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A B S T R A C T   

Although magnesium and its alloys are promising candidates as biodegradable implant materials, the tendency 
for localised corrosion mechanism in physiological environment limit their biomedical application. Electro
polishing is an attractive strategy for improving the corrosion behaviour of metals, but it is still largely unex
plored in magnesium materials. In this study, the characterisation of electropolished surfaces of AM50 and pure 
magnesium was performed, focussing on their in vitro degradation behaviour in cell medium. Corrosion rates 
were evaluated using potentiodynamic polarisation. The surface morphology before and after the onset of 
corrosion was investigated by scanning electron microscopy and confocal laser scanning microscopy. The pre
sented electropolishing process led to improved surface performances, observable by significantly lower corro
sion rates (0.08 mm⋅year− 1 in Dulbecco’s modified Eagle’s medium), lower arithmetical mean height (0.05 µm), 
lower water contact angle (25–35◦) and lower micro hardness (35–50 HV 0.1) compared to mechanically and 
chemically treated surfaces. MgO/Mg(OH)2 could be detected on electropolished surfaces. The localised corro
sion mode could be reduced, but not entirely prevented. Electropolishing shows great potential as post-treatment 
of magnesium-based components, but detailed tests of the long-term corrosion behaviour are an important area 
of future research.   

1. Introduction 

In recent years, magnesium and its alloys have attracted considerable 
attention in the biomedical field due to several properties that make 
them promising candidates as biodegradable materials in temporary 
implant applications [1,2]. The main advantage, compared to 

conventional inert metals, is the unique combination of biocompati
bility, resorbability and mechanical stability [3–5]. Magnesium-based 
implants are expected to provide mechanical support at local damaged 
places in the body and corrode completely after the tissue has healed, 
avoiding the need for a second surgical procedure [2,4]. Since magne
sium is an essential mineral in the human body, a controlled release of 
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magnesium ions from degrading implants is generally uncritical [6,7]. In 
fact, magnesium materials are said to offer a stimulating effect on tissue 
and bone regeneration [7–9]. Considering the mechanical properties of 
the metal, magnesium and its alloys are favourable for load bearing 
applications because density and elastic modulus are very similar to 
those of natural bone [1,10]. For all these reasons, magnesium materials 
have mainly been investigated for the use in tissue engineering as 
scaffolds [11,12] as well as for orthopaedic and cardiovascular appli
cations as screws, plates and stents [13–15]. 

However, the widespread application of magnesium and its alloys as 
temporary implant material has not been established yet [1], as mag
nesium materials exhibit a high corrosion rate as well as strong tendency 
for localised corrosion mechanism in physiological environment. This 
may lead to a premature loss of mechanical integrity and consequently 
to failure of magnesium-based implants before tissue healing is 
completed [4,10,16]. In general, the most common corrosion types of 
magnesium and its alloys are galvanic and pitting corrosion. Especially 
factors, such as impurities, secondary phases or intermetallic com
pounds in the material [3,17] as well as the presence of chloride ions in 
the human body fluid [4] can reduce the corrosion resistance signifi
cantly. In addition, a fast and uncontrolled degradation of magnesium is 
accompanied by intense hydrogen evolution as well as local increase of 
pH in the surrounding tissue [6,18]. Therefore, one of the greatest 
challenges in the development of magnesium-based implants is the 
control of the corrosion rate [7]. 

In principle, there are two common strategies to control the degra
dation of magnesium materials: (i) metallurgical modification to opti
mise the composition and microstructure through alloying [3] or 
appropriate manufacturing methods [2], and (ii) surface modification to 
alter surface features by preparing protective surface coatings or per
forming surface treatments [15,19]. Among these strategies, surface 
treatments are an attractive method to improve the corrosion behaviour 
of magnesium materials because the surface of an implant material is the 
first contact partner with human body fluid. In recent years, mainly 
mechanical, chemical or physical techniques have been studied inten
sively [3,15,19,20], although electrochemical treatments, such as elec
tropolishing, offer a versatile alternative. 

