during the surface degradation, in order to describe the degradation process of Mg and Mg
alloys more reliably, under the assumption that differences in EC behavior can be detected and related to specific
patterns on the surface.

In this test setup, a special optical chamber was used for electrochemical measurements on Mg and Mg-alloys
(Mg2Ag, Mg4Ag, and Mg6Ag). Specimens were investigated using different circulating cell culture solutions as
electrolytes, these were minimum essential medium (MEM), Hank’s Balanced Salt Solution (HBSS), and MEM+
(MEM with added sodium hydrogen carbonate) at 37 °C. Open circuit potential measurements (OCP) over 30 min
followed by cyclic polarization were performed. The electrochemistry data, including OCP, exchange current
density and corrosion potential, were compared with visible changes at the surface during these treatments over
time. The results show that the addition of silver (Ag) leads to a “standardization” of the degradation regardless
of the selected test medium. It is currently difficult to correlate the visible microscopic changes with the data
taken from the measurements. Therefore, further investigations are necessary.

1. Introduction has healed to a structurally sound degree [3,4].

Magnesium and Mg-alloys preferentially degrade non-uniformly [5].

Magnesium used as a base metal for implantable devices has a
number of favorable properties such as a low density, the possibility to
manufacture tiny structures, easiness of manipulation during surgery,
the properties of its degradation products (Mg>*ions) to promote the
deposition of calcium and phosphorus and the growth of compact bones
[1] as well as its complete degradation and absorption, making a second
operation unnecessary, e.g. when used as osteosynthesis material [2].

Compared to other biodegradable metals like zinc or iron, magne-
sium is chemically more reactive. The rapid degradation in a humid
physiological environment remains the main obstacle to widespread use,
as it leads to rapid loss of mechanical integrity followed by the structural
collapse of the 1 -based implant, possibly even before the bone

& 13
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This is due to a complex degradation behavior and is based on the
galvanic coupling occurring where the anodic and the cathodic partial
reaction of the redox-reaction system take place on the same surface
area [6]. The consequence thereof is, that over the surface in contact
with the electrolyte (the body fluid or simulated body fluid) one part of
the surface is oxidized and degraded due to the anodic reaction (1),
while the two electrons are transferred to the cathodic partial reaction,
where hydrogen evolution (HE) takes place (2). The Hydrogen evolution
reaction (HER) is the main cathodic reaction during magnesium corro-
sion and occurs spontaneously [30-32]. Furthermore, the overall reac-
tion consumes H' ions causing a higher concentration of OH™ ions (3),
thus an increased pH in the physiological electrolyte, causing

E-mail addresses: yugiuhan.zhang@charite.de (Y. Zhang), tycho.zimmermann@charite.de (T. Zimmermann), wolf-dieter.mueller@charite.de (W.-D. Mueller),
frank.witte@charite.de (F. Witte), florian.beuer@charite.de (F. Beuer), andreas.schwitalla@charite.de (A. Schwitalla).

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

Received 21 November 2020; Received in revised form 3 May 2021; Accepted 26 May 2021

Available online 10 June 2021

2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

38



Y. Zhang et al

Table 1
The major components of MEM, HBSS and MEM plus (formulations offered by
manufacturer).

MEM (g/L) HBSS (g/L) MEM Plus (g/L)
NaCl 6.8 8 6.68
CaCly 0.2 0.14 02
KCl 0.4 0.4 04
CaCly 0.2 0.14 0.2
MgS0s 0.97 0.098 02
NaH,PO, 0.14 0.06 0.14
w/o Phenol red w/o Phenolred  w/o Phenol red
Special Vitamins w/0 Amino Vitamins
additives Amino acids w/ acids Amino acids
oNaHCO; NaHCO3 0.35 +0.35 g/L
KH2PO; 0.06 NaHCO;
MgCl, 1.0

precipitation of magnesium phosphate and carbonate [7]. In the next
step, the dissolved Mg" and the OH ions precipitate as magnesium
hydroxide layer on the surface of the Mg or Mg alloys (4) [5,8].

