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Abstract: Trauma orthopaedic surgery was the first domain to use degradable metallic implants made
of magnesium alloys since the early 20th century. Unfortunately, the major limitation that consists of
rapid degradation and subsequent implant failure, which occur in physiological environments with
a pH between 7.4 and 7.6, prevents its widespread application. The biggest challenge in corrosion
assay is the choice of the testing medium in order to reproduce more closely in vivo conditions. The
current study was focused on two Mg-Zn-Ag alloys (Mg7Zn1Ag and Mg6Zn3Ag) and the Mgl1Ca
alloy. Dulbecco’s Modified Eagle Medium (DMEM) and Kokubo’s simulated body fluid solution
(SBF) were selected as testing mediums and we follow the corrosion evaluation by the corrosion rate
and mass loss. Also, the corrosion behaviour was interpreted in correlation with the microstructural
features and alloying elements of the experimental magnesium-based alloys revealed by optical
microscopy (OM), X-ray diffraction (XRD), and scanning electron microscopy (SEM) coupled with
energy dispersive spectroscopy (EDX). The experimental results highlight the more corrosive nature
of the SBF environment and that a higher percentage of silver (2.5 wt.%) exhibited a better corrosion
resistance. We consider that the magnesium alloy Mg6Zn3Ag showed valuable biodegradation
characteristics to be considered as raw materials for manufacturing small trauma implants.

Keywords: magnesium alloys; corrosion rate; microstructure; implant

1. Introduction

Today, biodegradable alloys containing magnesium and exhibiting high osseointegra-
tion capacity are used in orthopaedic implant manufacture. Magnesium is characterized
by mechanical properties much closer to that of the human bone than classic metallic
biomaterials such as cobalt-chromium, titanium and its alloys, and stainless steel [1,2].
According to previous studies, temporary magnesium trauma implants exhibit excellent
mechanical properties, good biodegradability, and biocompatibility [1,3,4].

Trauma orthopaedic surgery was the first domain to use degradable metallic implants
made of magnesium alloys since the early 20th century [4]. Unfortunately, the major limi-
tation that consists of rapid degradation and subsequent implant failure, which occurs in
physiological environments with a pH between 7.4 and 7.6 [5], prevents its widespread
application. Due to this process, alkaline ions will likely accumulate locally, leading to cyto-
toxicity and inflammation [6]. Another critical problem that can have a negative effect [6,7]
is the production of hydrogen (H;) gas during degradation [8]. These accumulated gas
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bubbles have the potential to obstruct healthy blood flow, throw off the parameters of blood
cells, harm nearby tissue, and even spread infection [9-11]. Another concerning issue with
the use of magnesium alloys in medicine is the localized corrosion phenomenon that can
happen due to galvanic cell formation, corrosive conditions, and high-strain regions, which
contribute to mechanical integrity loss [12-14].

Moreover, magnesium is very reactive and forms a double layer of magnesium oxide
(MgO) and magnesium hydroxide (Mg(OH),) on its surface in an aqueous environment.
This layer does not offer enough corrosion protection through the passivation mechanism.
As a direct consequence, the magnesium degrades at a rate that makes it inappropriate for
long-term implant use. On the other hand, it can be considered one of the best materials for
temporary implant manufacture [15].

In order to eliminate these drawbacks, different solutions were proposed, such as
implant surface coating based on methods, which permit the material microstructure
change and improve the surface quality while reducing roughness, alloying of the Mg-
based materials with other metals, and new compounds or additives” use. According
to several studies, an increase in the corrosion resistance of magnesium-based materials
could be obtained by the addition of some alloying elements like calcium (Ca), zinc (Zn),
manganese (Mn), and rare earth (RE). Also, surface modification is considered an adequate
method for enhancing the functionality of magnesium-based alloys in the orthopaedic
application field [16].

Magnesium-based alloys have once again been the subject of research for scientists
such as Witte, Xu, and Staiger [4,17,18]. Mg-Al-Zn, denoted by the abbreviation AZ,
was one of the most investigated materials in the literature. The experiments revealed a
direct connection between degradation speed in different media and the percentage of
alloying elements. In this direction, through RE addition, the corrosion rate of the Mg-based
alloys was reduced by a high amount [19]. Also, different thermal and thermo-mechanical
treatments can be applied to control the material corrosion rate. It was noticed that based
on these methods, a refined grain structure, characterized by a controlled secondary phase
distribution, was obtained.