Electropolishing, also called electrochemical polishing, electrolytic 
polishing or anodic polishing, is a material removal process. It is based 
on anodic dissolution, which removes the material ion by ion from the 
metal or alloy surface [21,22]. A classic electropolishing system consists 
of an electrochemical cell, including an anode and a cathode electrode in 
an electrolyte solution. The workpiece to be polished works as anode (+) 
and the tool electrode is utilised as cathode (-). When a direct current 
voltage is applied, current flows from the anode to the cathode whereby 
the metal on the workpiece surface dissolves in the electrolyte based on 
an electrolysis process and a new oxide layer is formed [21,23]. 
Generally, electropolished surfaces are characterised by a reduction in 
roughness, residual stresses and non-metallic inclusions as well as by an 
improved protective passive oxide layer [24,25]. These are all factors 
which lead to the main benefit of an increased corrosion resistance. 
Furthermore, it is a contact-free process which makes it suitable for 
workpieces with small dimensions and complex geometries [21,26]. 
Consequently, it is already a common method for the surface finishing of 
surgical instruments as well as medical implants made of metals [21,27, 
28]. Due to the poor surface integrity in the as-built state, electro
polishing also provides good prospects for the post-processing of addi
tively manufactured components [29]. 

So far, however, most research in electropolishing has been carried 
out on stainless steel [23,27]. Regarding magnesium materials, there is 
no industrially established process publicly known [27]. A mixture of 
mineral acids and alcohols, mostly phosphoric acid and ethanol in a 
ratio of 3:5 (v/v), is mentioned to be a suitable electrolyte solution [7, 
30,31]. Additionally, it can be noted that electropolishing of magnesium 
materials is carried out at room temperature [30] or 0 ◦C [32] in a 
voltage range of 1–3 V [7,30–32]. The polishing time varies between 20 

and 120 s [7,30,32]. The setting of other relevant parameters is not 
mentioned. Besides the lack of an established electropolishing process 
for magnesium materials, there is also too little information to what 
extent the treatment can optimise the surface properties of this resorb
able metal. 

The aim of this study was to develop an appropriate electropolishing 
process for magnesium materials without using toxic components and to 
characterise the electropolished surfaces. The focus of the present 
characterisation was the investigation of the corrosion behaviour, but 
also changes of other surface features, such as wettability or hardness, 
were studied. Even electropolishing of magnesium material is already in 
industrial use, for example in the production of stents, however, there is 
still a lack of knowledge about the resulting surface properties and their 
optimisation. Traditional electropolishing electrolytes are often 
accompanied by toxic elements, which may leave a contamination risk 
for medical application, even when careful cleaning processes after 
electropolishing are applied. In summary, the study was targeted to 
advance the electropolishing as a suitable method for post-treatments of 
magnesium-based components. 

2. Materials and methods 

2.1. Surface treatments 

Magnesium sheet AM50 was selected as working material in the 
present study. It is not a metallic biomaterial, but a common and readily 
available magnesium material. Therefore, it has been used as an 
example of a magnesium alloy for basic demonstration purposes. The 
raw material was provided by the Helmholtz-Zentrum Hereon in Gees
thacht, Germany. In addition, the measurements were carried out on 
pure magnesium sheet (99,98 wt% Mg; HWM Hauner GmbH), which 
served as a reference material. The sheets were approximately 1 mm 
thick and were cut into small samples with a dimension of 25 × 10 mm. 

To evaluate the effects of electropolishing on the surface properties 
of the samples, the electrochemical method was compared with three 
alternative post-treatments: two mechanical procedures, mechanical 
grinding (MGri1) and mechanical polishing (MPol2), as well as a 
chemical pickling (CPick3) process. 

2.1.1. Mechanical grinding (MGri) and polishing (MPol) 
To prepare mechanically treated surfaces, specimens of AM50 and 

pure magnesium were mechanically ground by a series of P240, P600, 
P1200 and P2500 SiC papers. The grinding process was carried out using 
ethanol (94 vol%) instead of water due to the high reactivity of mag
nesium materials with aqueous solutions. After each grinding step, the 
samples were cleaned with ethanol (94 vol%) and dried with a blow- 
dryer. This method was also used as pre-treatment for all specimens in 
this study to ensure uniform surface conditions and experiment repro
ducibility. In addition to the mechanically ground (MGri) samples, 
further samples of AM50 and pure magnesium were ground to P4000 
grit size, which served as mechanically polished (MPol) specimens. 

2.1.2. Electrochemical polishing (EPol3) 
For the electropolishing treatment, the area of the sample was first 

limited to a defined size of 1 cm2 with a shrink tube. The electrochemical 
process was carried out in an electrolyte solution composed of concen
trated phosphoric acid (85 vol%), ethanol (99 vol%) and deionized 
water in a ratio of 40:55:5 (v/v). The experimental setup of electro
polishing is shown in Fig. 1. 

