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Abstract: The biodegradable WE43 magnesium alloy is an attractive biomedical material for or-
thopaedic implants due to its relatively high strength and corrosion resistance. Understanding the
long-term corrosion behaviour in the human body plays a crucial role in the biomedical development
and application of WE43 alloy for orthopaedic implants. In this work, the corrosion of an extruded
WE43 magnesium alloy was investigated in a physiological environment using Dulbecco’s Modified
Eagle Medium’s (DMEM) over a period of up to 10 weeks. To assess the in vitro corrosion process, we
analysed the corrosion pits of the specimens’ cross sections and the composition of the corrosion layer
by scanning electron microscopy. The experimental results indicated that the long-term corrosion
process of WE43 magnesium alloy consists of three stages: (1) The rapid corrosion stage within the
first 7 days, (2) the steady corrosion stage between 7 and 28 days, (3) the accelerated corrosion stage
between 28 and 70 days. The microchemical analysis revealed a heterogeneous three-layer corrosion
product with varying thicknesses of 10 to 130 um on the surfaces of the samples for all corrosion times.
It is composed of an inner layer of Mg-O, an intermediate layer of Mg-O-Ca-P, and an outer layer of
Mg-O-Ca-P-C. The corrosion layers have many microcracks that allow limited contact between the
liquid medium and the surface of the alloy. In addition, microgalvanic corrosion was observed to
cause corrosion pits between the intermetallic rare earth element-rich phases and the Mg matrix.

Keywords: biodegradable magnesium alloy; in vitro corrosion behaviour; WE43; pitting corrosion;
DMEM

1. Introduction

Biodegradable magnesium alloys are attractive biomedical materials in the field of
implantology due to their excellent biocompatibility, biosafety, mechanical properties, and
ability to degrade in the human body [1-5]. With their mechanical properties similar to
native bone, magnesium alloys significantly reduce stress shielding caused by the high
stiffness of implants, which leads to unphysiological small stress states in the bone and
subsequently to a loss of bone density. More importantly, magnesium implants can obviate
the need for a second implant removal surgery, which reduces health economic costs and
patient morbidity compared to conventional implants. Furthermore, recent studies have
revealed a positive mechanical integration and bone mass promotion at the osseous-implant
interface [6,7]. However, their fast corrosion in the human body limits their application for
orthopaedic implants.

A biodegradable implant should be designed to provide sufficient mechanical support
to the fractured bone. Rapid corrosion in a physiological environment leads to excessive
loss of mechanical integrity of magnesium orthopaedic implants during the bone healing
process [8,9]. The WE43 magnesium alloy contains rare earth elements and zirconium, and
has excellent mechanical properties, corrosion resistance, and biocompatibility. In com-
parison with other magnesium alloys such as AZ91, WE43 alloy shows a better corrosion
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resistance in NaCl solution [10], higher tensile strength and ductility [11]. In addition, it is
observed that WE43 exhibits higher fatigue limit in air and in physiological solution under
cyclic loadings [11]. From a biocompatibility perspective, it is free of aluminium, which has
been linked to diseases like Alzheimer’s [12,13]. Additionally, it has been found that rare
earth elements can improve the stress corrosion crack resistance of magnesium alloys [14].
Therefore, WE43 alloy is considered as a suitable candidate for the next-generation bio-
materials for medical applications [15]. The corrosion resistance of magnesium alloys is
significantly affected by their microstructure. Ageing, namely, increasing the amount of
intermetallic precipitates negatively affects the corrosion resistance of WE43 alloy [16]. In
addition, different surface modification methods are developed to control the degradation
rate and improve the corrosion resistance of the alloy [10,17-21]. To adequately design the
biodegradable orthopaedic implant of WE43 alloy, a deep understanding of the long-term
corrosion mechanisms of the alloy in human body fluids is of importance.