Many in vitro and in vivo tests are performed to understand and analyse the local
corrosion mechanisms that occur between modified implant surfaces and local environ-
ments [19]. It is well known that the corrosion mechanisms inside the human body are
much more complex than in fluids containing only water. This process is influenced by
the solution pH, ion nature and concentration, biochemical activity of the human tissues
placed near the implant, and protein adsorption process [20,21]. The degradation products
can be beneficial against the corrosion process through the apparition of a protective layer.
It was shown that higher corrosion rates were determined during in vitro experiments
compared to in vivo studies [20]. The degradation rate of the implant should be equal to
the bone tissue healing rate in an ideal situation [22]. By considering this, Steiger et al. [18]
established that implant replacement with healthy bone occurred 12 weeks after the trauma
treatment was initiated.

The electrochemical analysis is considered simple and reproducible, but it accelerates
the corrosion process, which is not necessarily related to in vivo degradation. For example,
Zhang et al. [13] reported a degradation rate of 0.26 mm/year determined through the
immersion method and 2.52 mm/year in the case of the electrochemical method for pure
magnesium. The biggest challenge in corrosion assay is the choice of the test environment
because it is imperative to use solutions that reproduce in vivo conditions. The most
appropriate test media are Simulated Body Fluid (SBF), Dulbecco’s Modified Eagle’s
Medium (DMEM), Hank’s balanced salt solution (HBSS), Kirkland’s biocorrosion medium
(KBM), Earle’s balanced salt solution (EBSS), Minimum Essential Medium (MEM), and
Eagle’s Minimum Essential Medium (E-MEM) [23]. The Hank’s, EBSS, KBM, DMEM,
E-MEM, and MEM present Dex/glucose since amino acids are included in DMEM, E-MEM,
and MEM. Further, DMEM also contains vitamins. Similar chemical compositions to human
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plasma were noticed in the case of SBF and Hank’s solutions, so they are widely used to
analyse the corrosion rate of Mg-based alloys for biomedical applications.

The buffering system used in simulated body fluid is useful because it can accelerate
the degradation rate of Mg-based alloys. Usually, the following buffers are involved:
tris-hydroxymethyl aminomethane (Tris-HCl), CO,/NaHCO3, and 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) [23]. It was shown that HEPES reduces the
calcium phosphate and carbonate formation in the corrosion layer [24,25]. On the other
side, Tris-HCI accelerates the degradation of pure Mg due to the consumption effect of
OH™ ions [26]. Other factors which have a strong influence on the corrosion rate of Mg-
based alloys are the pressure and concentration of CO; [27], the SO,4%~ concentration
that plays an important role in the Mg corrosion rate increase [26], and the number and
quantity of organic components, which control the solution pH [27]. Some of the most
important studies of immersion tests made under physiological conditions [28-33] to study
the Mg-based alloys degradation rate are presented in Table 1.

Table 1. Research conducted under physiological conditions to investigate the Mg-based corrosion
characteristics [28-33].

Simulated

Mg-Based Alloy Physiological Solution Medlun(ljlll.ﬁzilefor Cell Conditions Biological Tests Reference
for Corrosion Studies
Human HelLa cells,
* '’
Pure Mg 1M N2OH for 24 h or EMEM . Cellculture*, GSP-C12 mouse [28]
M-SBF for 5 days immersion time-24 h .
fibroblasts
Mg-4Y-3RE-0.5Zr Cell culture *, Human umbilical vein
(WE43) SBF HBSS immersion time-72 h endothelial cells (2]
Cell culture *,
Pure Mg, Mg-Ca, - MEM + 10% FBS immersion time-24, 48, L929 cells 130]

Mg-Mn, Mg-Zn

96 h

Sa0S-2 cells

Mg-Zn-Ca, AZ31
(Mg-3Al-1Zn)

DMEM + 10% FBS + 1 P
DMEM (Penicillin) /S
(streptomycin)

Cell culture *,
immersion time-168 h

Unspecified cellular line

[31]

Pure Mg, Mg-4Y-3RE,
Mg-5Gd, Mg-10Gd,

Cell culture *,

Absence of biological

Mg-2Ag, Mg-4Ag, DMEM Glutamax B immersion time-200 h tests (321
Mg-6Ag
In vitro—vivo test
Pure Mg DMEM DMEM Cell culture *, consisting of sample 133]

immersion time: 384 h

implantation in the
murine artery

* Cell culture = cell culture conditions (37 °C, 5% CO,, 95% rH).

Factors including porosity, grain size, composition, and secondary phase presence
also influence the corrosion of Mg-based alloys. More specifically, grain size plays a crucial
role in mechanical properties values such as elastic limit and hardness as well as how
corrosion of metals affects them. The most common alloying elements for Mg are Zinc (Zn),
Calcium (Ca), Lithium (Li), Manganese (Mn), Zirconium (Zr), Aluminium (Al), Silver (Ag),
Strontium (Sr), and Yttrium (Y). Table 2 summarizes how these alloying elements affect
magnesium degradation behaviour [34—43].