The magnesium materials were used as anode (+) while stainless 
steel 1.4301 was utilised as cathode (-). The electrolyte was kept at room 
temperature (20–23 ◦C) and the distance between the counter and 
working electrode was fixed at 30 mm. Furthermore, an Ag/AgCl (in 
3 M KCl) reference electrode has been included in the setup to measure 
the current density vs. potential curve of the system. For the electro
chemical treatment of both magnesium materials, a voltage of 4 V 
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within the active region was chosen. Successful electropolishing was 
assessed by the physical appearance of the treated surfaces, and pre
liminary investigations showed that shiny surfaces could already be 
generated in a low voltage range. Electropolishing was then carried out 
for 10 min per sample with an immersed anode to cathode area of 1:4. 
The electropolishing parameters are summarised in Table 1. 

Since magnesium materials are already attacked by the electrolyte 
solution in the currentless state [27], the anode was immersed in the 
electrolyte when voltage was applied. After electrochemical polishing, 
the specimens were rinsed in deionized water and cleaned with ethanol 
(94 vol%) before drying. 

2.1.3. Chemical pickling (CPick4) 
For the third type of surface treatment, the samples were completely 

immersed in a beaker filled with 20 wt% citric acid for 5 min. The acid 
solution temperature was kept at room temperature (20–23 ◦C). After 
the pickling, the specimens were cleaned with deionized water and 
ethanol (94 vol%) to remove all residues of the acid treatment. 

2.2. Transmission electron microscopy (TEM5) 

TEM micrographs were obtained to investigate the microstructure of 
the AM50 alloy. A Thermo Fisher F200i TEM at an acceleration voltage 
of 200 kV was used to obtain high-angle annular dark-field scanning 
transmission electron micrographs (HAADF STEM6). The TEM was also 
equipped with a Bruker Super-Twin energy-dispersive X-ray detector 
(EDS7) which was used to elementally map regions within the samples. 
The TEM specimens were prepared via focussed ion beam (FIB8) using a 
TESCAN Lyra3 FIB-SEM. The samples were ion milled to a thickness of 
approximately 100 nm and an electron transparent region of approxi
mately 10 × 10 µm. 

2.3. Optical microscopy 

For further microstructure analysis, samples of AM50 and pure 
magnesium were embedded in acrylic resin. After several grinding 
processes with SiC paper up to P2500, the specimens were polished with 
3 µm and 1 µm diamond suspension. The final polishing was carried out 

with colloidal silica suspension (0.03 µm). In the last step, the embedded 
samples were etched in nital. The macro- and microstructure of the 
magnesium materials was visualised with the optical microscope BX51 
(Olympus). 

2.4. Electrochemical analysis 

Electrochemical measurements were performed to evaluate the 
corrosion behaviour of the different surface-treated specimens. In this 
context, potentiodynamic polarisation was carried out with the mini-cell 
system (Ibendorf & Co.GmbH) which consists of a platinum counter 
electrode, a saturated calomel reference electrode (SCE9) and a working 
electrode. The tests were realised at room temperature with the cell 
medium Dulbecco’s Modified Eagle Medium (DMEM10) (SH30585.02, 
Merck). The composition of the electrolyte is shown in Table 2. 

For some selected measurements, 10 wt% fetal bovine serum (FBS11) 
(S181B; Biowest) and 1 wt% Antibiotic-Antimycotic (L0010; Biowest) 
were added to DMEM. The sample’s area exposed to the electrolyte 
solution was 0.008 cm2. With the potentiostat PGSTAT204 (Metrohm), a 
potential range between − 0.3 V and 1.5 V and a scan rate of 0.01 V/s 
was set. The analysis of the resulting data was performed by using the 
software NOVA 2.1 (Metrohm). For each sample, three measuring points 
were examined. The polarisation resistance Rp was determined at the 

Fig. 1. Schematic illustration of the experimental setup of electropolishing.  

Table 1 
Relevant process parameters for electropolishing of magnesium materials.  

Electropolishing parameter Voltage [V] Current density [A/cm2] Polishing time [min] Electrolyte temperature [◦C] Electrode distance [mm] 

Value 4  0.03 10 20-23 30  

Table 2 
Concentrations of ions and components of the electrolyte DMEM.  

Ion or component Unit DMEM 

Na+ mmol/l 154.5 
K+ mmol/l 5.4 
Mg2+ mmol/l 0.8 
Ca2+ mmol/l 1.8 
Cl- mmol/l 118.5 
HCO3

- mmol/l 44.0 
HPO4

2- mmol/l 0.9 
SO4

2- mmol/l 0.8 
Amino acids g/l 1.6 
Glucose g/l 4.5 

DMEM: Dulbecco’s Modified Eagle’s Medium 
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corrosion potential Ecorr ± 30 mV. For the calculation of the current 
corrosion density icorr, the Tafel constants were adjusted to 0.12 V/dec. 