2Mg —»2Mg" + e (anodic partial reaction) (¢8)
2H"+2e”—H, (cathodic partial reaction) (2)
2Mg + 2H* +2H,0-2Mg** +20H +2H, (overall reaction) (3)
Mg** +20H —Mg (OH), (product formation, hydroxide layer) 4)
Mg (OH),+ 2C1" -»MgCl,+20H (5)

Silver has been used by humans for thousands of years due to its
strong antibacterial effects. Already under Alexander the Great's reign,
silver vessels were used to store drinking water and food [9]. The
formulation of silver has evolved from bulk silver in vessels and coins to
ionic silver supplemented as silver salts (such as AgNO;) or adsorbed on
carrier materials [10]. Silver exhibits low toxicity in the human body,
and minimal risk is expected due to clinical exposure by inhalation,
ingestion, dermal application or through the urological or hematoge-
nous route [11]. Innovative binary Mg-Ag alloys were built as bone
implant material to add antibacterial properties to biodegradable mag-
nesium. When combined with its propensity to degrade in physiological
conditions, the antibacterial property may last for the duration of the
implant. Among the criteria for determining biocompatibility and anti-
bacterial reaction [12], the various corrosion rates from aand f phases
influence the corrosion mechanism [13]. The corrosion potential of
Mg-Ag metal compounds is shifted in an anodic direction by adding
silver. Because these complex interactions remain a critical concern, it is
important to explore the corrosion behavior of magnesium-silver alloys
in detail [14,15].

Bioactive Materials 7 (2022) 441-452

For in vitro experiments to study the biodegradation of Mg and Mg
alloys, various types of simulated body fluids have been used [27,28]. So
far, there is no clear consensus on the best type of environment to
simulate physiological in vivo conditions [16]. The corrosive environ-
ment of Mg in the human body is composed of 0.14 M NaCl solution and
a small amount of other inorganic substances (such as ca’', PO} and
HCO®") [17]. The normal pH of blood is 7.4, generally buffered by the
CO,/HCO5 system [18]. The presence of chloride ions usually leads to
accelerated corrosion [19], since the formation of MgCl, releases OH
ions from the precipitation layer (5), which in turn can react with the

Mg pure MEM

w
11 8
<

3 s

® s breakdown
01 .~
[
o
[3
0,01 2

bw fw
Ecorr ECO’T
0,001 - - . — - -
22 -20 -18 -16 -14 -12 -10 -08
E [V vs.SCE]

Fig. 2. Description of I vs. E curves (The blue circle marks the range of back-
ward scan for assessing Ieoy, the red circle for the forward scan and the red
arrows marked the scan direction and points of interest.). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 2
Surface roughness of specimens after polishing.
materials Sa Sa Sa Sa Sa +SD
(left) (right) (up) (down) (middle) (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
(pm)
MgbAg 1.352 0.932 1.097 0.908 1.138 0.1796
(pm)
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

microscopic view of the position
of the measurement areas onto
the surface of the specimen

Red - HBSS
Green=-MEM+
Blue - MEM
Black - specimen

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.
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Mg2Ag

Mg4Ag

Mg6Ag

Fig. 3. Initial states of MgXAg alloys before the electrochemical measurements in HBSS — MEM and MEM+.
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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 °C

in a flow chamber.

Table 3

Final potential(V) after 30 min OCP in 3 different electrolytes.
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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dissolved Mg>" ions, while phosphates and carbonates may promote the
formation of protective or partially protective corrosion products [12].
The presence of organic components, such as proteins, cells, or bacteria,
can additionally affect the corrosion reaction [20]. Compared to room
temperature, the body temperature of 37 °C can accelerate the corrosion
reaction on the one hand and modify it to some extent on the other, since
the solubility of calcium phosphate is also dependent on the temperature
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Mg2Ag

Mg4Ag

Mg6Ag

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. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6a. Comparison of the electrochemical behavior of Mg XHP and Mg pure in HBSS (top) and MgXAgalloys (buttom) at 37 °C in a flow chamber.