The analysis of magnesium degradation has made significant progress over the last
decade, leading to models that predict the rate of in vivo degradation. However, the
mechanisms still need to be fully understood, and more effort is needed to determine them.
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Table 2. Influence of alloying elements on the degradation behaviour of Mg-based alloys.

Alloying Elements Effect of Degradation Behaviour Ref.

Less than 1 wt.% Ca should be present in

Ca magnesium alloys; a higher Ca addition has a [36,37]

negative influence on corrosion resistance.
With less than 1 wt.% Mn, the corrosion

Mn resistance is increased by reducing impurities. [38]
Increasing the corrosion resistance of magnesium
Zn . . o [39]
alloys, primarily at a content below 5 wt.%.
o -
7 Zr content under 2 wt.% percent raising [40]

corrosion resistance.
Increasing corrosion resistance at concentrations
Li lower than 9 wt.% in pure Mg; higher Li [41]
additions decrease corrosion resistance.
Corrosion resistance is affected; a content level
under 2 wt.% is ideal.

By increasing Al content (the maximum is
reached at a solubility limit of 12.7 wt.% Al) a
decrease in the corrosion rate of the homogenous
a-phase was noticed.

General improvement in the corrosion resistance
of Mg alloys. The corrosion resistance of
Mg-light REE alloys was generally better than
that of Mg-heavy REE alloys

Sr

Al

RE

The beneficial grain-refining effect in Mg-Ca alloys occurs at a calcium content of up
to 1 wt.%. Although from an electrochemical point of view, the intermetallic compound
from its structure is more active than pure magnesium, in vitro and in vivo studies have
shown that small additions of Ca (less than 1%) increase the corrosion resistance of the
alloy since no grain growth was observed, and leads to the reduction of their size in the
microstructure of the casting Mg-Ca alloys [4,19,44,45].

Due to their ability to prevent and treat implant-related infections, biodegradable
Mg-Ag alloys represent an important class of materials potentially used for orthopaedic
implants [46,47]. The corrosion behaviour of Mg-based alloys is strongly influenced by the
Ag content due to the fact that the addition of Ag decreases the grain size and increases
the standard electrode potential. But a large amount of Ag in these alloys can have
the opposite effect by accelerating micro-galvanic corrosion between the Mg matrix and
Ag-rich precipitates.

Considering these aspects, the current study was focused on two alloys from the Mg-
Zn-Ag system, respectively, Mg7Zn1Ag and Mg6Zn3Ag, and the Mg1Ca alloy. The in vitro
research performed aims to evaluate the influence of the microstructure and the used test
media on the corrosion behaviour of the above-mentioned Mg-based alloys. The mass loss
and corrosion rate were used to highlight the corrosion behaviour. Also, the corrosion
behaviour was interpreted in correlation with the microstructural features and alloying
elements of the experimental magnesium-based alloys revealed by optical microscopy (OM)
scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDX),
and X-ray diffraction (XRD).

2. Materials and Methods

In the present paper, two Mg-based alloys from the Mg-Zn-Ag ternary system and one
of the Mg-Ca system, with the chemical composition presented in Table 3, were investigated.
Alloys were obtained by the melt-casting method described previously [48-50].
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Table 3. Chemical composition of the investigated Mg-based alloys.

Composition (wt.%)

Alloys

Zn Ag Ca Mg

Mg7ZnlAg 7.2 15 - Bal.
Mgb6Zn3Ag 6.4 2.5 - Bal.
MglCa - - 1 Bal.

Cuboidal samples with dimensions of 15 x 15 x 5 mm were cut for materials charac-
terization (microstructure and phase composition) and in vitro corrosion study. Prior to
the investigations, the samples were mechanically polished using silicon carbide paper
(600-2000 grit), polished, and ultrasonically cleaned in ethanol.

2.1. Materials Characterization

The magnesium-based alloys microstructure was highlighted by scanning electron mi-
croscopy and optical microscopy using an FEI QUANTA INSPECT F microscope (FEI Com-
pany, Eindhoven, Netherlands) with an energy dispersive spectroscopy and an Olympus
BX51 microscope (Olympus Life and Materials Science Europa GMBH, Hamburg, Germany).

The phase identification from the structure of the Mg-based alloy samples was high-
lighted by X-ray Diffraction (XRD) (Malvern Panalytical Ltd., Malvern, Great Britain) and
the PDXL Software Version 1.2.0.1 (ICDD 1999). The equipment involved in this analysis
was a Panalytical X-Pert PRO diffractometer with CuK« radiation.

2.2. In Vitro Corrosion Study

The corrosion behaviour of the investigated Mg-based alloys was assessed through
immersion and electrochemical corrosion tests. The tests were performed using two testing
media: Kokubo’s simulated body fluid solution (SBE, prepared in our laboratory according
to [51]) and Dulbecco’s Modified Eagle Medium (DMEM, Merck KGaA, Darmstadt, Ger-
many), whose compositions are given in Table 4. As a pH buffer in Kokubo’s simulated
body fluid solution, we used tris-hydroxymethyl aminomethane (TRIS-HCI), while the
DMEM solution contains [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] (HEPES).