Thus, the corrosion rate (CR12) was calculated according to ASTM 
G102–23: 

CR = K1 •
icorr

ρ EW (1)  

where CR is given in mm/year, icorr in µA/cm2 and K1 = 3.27⋅10− 3 

mm•g
µA•cm•year. 

The variable equivalent weight EW was determined by calculation. 
For pure magnesium, EW is given by: 

EW =
W

n
(2)  

where W = the atomic weight of magnesium and n = the number of 
electrons required to oxidise an atom of magnesium. 

For the alloy AM50, EW was determined as follows: 

EW =
1
∑nifi

Wi

(3)  

where ni = the valence of the ith element of the alloy, fi = the mass 
fraction of the ith element of the alloy and Wi = the atomic weight of the 
ith element in the alloy. 

The density ρ was also calculated for both materials. For AM50 and 
pure magnesium, the variables result in the following values: 

EWAM50 = 11.950, EWMg = 12.153, 
ρAM50 = 1.780 g⋅cm− 3, ρMg = 1.738 g⋅cm− 3. 

2.5. Confocal laser-scanning-microscopy (CLSM13) 

The confocal laser scanning microscope LEXT4000 (Olympus) was 
used for a precise evaluation of the surface quality of magnesium ma
terials after the different surface finishes. For the analysis of the surface 
roughness, the calculation of the arithmetical mean height Sa and the 
maximum height Sz was carried out at a cut-off wavelength λ of 80 µm 
and an area of approx. 1 cm2. Sa is defined as an absolute value that 
describes the difference in height of each point compared to the arith
metical mean of the surface while Sz indicates the sum of the largest peak 
height value and the largest pit depth value within a defined area. Three 
measurement points were selected for each sample and a mean value 
was calculated for both roughness parameters. For the categorisation of 
surface defects, defined as pits in the surface, three measurements of the 
depth and diameter were taken and averaged. The surface-treated 
samples were also analysed after the onset of corrosion to evaluate the 
changed surface roughness qualitatively. 

2.6. Scanning electron microscopy (SEM14) 

SEM micrographs were used to investigate the surface morphology of 
the different treated magnesium materials. In this context, the scanning 
electron microscope Leo 1455VP (Carl Zeiss AG) at an acceleration 
voltage of 20 kV was used. The working distance were set to 20 mm. The 
device also includes an EDS system, which enables the determination of 
the elemental composition of the bulk material. Additionally, corroded 
areas of surface-treated samples, after contact with the cell medium 
DMEM, were analysed. 

2.7. Raman spectroscopy 

The Raman LabRam NANO HR800 spectrometer (Horiba Scientific) 
was used to measure the surface composition of AM50 and pure mag
nesium samples after the different surface treatments. Measurements 
were carried under ambient conditions using a 50x objective, an exci
tation wavelength of 532 nm, and a grating of 300 nm. Laser power was 

set to 60 mW with an exposure time of 5 s and 2 accumulations to ensure 
a good noise/signal ratio while preventing laser damage to the sample. 
In order to obtain statistically significant spectra, at least 20 points were 
measured on each sample and an average spectrum was calculated. 

2.8. Contact angle measurements 

To study the wetting behaviour of the various surface-treated spec
imens, the Drop Shape Analyzer DSA25 (Krüss GmbH) with the software 
ADVANCE was used. Static contact angle and surface free energy of the 
magnesium materials were measured at room temperature with ultra
pure water and diiodomethane (2 µl drop volume). For some selected 
measurements of the contact angle, DMEM with 10 wt% FBS and 1 wt% 
Antibiotic-Antimycotic was used as test liquid. The contact angle was 
measured immediately after the contact between the drop and the 
specimen’s surface to minimise evaporation. Three measurement points 
were selected for each sample and a mean value of the contact angle was 
determined. The surface free energy (SFE15) was calculated according to 
Owens and Wendt model: 

σSL = σS + σL − 2
̅̅̅̅̅̅̅̅̅̅

σd
Sσd

L

√

− 2
̅̅̅̅̅̅̅̅̅̅

σp
Sσp

L

√

(4)  

where σS and σL are the surface free energy of solid and liquid, σd
S and σd

L 
are dispersive components, and σp

S and σp
L are polar components of the 

surface free energy of solid and liquid. 

2.9. Hardness measurements 

The effects of the different surface treatments on the hardness of the 
magnesium samples were investigated at the microscopic level. There
fore, the Vickers hardness testing method was selected. The measure
ments were carried out with the microhardness tester Durimet (Leitz 
GmbH), which is equipped with an optical measuring setup. Two 
different test loads (HV 1 and HV 0.1) were used. For each sample, three 
measurements were performed at different areas of the treated surfaces. 
The value of the Vickers hardness was taken from the corresponding 
hardness tables based on the determined diagonal lengths. An average 
value of the microhardness was then calculated. 