[21]. These different influencing factors deriving from the bodily envi-
ronment make investigations of the corrosion process very complex and
thus challenging.

The results of many literature outcomes have plainly showed that the
consumption of Mg is exceptional regarding its electrochemical
behavior. In nature, the corrosion of Mg and its alloys is an
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electrochemical process, and their corrosion performance or character-
istics can be ultimately attributed to their electrochemical behavior.
Revealing the electrochemical reactions involved in the corrosion pro-
cess can provide a theoretical basis for understanding the characteristic
corrosion phenomena for Mg and its alloys [22]. Therefore, the study
aimed to correlate electrochemical (EC) measurements with surface
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Mg pure MEM

MgbAg MEM

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 °C in a flow chamber.
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Fig. 6¢c. Comparison of the I vs.E curves of cyclic polarization of MgXAg in MEM + at 37 °C 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).

changes at different points in time under the influence of three different
electrolytes based on the cell culture medias HBSS and MEM to predict
the degradation process more reliably.

2. Material and method

In these experiments, MEM (Biochrom GmbH, Germany) and HBSS
(Life Technologies Limited, UK) buffers, commonly used in the litera-
ture, were selected. In contrast to MEM, where amino acids and vitamins
are added to the basic ingredients, HBSS contains additional NaHCO3
(Sigma-Aldrich Chemie GmbH, Germany), as shown in Table 1. To
better compare the corrosion process, in the MEM Plus group 0.35 g/L
sodium bicarbonate was added.

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%, 96% and 94% magnesium by weight,
respectively - were cast and processed with solution T4. All specimens
were cylindrical with a diameter of 10 mm and a thickness of 5 mm. In
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order to describe the initial degradation process in a time frame of 1 h,
an optical coupled electrochemical measurement set up was used [24].

2.1. Preparation of magnesium specimens

Mg XHP, Mg pure and MgXAg (X = 2,4,6) samples were prepared by
partial encapsulation in an epoxy resin to keep the sample intact during
grinding. The surface was ground from 800 till 2500 using silicon car-
bide sandpaper (150 mm Hermes, Germany) with water, then polished
with 1.0 pm silica suspension and etched by a solution, mainly con-
sisting of glacial acetic acid and picric acid, for 10 s for each specimen.
Afterwards, the surface of the specimens was washed with ethanol and
dried.

2.2. Grain size and roughness measurement

For comparison of the surface conditions the specimens were
inspected using a video microscope (Keyence VHX-5000, Japan) and the
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Table 4

The mean values + SD of E_,,, and i,,, data from 5 cycles forward and backward
scan of Mg and MgXAg in HBSS, MEM and MEM + at 37 °C under flow
conditions.

forward 1[A] E[Vvs 1[A] E[Vvs 1[A] E[Vvs
SCE] SCE] SCE]

HBSS MEM MEM+

Mg2Ag 2.2 x -1.508  3.73 x 1513  6.15 x ~1.414
10° £0,092  10°° £0.052 10°° £0.028
£1.49 +4.74 +1.19
%1078 %1078 x10°¢

MgaAg 5.63 x ~1.515 141 x 1458  2.26 x ~1.526
10°° £0.023 10° £0.022 10°° +0.018
+4.59 +4.23 +1.53
%1078 x10°¢ x10°¢

Mg6Ag 4.2 x ~1.270  2.86 x ~1509  7.35 x ~1.304
10°° £0.10 10 £0.015  10°° +0.037
£2.37 +3.67 +213
x10°° x10°° x10°°

pure +£4.94 ~1.597  =2.65 ~1.467
x107° x10°°

XHP £5.48 -1.878 =119 ~1.560
x10°° x10°°

backward

Mg2Ag 8.62 x -1.297  1.27 x ~1.435  5.94 x ~1.415
10°° £0.07 10 0014 10° +0.02
+5.44 +4.60 +1.88
%x10°° x10°° % 10°°