Table 4. The composition of the SBF and DMEM testing media.

SBF

Medium (ISO 23317:2014) DMEM
Ion concentration (mM)

Na* 142 156
K* 5 5.33
Mg 1.5 0.81
Ca?* 25 1.8
Cl- 147.8 121
HCO;~ 42 0.91
HPO,2~ 1.0 441
SO42 0.5 0.81

Organic components (mM)
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Table 4. Cont.

. SBF
Medium (ISO 23317:2014) DMEM

Amino acids:
Glycine, L-Cystine 2HC],
L-Glutamine, L-Isoleucine,
L-Leucine, L-Lysine
hydrochloride, L-Methionine,
L-Phenylalanine, L-Serine,
L-Threonine, L-Tryptophan,
L-Valine, L-Arginine
hydrochloride, L-Tyrosine
disodium salt dihydrate,
L-Histidine
hydrochloride-H,O
Vitamins:

Choline chloride, D-Calcium
pantothenate, Folic acid,

Niacinamide, Pyridoxine - 0.1515
hydrochloride, Riboflavin,
Thiamine hydrochloride,

- 10.6801

i-Inositol
Other:
D-Glucose, Sodium Pyruvate, - 5.5399
Phenol red
Initial pH value 7.4 7.4

We conducted electrochemical tests on the three Mg-based alloys mentioned above using
a PARSTAT 4000 Potentiostat/Galvanostat equipment from Princeton Applied Research,
USA. The measurements were made at 37 &+ 0.5 °C and a pH value, for both media, of
7.4. To perform the tests, we used a typical three-electrode cell with a platinum electrode
as the counter electrode (CE), the sample as the working electrode (WE), and a saturated
calomel as the reference electrode (RE). The exposed area of all samples was about 1 cm?.
Before the polarization resistance experiments, we monitored the open circuit potential
for 1 h. All measurements were conducted according to the ASTM G5-94 (2011) standard,
ensuring accuracy and reliability. To determine the Tafel plots and to extrapolate the
corrosion potential (E.r) and corrosion current density (icorr), we applied a potential range
of £250 mV vs. EOC (potential rich at quasi-equilibrium) at a speed of 1 mV/s. The
corrosion rate was computed as presented in ASTM G102-89 [52]:

CR =K; ZC;” EW 1)

where: CR represents the corrosion rate (mm/an), icrr is the corrosion current density
(LA /cm?), EW represents the equivalent weight (g), p is the material density (g/cm?), and
K; =327 x 1073 (C1).

Using the same standard, the polarization resistance Ry, (kOcm?) was determined as follows:

1 Bgpe 1
S X) Ba + BC icorr @

where: . (mV) is the slope of the cathodic curve, and 8, (mV) is the slope of the anodic curve.

Immersion test. The mass loss determination was achieved by immersing the exper-
imental samples in the SBF and DMEM solutions for 3, 10, and 12 days. The test media
were changed daily, and a thermostatic bath (Immersion Bath Circulator LabTech Model
LCB-11D) was used to maintain the samples at 37 + 1 °C. The samples were initially
weighed (before immersion in SBF and DMEM) and after removing them from the media
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Intensity (arb.units)

and removing the corrosion products using a chromic acid solution without attacking the
residual magnesium alloy matrix. To ensure the accuracy of the experiment, three samples
were employed for each type of Mg-based alloy. The mass loss and corrosion rate were
calculated based on the following equations:

mo—mf

ML = % 100 3)

mo
where: ML represents the mass loss (%), my is the initial mass value and iy is the final

mass value. K x ML
CR = XML& 4)

Axtxp
where: CR represents the corrosion rate (mm/year), ML is the mass loss (g), K is a constant
(8.76 x 10%), A is the exposed surface area (cm?),  is the time of exposure (h), and p is the

material density (g/cm?).

3. Results and Discussion
3.1. Materials Characterization

The structure of the investigated Mg-based alloys was carried out by identifying and
indexing the diffraction peaks from obtained X-ray diffractograms. The XRD diffraction
pattern for the Mg7Znl1Ag, Mg6Zn3Ag, and MglCa investigated alloys are shown in
Figure 1.

m o-Mg
- A Mgs,Zn,, -
\ * Mg,Ag = a-Mg
# Mg,Ca
Mg7Zn1Ag | - + MgZn, 9
H | 2
S
| =
| £
c
(- ~
2
‘@
[ =4
i)
£ [ I
[ ]
[ ]
Jewl_ | A
Mg1Ca
T T T T T T T T T T T T T T T T T
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
20 (degree) 20 (degree)
(@) (b)

Figure 1. X-ray diffraction patterns for (a) Mg7Znl1Ag and Mg6Zn3Ag; (b) MglCa investigated
alloys.