3. Results 

3.1. Bulk microstructure and composition 

The microstructure of AM50 and pure magnesium was investigated. 
In this context, Fig. 2(a) shows the micrograph of the magnesium alloy. 

The metallographic examination by optical microscopy revealed that 
black point-shaped irregularities are visible on the entire surface of the 
AM50 samples. CLSM measurements determined that these black spots 
protrude from the surface with an average height of 3 µm and a diameter 
between 1 µm and 5 µm. As shown in Fig. 3(a), TEM micrographs 
display these irregularities on the AM50 surface as white contrast points. 
A corresponding EDS mapping of these particles (Fig. 3b) indicated that 
these irregularities exhibit a high concentration of the alloying elements 
Al and Mn, while the amount of Mg is clearly reduced at these areas. This 
can be recognised by the accumulation or lack of colour points in the 
EDS maps. On the remaining surface, however, a largely uniform dis
tribution of Mg, Al and Mn can be observed. Thus, in addition to the 
primary α-Mg phase, the microstructure of AM50 is characterised by 
inclusions or intermetallic Al-Mn-phases located both near the grain 
boundaries and within the matrix. 

For comparison, Fig. 2(b) depicts the micrograph of pure magne
sium. The material exhibits a high density of twins in the grains, which 
might be the result of the rolling process during sheet production. In 
addition, small black particles are found on the surface of the magne
sium sample, mainly distributed along the grain boundaries. According 
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to the manufacturer’s specification of a purity of 99.98%, it can be 
assumed that these spots are manufacturing-related impurities. 

3.2. Surface composition 

In order to be able to determine and compare the changed surface 
composition of AM50 and pure magnesium after the different surface 
treatments, corresponding Raman spectra in the range of 
100–3000 cm− 1 were measured and the results are given in Fig. 4. 

It is obvious that the treated surfaces show four low intensity bands 
at around 820 cm− 1, 890 cm− 1, 1560 cm− 1 and 2330 cm− 1. These peaks 
can be attributed to vibrations of O2 and N2 or other contaminations on 
the surface [33], due to the measurement on ambient air. Regarding the 
ground AM50 sample, the surface exhibits a peak at around 
1000–1100 cm− 1. Singh et al. [34] associated second order Raman 
bands of MgO with this peak. Since a magnesium oxide layer formed in 
air was already present before the mechanical treatment, it may have 

been completely removed by grinding but rebuilt after grinding in 
ambient air. In contrast, the pickling treatment leads to two noticeable 
peaks centred at 1330 cm− 1 and 1600 cm− 1, which are characteristic of 
carbonaceous materials [35]. Since the electrolyte of the pickling 
treatment consisted of citric acid, these intense bands can be associated 
with the adsorption of citrate on the chemically-treated surface [36]. 

The Raman spectra of electropolished samples of AM50 and pure 
magnesium show no significant difference. Both electropolished mate
rials also exhibit a peak at about 1000–1100 cm− 1, which, in addition to 
MgO residuals, may be PO4

3- residuals [37], due to the used electro
polishing electrolyte, consisting of phosphoric acid. In this context, also 
Mg3(PO4)2 [38,39] is conceivable as the dissolved magnesium ions may 
have reacted with the phosphoric acid during electropolishing. Further 
Raman bands for both electropolished materials are observed at around 
550 cm− 1, 1450 cm− 1 and 2800–2900 cm− 1. These peaks represent 
MgO or Mg(OH)2 [40–42] that must have formed during electro
polishing. However, the peak measured on the electropolished pure 

Fig. 2. Optical microscopy pictures of (a) AM50 and (b) pure magnesium. The inclusions of AM50 (visible as black spots) are located near the grain boundaries and 
within the matrix. Pure magnesium exhibits a high density of twins in the grains and impurities (visible as small black spots) along the grain boundaries. 

Fig. 3. HAADF-STEM micrograph of AM50 (a) and EDS mapping of magnesium, aluminium, and manganese at the same surface area (b). The inclusions on the 
surface, visible as white spots in the TEM picture, correlate with low magnesium and high aluminium and manganese concentrations. 
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magnesium surface at around 2800 cm− 1 could also be a residue of 
ethanol [43] as the liquid was contained in the electropolishing elec
trolyte and used for sample cleaning. 

Overall, it is evident that all examined samples exhibit residues of the 
respective type of surface treatment, indicating that cleaning the spec
imens with deionized water and ethanol cannot remove all treatment- 
related residues completely. 