The in vitro corrosion resistance of biodegradable metals is strongly influenced by the
composition of the corrosive media [22-25]. Numerous in vitro experiments of biodegrad-
able magnesium alloys have used inorganic simulated body fluid (SBF) as a corrosion
medium [24-28], which possesses comparable ionic concentrations to human blood plasma.
The high content of chlorides that are also present in human blood plasma have a detri-
mental effect on the corrosion resistance of magnesium and lead to severe pitting corrosion,
since the magnesium hydroxide can be chemically converted into water-soluble magnesium
chloride. Ascencio et al. [22] found that the formation of the different layers in modified
SBF strongly influences the corrosion process as the substrate is protected by a reduced
access of the aqueous medium. Yamamoto et al. [24] showed significant inhibition effect
of organic compounds on the corrosion process. Wagener and Virtanen [29] compared
the corrosion of magnesium in SBF and DMEM. In the experiments, they observed sig-
nificantly slower corrosion and thinner calcium-phosphate-rich protective layers on the
substrate surface in the DMEM environment. These calcium-phosphate-rich layers can
interact with proteins, and thus further increase the corrosion resistance of WE43 alloy in
DMEM [30]. Jin et al. [31] found a protective surface layer on WE43 alloy, consisting of an
outer neodymium oxide and an inner magnesium oxide layer that initially retarded the
corrosion in a DMEM medium containing proteins. In spite of the significant progress in the
experimental studies of the short-term (predominantly up to 7 days) corrosion behaviour
of magnesium alloys, the long-term corrosion behaviour of WE43 alloy in organic corrosion
media has not been analysed intensively. It might be attributed to the easy microbial
contamination of the organic media, which are breeding ground for microorganisms in
aseptic conditions.

The present study focuses on the long-term corrosion of extruded WE43 magnesium al-
loy in an electrolyte that has a composition similar to the human blood plasma and includes
organic compounds. For this purpose, in vitro corrosion experiments were conducted in
DMEM at 37 °C for a period of up to ten weeks. A closed experimental environment in
an incubator was used to ensure aseptic conditions. The corrosion was evaluated using
scanning electron microscopy (SEM) of sample’s cross sections. Additionally, the corro-
sion product was characterised by SEM and energy dispersive X-ray spectroscopy (EDS)
microchemical analysis. The experimental results showed a nonlinear variation of the cor-
rosion rates at different immersion times of up to ten weeks. The analysis of the corrosion
products revealed a three-layer corrosion product consisting of an inner layer of Mg-O, an
intermediate layer of Mg-O-Ca-P, and an outer layer of Mg-O-Ca-P-C. The new insight into
the long-term corrosion behaviour of the alloy can be beneficial for assessing the corrosion
behaviour of orthopaedic implants of WE43 alloy.
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2. Materials and Methods

In the corrosion tests, round test specimens made of an extruded WE43 alloy with a
diameter of 4 mm were used, which were provided by the company Medical Magnesium
GmbH (Aachen, Germany). The chemical composition is given in Table 1. The samples
were wrapped with teflon tape at both ends and sealed with heat shrink tubing to prevent
corrosion. Therefore, only a uniform central area of the samples was exposed to the
corrosion environment.

Table 1. Chemical composition of WE43 alloy.

Y Nd Zr Al Mn Fe Mg
3.8% 2.6% 0.02% <0.01% 0.0025% 0.0065% Bal.

To simulate the physiological environment, we used the cell culture medium DMEM
(L0101-500, Biowest, Nuaillé, France) composed of inorganic as well as organic compounds.
The composition of the DMEM is given in Table 2 and the ionic compositions of DMEM and
blood plasma are compared in Table 3. The volume of the corrosion medium was chosen to
provide stable corrosion conditions as suggested by Kirkland et al. [32]. Due to the use of
organic media containing high levels of sugars, sterility conditions of the experimental setup
are required for avoiding contaminations. Contaminations such as bacterial growth would
shift the pH and change the associated physiological conditions. Therefore, 500 mL of
the DMEM medium was supplemented with 5 mL Penicillin-Streptomycin (ThermoFisher
Scientific Inc., Waltham, MA, USA) and 20 mg sodium azide (VWR International LLC,
Radnor, PA, USA) to reduce the risk of infection with microorganisms. The DMEM contains
phenol red as a colour indicator for visual control of the physiological regime of pH value.

Prior to the corrosion tests, the specimens were sterilised overnight in 80% ethanol
and allowed to dry completely. Then, the samples were fixed at both ends in a funnel and
immersed horizontally in the corrosion medium. Throughout the experiment, the corrosion
experiment setup was placed in an incubator at 37 °C and 7% CO,. The samples were
immersed for 7, 14, 21, 28, and 70 days. After the corrosion test, the samples were removed
from the medium, washed with demineralized water, and then with 80% ethanol.

Table 2. Composition of DMEM Medium.