As presented in Figure 1a, for the Mg-Zn-Ag ternary system alloys, there are five
peaks corresponding to a major hexagonal «-Mg phase (ICDD: 04-004-8745), (100) at
20 = 32.20°, (002) at 20 = 34.40°, (101) at 20 = 36.70°, (102) at 20 = 47.92°, and (110) at
26 = 57.40°, as well as peaks corresponding to the MgZn,, Mgs1Zny, and MgsAg com-
pounds of lower intensities. By increasing the Ag content from 1 wt.% to 3 wt.%, a decrease
in the peak intensity of the MgZn, compound is observed, while for the Mg;Ag and
Mgs1Znyg compounds, higher peaks are highlighted. The XRD diffractogram of MglCa
alloy (Figure 1b) indicates the peaks corresponding to a major hexagonal x-Mg phase
and a minor hexagonal Mg,Ca compound. The Mg,Ca phase (ICDD: 00-013-0450) was
detected at 26 = 31.21°, 33.80°, and 35.20°, corresponding to the (103), (112), and (004)
crystallographic planes. More, the «-Mg phase is observed to be present at the same 26
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values with the same corresponding crystallographic planes as in the Mg-Zn-Ag ternary
system alloys.

The addition of silver in the biodegradable magnesium alloys used for orthopaedic
implants brings a series of advantages due to the modification of their microstructure. The
decrease in grain size and the formation of Ag-containing secondary phases influence the
mechanical properties and corrosion behaviour, which represent important factors for the
success of a bone reconstruction process [46,53,54]. Razzaghi et al. [47] demonstrated that
an addition between 0-3 wt.% Ag in the Mg3Zn alloy improves the hardness due to the
formation of secondary phases inside and at the grain boundary. Also, Ma et al. [55] show
that by increasing the Ag addition in Mg-Zn-Ca alloys from 2 wt.% to 4 wt.%, the ultimate
tensile strength (UTS) increases from 235 MPa to 267 MPa, also due to the change in the
alloy microstructure.

The microstructural characteristics of the investigated alloys were evaluated using
optical microscopy and scanning electron microscopy coupled with EDS spectrometry. The
obtained optical microscope images, made on the investigated as-polished Mg-based alloy
samples without any chemical attack, are presented in Figures 2 and 3.

Figure 2. Optical microstructure images obtained for (a) Mg7Zn1Ag alloy; (b) Mg6Zn3Ag alloy.

Figure 3. Optical microstructure images of the Mg1Ca alloy.
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The Mg7Zn1Ag alloy microstructure highlights a coarse structure specific to a casting
process, with x-Mg polyhedral grains inside, in which globular compounds can be observed.
At the grain boundaries, the presence of some globular and lenticular precipitates with
a morphology similar to those inside the grains is highlighted (Figure 2a). In the case of
Mg6Zn3Ag alloy, smaller grains and increased precipitate density inside the magnesium
matrix and grain boundary are observed (Figure 2b). So, increasing the Ag content from
1.5 wt.% to 2.5 wt.% causes grain refinement and a more pronounced grain boundary due
to the accumulation of Zn and Ag precipitates in this area.

The optical microscopy images of the MglCa alloy (Figure 3) indicate a biphasic
structure with a dendritic aspect. The structure consists of relatively uniform o-Mg polyhe-
dral grains (majority phase) and a distinct phase placed at the grain boundary, a eutectic
(-Mg + MgyCa). The Mg,Ca phase was formed as a lamellar structure during the alloy
solidification through a eutectic reaction interrupting the magnesium matrix.

Figures 4 and 5 show the SEM micrographs of the investigated alloys. The grain
boundaries and intermetallic compounds can be seen clearly.

MgK

ZnK

ZnK
& i

200 400 600 800 1000 12.00 14.00 16.00 18.00keV

-

Figure 5. SEM image and corresponding EDS results for Mg6Zn3Ag alloy.

The SEM images of the Mg7Zn1Ag alloy (Figure 4) highlight the morphology and the
distribution of the secondary phases (MgZny, Mgs1Znyg, and MgsAg). The EDS images
reveal that Mgs Ag is mainly distributed in the granular compounds in the grains and grain
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boundaries. Also, the presence of Mg and Zn compounds is observed at the grain boundary
in both granular and lenticular compounds (MgZn;, Mgs1Zny;). The Mg6Zn3Ag alloy
(Figure 5) shows a morphology similar to the Mg7Zn1Ag alloy but with a high density of
grain boundaries. The additional silver content was distributed both at the grain boundary
(MgzAg), thus preventing the grain’s growth and also inside the grains. It can be said
that the Ag solubility in the magnesium matrix is increased, as it is detected in a higher
proportion inside the grains.