MgdAg 5.59 x 1419  7.28 x 1371 24x ~1.495
10°° £0.02 10°¢ 0019  10°° +0.022
£2.90 +1.93 +5.57
%1078 x10°¢ x10°°

Mg6Ag L1 x -1.378 7.4 x ~1.493  5.26 x -1.279
10°° £0.04 10 £0.034 10° +0.042
£6.41 +1.49 +1.30
x107° %1078 x10°¢

pure +3.30 ~1.674  =2.45 ~1.575
%x10°° %1078

XHP £3.06 -1.924  =1.00 ~1.751
%x10°° x10°°

roughness at 5 spots of each specimen was measured using an IF-
microscope (Alicona, Austria).

2.3. Electrochemical measurements

For electrochemical measurements, the specimens were connected to
a copper wire using a silver amalgam. The reactions at the surface of the
specimens were observed using a video microscope (Keyence VHX-
5000) through a special electrochemical cell [24] (Fig. 1). The electro-
chemical data were manipulated and accumulated by the software
PStrace (PalmSens, Netherlands) connected to a mini-potentiostat
(Emstat3+, PalmSens, Netherlands). The solutions were pumped
through the system using a lab pump (Watson Marlow 5050Di, United
Kingdom). The speed was set as 4.3 ml/min and the temperature was set

Bioactive Materials 7 (2022) 441-452

to 37 °C (310K). The OCP (open circuit potential) was measured over
30min followed by cyclic polarization over 6 cycles between a potential
range of +500 mV vs. OCP (open circuit potential). The microscopic
video observations during the measurements were recorded with OBS
Studio (version 26.0.2). Scanning Electron Microscope (SEM) pictures
were made by Desktop SEM Phenom XL G2 (Thermo Fisher Scientific,
America). The specimens were washed in pure alcohol and blow dried
before SEM.

2.4. Data collection and analysis

From each of the cyclic I-E curve the exchange current density iy
was determined at Ecorr. The body temperature of 310K, the number of
the transferred electrons per reaction (n = 2), the Faraday's constant F
with 96485 Asmol ! as well as the Stern-Geary-Coefficient with
0.01335 were used in equation (6), the linearized Butler-Volmer
equation.

RT  Stern — Geary — Coefficient 2
b=gpR = (Afent) ©

One example of a specific I vs E cyclic curve with the marked data

points is shown in Fig. 2.

3. Results
3.1. Roughness measurements

The roughness values of the investigated specimens are comparable,
as the data show in Table 2. Mg2Ag shows the highest roughness fol-
lowed by both pure Mg specimens and then Mg4Ag and Mg6Ag.

The pictures in Fig. 3 show the initial states of the surface of the
MgXAg alloys prepared for the electrochemical measurements in HBSS,
MEM and MEM-+.

3.2. Electrochemical measurements

In all cases the OCP values starts from a very cathodic point and after
the first 5 min reach a value which was more or less constant over the
rest of the measurement time up to 30 min as shown for the different
investigated alloys in Fig. 4.

Contrary to expectations, no major differences were found for the
OCP for the MgXAg alloys. Only in case of the pure and ultra-pure Mg it
can be seen that the OCP after 30 min in MEM is more anodically shifted
in comparison to HBSS. The final potentials after 30 min are summarized
in Table 3.

The situation at the surface after 30min OCP is shown in Fig. 5.