Formulation mg/L Formulation mg/L
Glycine 30 Magnesium Sulfate Anhydrous 97.67
L-Arginine Monohydrochloride 84 Potassium chloride 400
L-Cystine Dihydrochloride 62.6 Sodium Bicarbonate 3700
L'H1Stldlﬁol\rfg;‘;’gryioc}llonde 42 Sodium Chloride 6400
L-Isoleucine 105 Sodium Pﬁg;f;}it;u?"“‘)basm 109
L-Leucine 105 Choline Chloride 4
L-Lysine Monohydrochloride 146 D-Ca Pantothenate 4
L-Methionine 30 Folic Acid 4
L-Phenylalanine 66 Myo-Inositol 72
L-Serine 42 Nicotinamide 4
L-Threonine 95 Pyridoxal Hydrochloride 4
L-Tryptophan 16 Riboflavin 0.4
L-Tyrosine Disodium Salt Dihydrate ~ 103.79 Thiamine Hydrochloride 4
L-Valine 94 D-Glucose Anhydrous 4500
Calcium Chloride Dihydrate 4265 Phenol Red Solution Salt 15.9

Ferric Nitrate Nonahydrate 0.1
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Table 3. Ionic concentrations in mmol /L.

Ton Na* K* Mg?* Ca%* cl- HCO; HPO;~ SO;~
Blood Plasma 142 5 15 25 103 27 1 0.5
DMEM 154 54 0.8 1.8 119 44 1 0.8

The cross sections were cut perpendicular to the sample axis within the corroded part
of the samples, mounted in epoxy resin, and metallographically prepared by grinding
and polishing. A scanning electron microscope SEM, Zeiss CrossBeam 550 (Carl Zeiss
AG, Oberkochen, Germany) with an Octane Elite EDAX EDS microanalyzer (AMETEK,
Inc., Berwyn, IL, USA) for energy-dispersive X-ray spectroscopy (EDS) was used for the
analysis. The images of the cross sections were then processed using GeoGebra (GeoGebra
Classic 5.0.720.0-d, Linz, Austria). The average sample radius was calculated using the
measure at a minimum of 19 points along the circumference of the samples. Furthermore,
the minimum radius was measured at the deepest pit and the maximal radius at the least
corroded site.

3. Results and Discussion

The microstructure of WE43 alloy consists of the hexagonal close-packed x-Mg matrix
and intermetallic precipitates, as shown in Figure 1. The intermetallic precipitates can be
seen on the BSE image as white plates, rods and small spheres. The SEM EDS analysis shows
that the larger plates have higher concentrations of yttrium, while the smaller particles are
richer in Nd. The precipitates are small, less than 0.1 um in diameter, which makes the EDS
analysis less accurate as the analysis volume is relatively large, but it can be used as an
indicator. The small intermetallic precipitates in WE43 alloy are typically 31 (Mgs(Y,Nd))
which are up to 100 nm in size and 3 (Mg14YNdy;) as shown by Milkereit et al. [33]. The
addition of rare earth elements strengthens the material and improves creep and corrosion
resistance [34,35].

Figure 1. Microstructure of the uncorroded sample with the magnesium matrix and Y, Nd rich pre-
cipitates.

The images of the cross sections presented in Figure 2 show, that specimens have an
initial smooth round shape. The diameter is 4 mm =+ 1%. After the first week of corrosion,
the corrosion surface is uneven indicating inhomogeneous corrosion, and corrosion pits
appear along the circumference. The entire surface is covered by corrosion products of
varying thickness. The corrosion surface of the cross sections of the samples that were
corroded between 7 and 28 days hardly seem to change, which is also confirmed by the
image analysis measurements. The analysis results of the measured diameters are shown
in Figure 3. The radius of the least corroded site is shown with red dots, the diameter of the
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most corroded site is shown in blue and the average radius with its standard deviation is
shown in black.

Figure 2. SEM BSE images of cross sections (perpendicular to the axis of the specimen) showing
specimen before corrosion (a) and after 7 days (b), 14 days (c), 21 days (d), 28 days (e), or 70 days
(f) of immersion time.
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Figure 3. Image analysis of the cross sections. Ryin: the radius at the most corroded spot in blue,
Rmax: the radius at the least corroded spot in red, and the average remaining radius Ravg of the
specimen in black including the standard deviation.

After 7 days, the specimen’s radius was reduced at its deepest pit by 11% and at
its least corroded site by 6%, respectively. The cross-section analysis did not show any
significant differences in pit depth between the 7-day and the 28-day corroded samples.
In this corrosion stage, we observe noticeable reduction in the number of corrosion pits,
which indicates a more homogeneous corrosion along the circumference. After 70 days
they were significantly reduced by 21% and 15%, respectively, while the maximal radius
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was not obviously affected compared to shorter corrosion times, since the intermetallic
precipitates in the peaks resist corrosion.