As can be seen in Figure 6, for the MglCa alloy, the optical microscopy results are
confirmed through the presence of the x-Mg phase (the grey area) and secondary phase
with a lamellar appearance continuously distributed at the grain boundaries. According to
the EDS results, the eutectic at the grain boundary consists of Mg and Ca, which confirms
the existence of the Mg,Ca phase. Also, EDS mapping images confirm that the matrix is
almost entirely magnesium, and calcium is abundant along grain boundaries and on the
intermetallic particles.

|
.00 180 260 340 420 500 580 660 740 820keV

Mg

| |
& 6 [

050 100 150 200 250 300 350 400 450 500 ‘r'ka)e/

Figure 6. SEM image and corresponding EDS results for Mg1Ca alloy.
3.2. In Vitro Corrosion Study

The corrosion of magnesium and magnesium alloys in aqueous environments is
mainly localized and in the form of irregular pitting, leading to magnesium hydroxide and
hydrogen gas formation. According to the Pourbaix chart, magnesium hydroxide formed
at the magnesium and magnesium alloy surface acts as a protective layer only in alkaline
environments with pH values higher than 10.5. Also, when the chloride ion concentration
is higher than 30 mmol/L, magnesium hydroxide turns into soluble magnesium chloride,
leading to severe pitting corrosion [56,57]. The corrosion behaviour of the Mg-Zn-Ag
ternary system alloys depends on the distribution of the Ag-containing secondary phase,
the grain size, and the presence of silver as a solute element in the magnesium matrix [46,58].
The Ag-containing secondary phase (MgsAg, with a corrosion potential of —2.45 V) acts as
a cathode and increases the corrosion process. At the same time, the presence of Ag in the
magnesium matrix improves the alloy standard electrode potential and thus enhances the
corrosion behaviour.

During the corrosion of the MglCa alloy in aqueous environments, the Mg,Ca sec-
ondary phase behaves as an efficient cathode for hydrogen release due to the more Mg,Ca
positive potential to that of the «-Mg matrix. Thus, an anodic dissolution of magnesium
takes place.
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3.2.1. Electrochemical Tests

The Tafel curves are shown in Figure 7.

10,000 10,000
1000
€ 1000 €
(5] (5]
2 I 1004
= =
2z 2z
D 100 A z 104
c c
3 e 3
= SBF =
o —— Mg7Zn1Ag g 14DMEM
3 109 ——Mg6Zn3Ag a ——Mg7Zn1Ag
——Mg1Ca 014 ——Mgb6Zn3Ag
—_— — Mg1Ca
1 T T T T T 1 001 T T T T T T 1
19 18 A7 16 A5 <14 13 A9 48 A7 46 A5 14 43 A2
Potential, E (V vs. SCE) Potential, E (V vs. SCE)
(@) (b)
Figure 7. Tafel plots of the investigated Mg-based alloys: (a) in SBF; (b) in DMEM.
Based on the electrochemical measurements, it was observed that all samples displayed
negative values below —1 V for both open circuit and corrosion potentials when SBF and
DMEM media were used as an electrolyte. Generally, materials with high electropositive
values for open circuit (E,;) and corrosion (E+) potentials, electronegative values of
corrosion current density (icorr), @ higher polarization (R,) value, and a low corrosion rate
(CR) are known to have good corrosion resistance [59]. The obtained results are presented
in Tables 5 and 6.
Table 5. Main electrochemical parameters in SBE.
Sample Eoc (V) Ecorr (V) icorr CR Bc (mV) Ba (mV) R, (kQicm?)
oc corr (tA/cm?) (mm/Year) ¢ “ P
Mg6Zn3Ag —1.569 —1.566 990.876 22.014 901.242 517.542 0.144
Mg7ZnlAg —1.606 —1.609 1345.000 28.834 902.334 619.550 0.118
MglCa —1.597 —1.562 4280.000 31.247 938.810 477.510 0.032
Table 6. Main electrochemical parameters in DMEM.
Sample Eoc (V) Ecorr (V) icorr CR Be (mV) Ba(mV) R, (kQcm?)
o¢ corr (uA/cm?) (mm/Year) ¢ “ P
Mg6Zn3Ag —1.455 —1.386 8.081 0.173 207.900 115.857 3.573
Mg7ZnlAg —1.476 —1.401 9.053 0.201 252.470 51.531 2.302
Mg0.9Ca —1.489 —1.421 50.831 1.170 280.353 165.834 0.887