Even if the OCP values hardly differ, the images show visible dif-
ferences after 30 min, as seen in Fig. 5. In HBSS, a difference in the
amount and distribution of the HE spots and the oxide-covered area can
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Fig. 7. Changes of E,,, of the forward scan with time for MgXAg alloys in 3 different electrolytes at 37 °C und flowing conditions.
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Fig. 8a. Comparison of i.o, VS. Eqy data from cyclic polarization (top) of Mg2Ag alloy in HBSS, MEM and MEM + together with the situation at the surface after the

electrochemical measurements.

be observed. In MEM all surfaces show strong traces of oxidation, either
through dark discoloration, as in the case of Mg2Ag, or paths of localized
“migrating” reactions, marked with red arrows, on Mg4Ag and Mg6Ag.
If NaHCOs is added to the MEM solution, the initial traces of localized
oxidation are less clear and can only be seen on Mg6Ag.

3.2.1. Cyclic voltammetry

The cyclic voltammograms show different shapes, depending on the
kind of solution as well as the kind of material, pure Mg or MgXAg al-
loys. There are differences related to the position of the Ecoyy and the icor
data depending on the solution in which was measured. In case of the
pure and ultra-pure Mg the behavior under cyclic polarization is
completely different, as the curves in Fig. 6a show. In HBSS, pure Mg as
well as MgXHP show no breakdown, so no additional HE (Hydrogen
evolution) takes place during anodic polarization, but in MEM the
typical behavior can be observed with fast hydrogen streams at some
places at the surface. Characteristically, very small bubbles are created,
appearing as a little stream.

In Fig. 6a to c the curves of the differently composed MgXAg alloys,
polarized in different electrolytes are presented. Depending on the Ag-
content some differences in the behavior can be observed. Phenome-
nologically, the behavior in HBSS and MEM + are comparable but
slightly different to the behavior in MEM. The CV of the alloys tested in
MEM (Fig. 6b) indicate that magnesium and Mg-Ag alloys exhibit hys-
teresis. This suggests that the material experienced pitting corrosion to
some degree during immersion in the electrolytes. It is important to
realize that as more silver content is included, the alloys become more
prone to pitting corrosion. However, this seems to be suppressed again
by adding NaHCOs3, as can be seen in Fig. 6c. Mg6Ag shows pitting
corrosion behavior only in the first cycle but with the passing of time,
respectively the numbers of cycles, a decrease of corrosion current can
be observed.

44

447

The essential data of the Eq,; position of the forward and backward
scans and the icorr data respectively are presented in Table 4.

Fig. 7 shows the changes of E.q; depending on time, which is also
related to the numbers of cycles.

In all cases an anodic shift of E o,y with time can be observed. Hereby
the clear anodic shift of Ecorr for Mg6Ag in NaHCO; containing elec-
trolytes is surprising.

The data show also, that at anodically shifted E.o potentials the
values of icop are significantly lower as in case of more cathodically
located ones, as exemplified in Fig. 8a—c.

Fig. 8a to ¢ show the surfaces after the electrochemical polarization.

After the treatment, clear changes can be seen on the surfaces, with
one exception, Mg6Ag in HBSS. There are clear traces of localized
“moving” oxidation reactions, impressing as black, meandering lines. In
the case of Mg4Ag in MEM plus, the areas of pitting, typical for static
electrolytes, can be seen. Mg6Ag in HBSS surprises with an almost even
coverage of the surface with an oxide layer without noticeable degra-
dation spots.

3.3. Scanning electron-microscopy (SEM)

The SEM images (Fig. 9) of MgXAg show the surface of the specimens
in three kinds of electrolytes after 200 min of electrochemical testing.
MgO and Mg(OH), are the main corrosion products around pits and
cracks [25]. After electrochemical testing, all three alloys showed an
irregularly spaced non-circular concavity pattern, all exhibiting a
depressed surface. Mg2Ag showed both homogeneous and pitting
corrosion, while Mg6Ag exhibit only mild and evenly distributed signs of
pitting corrosion compared with the other two alloys in the same elec-
trolytes. When NaHCOj; is added to the MEM electrolyte with the same
alloy, larger pits are clearly formed.
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Fig. 9. Three MgXAg alloys showing special surface structure, SEM after 200mins electrochemistry experiment.