The thickness of the corrosion product is not uniform on the surface, corrosion pits
are covered by the corrosion layer with a thickness of 130 um, while the least corroded
areas have a corrosion layer with a thickness of less than 10 um, as shown in Figure 4. The
increased corrosion resistance of these peaks is attributed to microgalvanic corrosion due
to the different potential of the Mg matrix and the intermetallic phases. The corrosion
resistance of WE43 alloy in a physiological environment is much better than that of pure
magnesium [34]. The rare earth elements in the WE43 alloy both enhance the corrosion
resistance and slow down the corrosion process by stabilising the passive layer, especially
presented in solid solution. However, galvanic coupling between the matrix and the
intermetallic particles causes pitting corrosion [36]. Feng et al. [37] have clearly shown that
the Mg matrix preferentially dissolves and acts as an anode in the microgalvanic corrosion
couple with the second phase as a cathode, thus forming corrosion pits in NaCl solution.
The formation of deep corrosion pits is difficult to detect on the sample surface and can
only be observed in cut samples. Pitting corrosion significantly affects the mechanical
integrity of the material and leads to premature failure. Localized pitting corrosion has no
significant effect on the average corrosion rate, which relates to the entire sample surface
and is difficult to detect with methods such as gas and mass loss measurements [31,38].

Figure 4. SEM BSE image of a sample corroded for 21 days, where microgalvanic corrosion is
visible with the preferential dissolution of the x-Mg matrix, the white phases are Y and Nd rich
intermetallic phases.

Figure 4 (after 21 days) clearly shows the preferential dissolution of the Mg matrix
compared to the areas rich in intermetallic Mg-Y-Nd phases, which can be seen as white
phases on the BSE SEM image. The areas richer in intermetallic phases are the products of
chemical segregations in the alloy. Kalb et al. [39] analysed the corrosion of magnesium and
WE43 alloy in simulated body fluid and discovered that H, gas forms at the intermetallic
phase-rich cathode. They observed volcano-like structures after 3 min of corrosion and
the remains of these structures were difficult to detect after 120 min. Since we have much
longer corrosion times (7 days min), the structures could not be properly identified, but the
cross-sectional ridges and peaks can be associated with them. It should also be emphasized
that the distribution of the intermetallic phases is very uniform in the here used WE43 alloy.
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In addition, the intermetallic precipitates are very fine compared to the material used in
the study by Kalb [39]. This could be the reason for the less pronounced microgalvanic
corrosion in our study. Nevertheless, microgalvanic corrosion occurs due to the presence of
intermetallic phases, which act as cathode sites. Consequently, the dissolution of the Mg
matrix can be described by the following anodic reactions. The anodic reactions are:

Mg +2e~ — Mg*T, (1)
2H,0 +2e~ — H, +20H", )
Mg?" +20H — Mg(OH),. (3)

The Mg?* are mainly in the form of MgO. The equilibrium between the magnesium
oxide and hydroxide can be described as:

MgO +20H™ <+ Mg(OH),. 4)

All corroded samples have the thickest corrosion product on the pits measuring
about 130 um. This stable thickness indicates that the corrosion product degrades over
time. The analysis with higher magnifications in Figure 5 shows many microcracks in
the corrosion layer leading to the detachment of the corrosion product. Furthermore, the
cracks are linked to the alloy surface and can therefore be an important factor for the
corrosion process. The observation of microcracks in the corrosion tests is consistent with
the experimental study by Wagener and Virtanen [22]. The microcracks can be caused
by the chemical reactions between the DMEM and the corrosion product, which increase
the volume and cause stresses, or by the generation of hydrogen gas during magnesium
hydroxide formation [39].

Figure 5. SEM EDS elemental mapping of cross sections of a 7-day corroded sample analysing the
presence of Mg (top centre), O (top right), P (bottom left), Ca (bottom centre), and C (bottom right).
High concentration levels are shown in yellow and low concentration levels in red.

The SEM EDS mapping shows that the corrosion product is heterogeneous. The
differences in grey shading in the BSE image indicate differences in chemical composition.
The differences are even clearer in the EDS mapping of Mg, O, P, Ca, and C. The limitations
of EDS analysis must be considered as light elements such as H cannot be detected.

The SEM EDS elemental mapping (Figure 5) shows that the corrosion product consists
of three different layers. As the matrix is rich in magnesium, which is very reactive, the
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inner layer seems to be predominantly composed of Mg-O. The intermediate layer is
enriched with Ca and P and the outer layer is additionally enriched with C. These three
layers are observed in all corroded samples. The three layers indicate that the corrosion
process starts with the formation of MgO, followed by penetration and chemical reaction of
components of the medium with the oxidized layer. The reactions of the corrosion product
with DMEM in turn result in the Ca- and P-enrichment. Finally, after sufficient exposure
time, the outer layer is enriched with carbon. The carbon can be either in the form of
carbonates or organic compounds such as glucose which are abundant in DMEM high
glucose media. The corrosion progress appears to be controlled by the corrosion product
cracking. The cracks are connected to the interface between the alloy and the corrosion
product, which means that the supply of DMEM fluid is controlled by capillary forces. Such
conditions limit the supply of oxygen and other components to the alloy surface, resulting
in relatively slow corrosion progress. Figure 6 schematically shows the different layers of
the corrosion product and the microcracks.