It is well known that the Zn content increases the corrosion resistance at a value lower
than 5 wt.% [60,61]. Also, the literature showed that the increase in corrosion resistance
due to Zn percent could be explained by the grain size refinement, better passivity of the
surface, and a reduced number of impurities [61]. Zn content of over 5% wt. determines the
prevalence of the MgZn, phase that rapidly increases in the matrix to generate a continuous
network structure, which can be directly linked to the formation of many sites with anode-
cathode behaviour. In [60], it was shown that 7 wt.% Zn has an increased corrosion effect
that is mainly due to galvanic couple and has, as a result, the dissolution of x-Mg matrix.
It can be noticed that when the Zn amount is lower than 5 wt.%, an increase in the Zn
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percent leads to an improvement of the corrosion effect due to the grain refinement and
formation of a protective surface film based on Zn [62,63]. In the case of our investigated
alloys, Mg6Zn3Ag has a percent of Zn of about 6.3%wt. and Mg7Zn1Ag of 7.1 wt.%. It can
be concluded that a high level of Zn will determine the apparition of the secondary phase,
and they can affect the localized corrosion behaviour between them and the main matrix of
the alloy. Similar observations were found by Kog et al. [64] and Yan et al. [65]. Regarding
the corrosion density current and corrosion rate criteria in both physiological media, the
alloys can be ranked as Mg6Zn3Ag, Mg7Zn1Ag, and MglCa.

The alloys Mg6Zn3Ag and Mg7Znl1Ag are the only materials that contain silver
(2.5 wt.% and 1.5 wt.%, respectively). It was observed that when the Ag percent in-
creases, the phases MgzAg and Mgs1Zny are more pronounced, and the phase MgZn,
reduces significantly [66]. The silver content strongly influences the alloy microstruc-
ture by refining the grain size and increasing the corrosion resistance. In the case of
an Ag content higher than 3%, the mechanical properties and corrosion resistance are
diminished due to cracks apparition. In our case, the Mg6Zn3Ag alloy with a higher per-
centage of silver (2.5 wt.%) exhibited a better corrosion resistance (SBF-Rp = 0.144 kQcm?,
CR = 22.014 mm/year, and DMEM-Rp = 3.573 kQcm?, CR = 0.173 mm/year) than Mg-
7Zn-1Ag (SBF-Rp = 0.118 kQem?, CR = 28.834 mm/ year, and DMEM-Rp = 2.302 kQem?,
CR = 0.201 mm/year). The high Ag content induces the apparition of a uniformly dis-
tributed second phase (MgzAg), which determines a more refined grain structure.

The Mg-Ca alloy is known to reduce the corrosion effect when added in amounts of a
few tenths of weight percents [67]. It can be observed that this alloy exhibited bad corrosion
behaviour in SBF (icorr = 4280 A /cm?, Rp =0.032 kQcm?, and CR = 31.247 mm/ year) and
DMEM (icorr = 50.831 pA/cm?, R, = 0.887 kQcm?, and CR = 1.170 mm/year) media. It is
well known that different simulated media determine characteristic degradation rates of
Mg-based alloys with their own degradation products [68-70]. So, in the case of SBF and
DMEM media, by-products such as Mg(OH);, MgO, and MgCO3 were reported [71,72].
The solubility of phases depends on environmental factors such as pH, temperature, and
Mg dissolution rate. Initially, the SBF medium was developed for in vitro investigation
and proved to enhance the apatite-forming process on implant material and to have a
chemical composition close to that of human plasma. The sulphate ion concentration of
0.5 mM in SBF, compared to 0.81 mM in DMEM, accelerated the corrosion process in the
first stage of the immersion process [73]. In [17], evidence was put that phosphate-buffered
SBF increased the corrosion resistance of Mg-Mn-Zn and Mg-Mn alloys. The Cl™ ion
concentration has an important effect on the Mg(OH), product due to its low solubility.
In our case, the SBF medium has 147.8 mM CI~, and the DMEM physiological medium
is characterized by 121 mM CI™. Since more Cl~ ions are present in the SBF solution that
chemically react with Mg(OH),, an increased corrosion rate was reported in comparison to
the DMEM medium (Tables 5 and 6). A simulated physiological fluid usually is comprised
of inorganic components, a buffering system, and organic substances. SBF medium does
not contain proteins, but it has an important amount of Mg and Ca ions that influence the
degradation behaviour of Mg alloys under cell culture conditions. The buffering system
plays a main role in corrosion behaviour. In the case of DMEM physiological solution,
HEPES is used, and it was noticed that it reduced the calcium phosphate and carbonate
formation in the degradation layer through an important influence on the nucleation
process [24,74,75]. Usually, HEPES has a negative effect on the protective layer density,
and it permits the progressive diffusion effect of the Cl1~ ions [76]. In an SBF medium,
Tris-HCl is used which accelerates the degradation rate of pure Mg due to OH™ ions
consumption [26]. Also, DMEM physiological medium contains amino acids such as L-
Cystine 2HCI (0.2013 mM), Glycine (0.4 mM), L-Leucine (0.8015 mM), L-Serine (0.4 mM),
L-Valine (0.8034 mM), L-Threonine (0.7983 mM), and L-Glutamine (4.0 mM) [74] that have
an inhibitory effect on the corrosion phenomenon [77-79]. The influence of saccharides,
such as glucosamine and galactose, was not investigated, and only glucose was considered.
It was concluded that in physiological media, an increased glucose concentration in the
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range from 1 gL ! to 3 gL ! slightly decreased the corrosion rate of Mg-based alloys [80].
In our case, only DMEM solution contains D-Glucose with a concentration of 5.5 mM,
and it proved to exhibit a beneficial effect on corrosion behaviour. Further, the folic acid
(Vitamin B9) that is present in the DMEM solution (0.0091 mM) has an inhibition effect on
the corrosion of Mg-based alloys [79,81]. All these differences between the two investigated
physiological media sustained our overall findings that the corrosion process is much
slower in the DMEM medium than in the SBF due to the addition of organic substances
and low concentration of CI™ ions.