4. Discussion

The exchange current densities of (icqy Or ip) represent intrinsic
electron transfer rates between an analyte and an electrode [26]. These
rates give insights into the composition of the analyte and the electrode
and their interactions. In order to fully understand the degradation
mechanism of magnesium and its alloys, the excess of HE over the Mg
surface should be quantified [23].

Based on our question and aim, we expected to find a reliable cor-
relation between the electrochemical behavior, especially when exam-
ining the exchange current density which describes the degradation rate
in in-vitro environment, and the composition of the electrolytes. Sec-
ondly, we expected to investigate the influence of the visible changes
including the hydrogen evolution and degradation product deposition at
the surface by optical inspection during open circuit degradation and
electrochemical polarization of MgXAg alloys [14,15].

As the here presented data show, a difference in the electrochemical
behavior of Mg XHP and Mg pure depending on the used in-vitro solu-
tions, HBSS and MEM, exists. To simulate the CO, buffer activity in MEM
for the measurements of the MgXAg alloys a third electrolyte, MEM+,
was used.

The measurements performed in this experiment didn’t clearly show
any systematic factor for the difference in electrochemical behavior for
MgXAg alloys. A comparison of the optical recordings before and after
polarization (cyclic voltammetry) shows that a surface that is already
showing active corrosion is then attacked to a greater extent. An initially
only slightly oxidized surface can, however, be changed dramatically by
the polarization.

This can be explained by various influences, based on the alloy
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composition and its structure, such as the grain sizes and orientation as
well as the chemical activity [29].

Based on our observation, no specific spots could be detected which
could be fitted to the hydrogen evolution or the oxidation and precipi-
tation of less soluble products at the surface. All analyzed surfaces have
shown their own specific structure, which can be seen at the end of the
treatment in Fig. Sa—c.

On the freshly polished Mg surface exposed to an aqueous solution
(such as MEM or HBSS solution), corrosion proceeds on the edge of the
growing patch, thereby causing the corrosion product to precipitate in
the vicinity. Magnesium corrosion products have shown enhanced cat-
alytic activity for HER [13-15].

Using the possibility to assess the forward as well as the backward
scan for description of the electrochemical activity of the different
MgXAg alloys, it can be shown that a slight relation between the Ag
content and the anodic shift of E.opy at the height of icoy can be seen. In
case of Mg6Ag, the CO, containing electrolytes, HBSS and MEM+, show
the same activity, in contrast to CO>-free electrolyte (MEM). But in case
of Mg2Ag and Mg4Ag it is not detectable, as Fig. 10a and b show.

In every investigated case, a kind of pitting corrosion as the main
form of degradation was observed at the end and it can be seen in the
SEM pictures, Fig. 9. The inhomogeneity of the metal surface is one
important cause of pitting corrosion [33]. The chloride ion concentra-
tion in the solution accelerates the degradation [19].

For the electrochemical assessment of the degradation of Mg and Mg-
alloys these conditions are confounding [34,35]. The reduction of active
reaction area as well as the link between anodic and cathodic reaction
pathways make a prediction of degradation more complicated. The
application of the video-optical set-up gives more information regarding
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the influence of the composition of the electrolyte on the degradation
behavior of MgXAg alloys, because the pictures during the investigation
were different, namely changing positions of the oxidation, the
above-mentioned meandering black lines, and also fixed positions for
the hydrogen formation in the vicinity of which no visible change in the
surface appearance were detected.

This makes it difficult to get a reliable picture of the degradation of
Mg and Mg alloys. The visible changes on the surfaces impressed in some
cases as a strong degradation and modification of the surface were not
well expressed in the electrochemical data, as summarized in Fig. 11.

Due to the galvanically coupled reaction on the surface, only a trend
of degradation can be given. There are more experiments necessary to
find the key effect or the key location(s) of surface changes, which canbe
correlated to the measured electrochemical activity.

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 perfor-
mance 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 magne-
sium 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.
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