Penetration of DMEM

through the cracks , ,
Microcracking

B! %/\

/ .
Mg-O-Ca-P

\ N ‘1‘6“'

B

WE43
Mg alloy

Figure 6. Schematic illustration of the three-layer corrosion product with microcracks in all cor-
roded samples.

Ca is in the Ca?* form, P is in the POi_ form, while C is in the HCO; form. Ca ions
do not affect the corrosion of magnesium. However, calcium phosphates can form on the
magnesium surface in DMEM, thus, inhibiting corrosion [11]. This finding is also inter-
esting for biocompatibility, since calcium phosphate improves osseointegration [40]. The
complexity of DMEM is clearly responsible for inhibiting the corrosion process compared
to more simple inorganic solutions such as NaCl or SBE.

The phenol red in the DMEM is a sensitive colour indicator within the physiological
regime and was used as an optical control of the pH during corrosion to ensure physio-
logical conditions. The tests in this study were controlled at pH values between 7.3 and
7.7. In the case of magnesium hydroxide dissolution, the pH would increase. This would
be a strong indicator of severe corrosion of the alloy. When the pH decreased, bacterial
growth was observed and contaminated samples were excluded from this study. The
stable pH values during the tests are consistent with the observed mild corrosion. The
Pourbaix diagrams for magnesium state that at pH values above about 8.5 and up to 11.5
a protective oxide or hydroxide layer forms that slows the dissolution of Mg in aqueous
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solutions [41]. This means that there is a local increase in pH at the first Mg-O layer that
allows the formation of Mg(OH),, as observed by Kalb [39].

Furthermore, POZ‘Ir and Ca?*, nucleate and grow on the Mg surface at high pH levels.
Phosphates with Mg/Ca attach themselves to the corrosion layer. The precipitation of the
insoluble phosphates can be described as [42]:

HaPOS ™" 4 Mg?* + Ca® + OH™ — Mg,Cay (PO}") 5)
z

The complicated Mg/Ca phosphates and MgO are here identified as the Mg-O-Ca-P
layer.

4. Conclusions

In this study, long-term immersion tests over a period of up to 10 weeks were con-
ducted in DMEM under physiological condition to investigate the in vitro corrosion be-
haviour of extruded WE43 magnesium alloy. Due to the use of organic media containing
high levels of sugars, the in vitro experiments were vulnerable to contaminations and
therefore carefully carried out under sterile conditions. The influence of contaminations
such as bacterial growth was excluded in the experimental results.

To study the localized corrosion attack, we prepared SEM BSE images of specimens
cross-sections and evaluated the remaining radius along the samples’ circumferences. We
observed a nonlinear evolution of the corrosion damage in DMEM under physiological
conditions. The long-term corrosion process of WE43 magnesium alloy consists of three
stages: (1) the rapid corrosion within the first 7 days, (2) the steady corrosion between 7 and
28 days, and (3) the significantly accelerated corrosion between 28 and 70 days. The fast
progress of the corrosion damage in the last stage is confirmed by the significant reduction
of the sample radius of 21% at its deepest pit after 70 days. The present in vitro study on
the corrosion behaviour of WE43 magnesium alloy reveals that the accelerated corrosion
after long immersion times leads to severe corrosion damage. The initial rapid corrosion
needs to be controlled for orthopaedic application, which can be achieved by applying
surface coating on the alloy. After the stiffness and strength of the fractured bone recover
to sufficient mechanical integrity, the accelerated corrosion in the final stage will mitigate
the stress shielding effects during bone healing. The desired nonlinear variation of the
corrosion enables an optimized design of the orthopedic implants for matching the bone
healing process.

SEM EDS analysis of the corroded cross sections revealed a three-layer corrosion
product consisting of an inner layer of Mg-O, an intermediate layer of Mg-O-Ca-P, and an
outer layer of Mg-O-Ca-P-C. These layers were found consistently in all corroded samples
for up to 10 weeks. The microcracks in the layers enable liquid medium penetration towards
the alloy. The cracks also indicate mechanical instability of the corrosion product which
appears to be about the same thickness inside the pits regardless of the corrosion times.
Although the alloy exhibits a form of pitting corrosion driven by microgalvanic corrosion
between the Mg matrix and the intermetallic phases, the resulting pits are shallow without
severe localized corrosion.
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