3.3. Surface morphology 

A first qualitative assessment of the resulting surface quality after 
electropolishing is shown in Fig. 5 based on the image of an electro
polished AM50 sample. It is worth noting that also magnesium materials 
can exhibit a shiny and mirror-like surface without any structure for
mation by using a parameter setting adapted to the chosen magnesium 
material. The gloss is a characteristic feature of electrochemically 
treated metal surfaces and can be attributed to micro-smoothing [44]. 

Moreover, the mechanism of macro-smoothing [44] can be observed 
after electropolishing of magnesium materials. In this context, Fig. 6 
compares the resulting surface roughness of AM50 and pure magnesium 
after the different surface treatments. The arithmetical mean height Sa is 
plotted in Fig. 6(a) and the maximum height Sz in Fig. 6(b). 

Fig. 6(a) shows the surface roughness as the arithmetical mean 
height Sa depending on the surface treatment. Thereby, CPick produced 
the highest Sa -values followed by MGri, MPol and EPol, the latter 

resulted in the smoothest surface independently from the material 
composition (AM50 or Mg). The Sa-value measuring 0.05 µm for EPol 
surfaces indicates a high efficiency of the electrochemical method in 
realising uniform and very smooth surfaces. The mechanical polished 
surface (EPol) achieved similar roughness values. Considering that the 
grinded surfaces (MGri) was the initial surface for all treatments, the Sa- 
values demonstrate that the pickling treatment (CPick) was roughening 
the surface instead of smoothening. 

The roughness sequence CPick > MGri > MPol > EPol could not be 
observed regarding the Sz-value (Fig. 6b). Sz presents the maximum 
height of the surface roughness, defined as the maximum difference 
between the highest peak and the deepest valley. Sz-values have to be 
relativized by considering specific defects and waviness on the surface. 
For example, the comparatively high Sz range of 3–6 µm on the elec
tropolished AM50 surface indicates some irregularities, defects or the 
impact of secondary phases, which have been detected in the material 
(Figs. 1 and 2). Significant variations between the Sz measurements of 
Mg and AM50 were found not only for electrochemically treated sam
ples but also for chemically treated surfaces. Pure magnesium after EPol 
exhibits the lowest Sz-value (less than 1 µm) of all treatments, whereas 
AM50 reaches a much higher value. This indicates a largely defect-free 
surface of electropolished pure magnesium. As a result, the surface 
structure and defects of the different treated samples needs to be 
examined in more detail, see next chapter 3.4. 

3.4. Surface defects 

CLSM images depicting the surface morphology of AM50 and pure 
magnesium after mechanical, chemical and electrochemical treatment 
are shown in Fig. 7. Additionally, treatment-related surface defects were 
investigated and visualised with exemplary height profile measurements 
below the respective image. The observed defects were then categorised 
based on the factors shape, depth and diameter, because the measured Sz 
values (see chapter 3.3) were not appropriate to specify these defects. 

On the ground surface of both materials (MGri), typical residues of 
the mechanical treatment are clearly visible in the form of parallel 
grinding grooves along the polishing direction on the whole surface. 
These irregular grinding grooves show a typical depth of about 0.6 µm. 
After CPick, the AM50 surface still shows slight grinding marks, indi
cating that the pickling time was too short. Moreover, this type of 
treatment has formed many round surface defects, which varies in a 
radius range of 5–10 µm. It should also be noted that these surface ir
regularities do not form pointed but extremely roundish pits with an 
average depth of 2.5 µm. Pickled pure magnesium, on the other hand, 
shows an etched surface, recognisable by visible grain boundaries. 

In contrast, EPol of AM50 results in a uniform, smooth and largely 
structure-less surface. Besides the dark particles of the Al-Mn phases, 
which are still present after EPol, AM50 exhibits a few surface defects in 
the form of relatively flat dents. However, these defects are very difficult 
to see on the surface image, as these spots are not noticeably different 
from the rest of the surface. CLSM measurements reveal that the radius 
varies between 2 and 25 µm with an average depth of 1 µm, whereby a 
correlation between the size and the depth of the surface defects cannot 
be detected. Overall, electropolished AM50 has significantly less defects 
on the surface than the pickled one. 

The studied depths of defects confirm the ranking of the Sa values in 
Fig. 2(a). Regarding the impact of microstructure on surface defects after 
electropolishing, a more uniform surface for pure magnesium than for 
AM50 can be noted. However, numerous very small black dots, 
distributed over the entire pure magnesium surface, are visible. A closer 
look reveals that these spots are small, pointed pits in the treated sur
face. With a radius of 2 µm and a depth of approx. 0.3 µm, they have 
only minor effect on the surface morphology. Furthermore, pure mag
nesium shows similar flat dents like AM50, but in a lower number. 