3.2.2. Immersion Test

The results of the corrosion tests performed by immersing the experimental samples
in the SBF and DMEM media are presented in Figures 8 and 9.
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Figure 8. Mass loss evolution of the investigated Mg-based alloys in (a) SBF medium; (b) DMEM medium.
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Figure 9. The corrosion rate derived from mass loss after 12 days of immersion in SBF and DMEM media.

Figure 8 highlights the mass loss of the investigated samples measured at 72, 240, and
288 h of immersion in SBF and DMEM media. The lowest mass loss was obtained for the
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alloy Mg6Zn3Ag in both aqueous environments (71.09% at 288 h in SBF and 5.42% at 288 h
in DMEM). The higher Ag content in the Mg6Zn3Ag alloy compared to the Mg7Zn1Ag alloy
induces lower mass loss and corrosion rate (Figure 9). This behaviour is due to the grain
refining as well as to the presence of silver as a dissolved element in the magnesium matrix.

We observed that the highest mass loss occurs in the first 240 h of immersion in both
media, after which the variations are smaller, probably due to the increase in pH to a value
at which the Mg(OH), layer becomes stable in the immersion media.

Many studies [67,82-87] show a high corrosion rate of Mg-Ca alloys with increased
Ca content. This evolution of the corrosion rate is related to more content of the Mg,Ca
intermetallic phase formed at the grain boundaries. Additionally, corrosion resistance was
moderate and uniform at lower Ca content in alloys. Studies have shown that above the
solid solubility limit (~1.34 wt.% Ca), the corrosion rate increased with increasing the Ca
content, and a more negative corrosion potential was observed.

The MglCa alloy recorded the highest values for mass loss and corrosion rate among
all investigated magnesium alloys (ML of 89.10% at 288 h in SBF and 9.02% at 288 h in
DMEM,; CR of 29.96 mm/year at 288 h in SBF and 2.93 mm/year at 288 h in DMEM).

Experimental results obtained for the corrosion rate and mass loss are in agreement
with the results obtained from the electrochemical corrosion test in terms of both the alloy
structure and the used test media. The results highlight the more corrosive nature of the SBF
environment due to the presence of a larger amount of C1~ ions, and also to the negative
effect of Tris-HCI buffer on the protective layer of Mg(OH),.

4. Conclusions

The current study evaluates the influence of the microstructure and the used test
media on the corrosion behaviour of the two alloys from the Mg-Zn-Ag system, respec-
tively, Mg7Zn1Ag and Mg6Zn3Ag, and the Mg1Ca alloy. The in vitro research performed
demonstrates the influence of the Mg-based alloy microstructure and the used test media
on their corrosion behaviour evaluated by the corrosion rate and mass loss. The higher
Ag content in the Mg6Zn3Ag alloy compared to the Mg7Znl1Ag alloy induces a lower
corrosion rate and mass loss due to the grain refining as well as to the presence of silver
as a dissolved element in the magnesium matrix. Also, the Ag-high content induces the
apparition of a uniformly distributed second phase (Mg3Ag), which determines a more
refined grain structure.

Regarding the used test media, the experimental results highlight the more corrosive
nature of the SBF environment. The Mg6Zn3Ag alloy with a higher percentage of silver
(2.5 wt.%) exhibited a better corrosion resistance than Mg7Znl1Ag.

We consider that the magnesium alloy Mg6Zn3Ag showed valuable biodegradation
characteristics in order to be considered as raw materials for manufacturing small trauma
implants. Ultimately, future studies regarding mechanical properties and biocompatibility
must confirm this assumption.
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