Fig. 4. Raman spectra of mechanically (orange), chemically (yellow) and 
electrochemically (dark blue) treated AM50 samples and an electrochemically 
(light blue) treated pure magnesium surface. The peaks at around 550 cm− 1, 
1450 cm− 1 and 2800–2900 cm− 1 indicate that the surface of magnesium ma
terials contains MgO/ Mg(OH)2 after electropolishing. 

Fig. 5. Photograph of an AM50 specimen, showing a typical shiny and mirror- 
like surface after electropolishing, recognisable by the reflection of the ruler. 
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Fig. 6. Surface roughness of AM50 and pure magnesium in terms of (a) Sa and (b) Sz values after the different surface treatments. (a) Electropolishing (EPol) leads to 
the smoothest surface for both materials. (b) The comparatively high maximum height of AM50 indicates some irregularities on the surface. Electropolished pure 
magnesium exhibits the lowest Sz value of all treatments considered. 

Fig. 7. Confocal Laser scanning microscopy (CLSM) images of the surface morphology of AM50 and pure magnesium after mechanical (MGri), chemical (CPick) and 
electrochemical (EPol) treatment. The height profile measurements of the treatment-related surface defects are plotted below the respective surface image. The 
electrochemical treatment of AM50 leads to some shallow surface pits while pure magnesium is largely defect-free. 
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3.5. Corrosion rates 

The effects of electropolishing on the corrosion behaviour of mag
nesium materials were investigated using potentiodynamic polarisation. 
Polarisation curves of the different treated surfaces were measured on at 
least three samples and on each sample, three measurements in DMEM 
and three measurements in DMEM+FBS were performed. Fig. 8 depicts 
the resulting curves of mechanically, chemically and electrochemically 
treated (a) AM50 and (b) pure magnesium specimens, measured in 
DMEM. Of each treatment, three measurements of one sample are shown 
as an example; all additional examined samples showed similar behav
iour and confirmed the results. 

It can be observed that for both materials the type of surface treat
ment has a decisive influence on the level of the measured corrosion 
current density icorr. The highest values are found after the mechanical 
methods MPol and MGri. The corrosion potential Ecorr shows the most 
negative values. Treatment by pickling leads to a shift of the curves to a 
lower icorr and a higher Ecorr. However, the most significant improvement 
in corrosion behaviour can be observed in the electrochemically treated 
specimens. The polarisation curves of electropolished samples exhibit 
the highest Ecorr, the lowest icorr and the highest corrosion resistance Rp 
among all treatments considered. Moreover, it should be mentioned that 
despite similar arithmetical roughness values, the corrosion data of 
mechanically polished and electrochemically treated AM50 surfaces 
differ significantly. The polarisation curves of AM50 and pure magne
sium show differences mainly based on Ecorr. With around − 1.7 V, the 
magnesium alloy indicates a value, which is 0.2 V more positive than 
pure magnesium. In most measurements, pure magnesium has a lower 
icorr than AM50. However, after EPol the icorr values are almost identical. 

The corrosion rates calculated according to Eq. 1 (measured in 
DMEM) after the different surface treatments are shown, exemplified by 
AM50, in Fig. 9. In addition, the corrosion rates measured in the test 
liquid DMEM+FBS are also depicted in Fig. 9 to illustrate the influence 
of the chosen electrolyte. 

Among all surface treatments considered, EPol leads in DMEM to the 
lowest corrosion rate (0.08 mm⋅year− 1) by far, indicating the formation 
of a more uniform and protective oxide layer. On the contrary, the 
chemical treatment results in a corrosion resistance that is 10 times 
lower than after EPol. The corrosion rates of mechanically and electro
chemically treated surfaces differ by a factor of almost 20. 

The addition of FBS to DMEM leads, overall, to a similar corrosion 
behaviour but with lower corrosion rates and less differences between 
the CR values of the various surface treatments. Although the effects of 
proteins on the magnesium degradation are not yet fully understood 
[45], the presence of a physiologically relevant mixture of proteins, 
contained in FBS, influences the corrosion behaviour by decreasing icorr. 

However, the rate of electropolished AM50 surfaces is almost identical 
in DMEM (0.08 mm⋅year− 1) and DMEM+FBS (0.05 mm⋅year− 1), sug
gesting that proteins show less impact on electrochemically treated 
surfaces. 

Table 3 summarises all relevant electrochemical results and shows 
the strong influence of the chosen magnesium material, surface treat
ment and electrolyte on the corrosion data. For completeness, the 
polarisation curves of AM50 and pure magnesium (measured in 
DMEM+FBS) after the different surface treatments are shown in Fig. A1. 

3.6. Corrosion products 

After electrochemical measurements using the minicell system and 
the electrolyte DMEM, corroded areas on the different treated samples of 
AM50 and pure magnesium can be detected on the surface. In this 
context, Fig. 10 shows SEM images, taken with the secondary electron 
(SE16) detector, of the corrosion sites on a (a) ground, (b) pickled and (c) 
electropolished AM50 sample. 

It is worth noting that on mechanically and chemically treated sur
faces, the measuring area of the minicell is clearly visible as corroded 
circular area on the surface. Within this section, several pitting spots 

Fig. 8. Polarisation curves of a mechanically (green, orange), chemically (yellow) and electrochemically (blue) treated (a) AM50 and (b) pure magnesium sample 
measured in DMEM. Similar corrosion behaviour can be observed for both materials, with electropolishing (EPol) representing the surface treatment resulting in the 
lowest icorr. 

Fig. 9. Calculated corrosion rates of AM50 after the mechanical, chemical and 
electrochemical surface treatments, measured in the two electrolytes DMEM 
and DMEM+FBS. Electropolishing (EPol) results in the lowest corrosion rate 
(CR) of all treatments considered. While the addition of FBS leads to signifi
cantly lower CRs of mechanically and chemically treated surfaces, proteins 
have only minor influence on electropolished surfaces. 
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have formed. Regarding the corroded sites of electropolished AM50 
samples, it should be mentioned that the measuring area of the minicell 
cannot be identified at all. Nevertheless, the onset of inhomogeneous 
corrosion can also be observed on electrochemically treated surfaces, 
resulting in some corrosion products on the surface. This indicates that 
electropolishing has not led to a change in the corrosion mechanism of 
magnesium materials, as pitting corrosion still occurs. However, it seems 
that the electrochemical treatment could slow down the superficial 
corrosion attack compared to the other surface treatments. 

Fig. 11 gives a more detailed look at the corrosion products that 
formed on electropolished AM50 surfaces within the measuring area of 
the minicell. The SEM images were taken with the back-scattered elec
tron (BSE17) detector, using the setting composition (COMPO18) for 
Fig. 11 (a) and the setting topography (TOPO19) for Fig. 11 (b). Typical 
for pitting corrosion, the corrosion process initiated at several places and 
spread at different rates, which can be seen in smaller and larger 
corrosion spots on the surface. These corrosion areas form inhomoge
neous pits of 5–25 µm on the electropolished surface (Fig. 11 b). Within 

Table 3 
Electrochemical data calculated from polarisation curves after the different surface treatments and electrolytes for AM50 and pure magnesium.  

Material Electrolyte Treatment Ecorr rr vs. SCE [V] icorr rr [µA/cm2] Rp [Ω⋅cm2] CR [mm⋅year− 1] 

AM50 DMEM MPol -1.73 ± 0.05 69.94 ± 26.46 440 ± 194 1.54 ± 0.18 
MGri -1.73 ± 0.02 53.94 ± 9.35 502 ± 114 1.18 ± 0.07 
CPick -1.69 ± 0.05 30.22 ± 16.72 1 092 ± 494 0.66 ± 0.11 
EPol -1.66 ± 0.04 3.62 ± 1.86 9 518 ± 5 552 0.08 ± 0.02 

DMEM + 10% FBS MPol -1.65 ± 0.03 24.41 ± 6.81 1 151 ± 313 0.54 ± 0.12 
MGri -1.64 ± 0.02 25.99 ± 3.59 1 029 ± 191 0.57 ± 0.04 
CPick -1.64 ± 0.03 16.04 ± 5.83 1 880 ± 798 0.35 ± 0.09 
EPol -1.68 ± 0.05 2.34 ± 1.74 18 270 ± 13 041 0.05 ± 0.03 

pure Mg DMEM MPol -1.98 ± 0.01 31.49 ± 2.34 832 ± 64 0.72 ± 0.04 
MGri -1.95 ± 0.02 37.86 ± 14.64 790 ± 270 0.87 ± 0.25 
CPick -1.91 ± 0.03 22.79 ± 7.17 1 230 ± 276 0.52 ± 0.05 
EPol -1.87 ± 0.04 3.29 ± 0.89 8 634 ± 2 847 0.08 ± 0.01 

DMEM + 10% FBS MPol -1.96 ± 0,04 26.52 ± 6.74 1043 ± 248 0.61 ± 0.02 
MGri -1.89 ± 0.04 19.98 ± 3.49 1 340 ± 208 0.46 ± 0.03 
CPick -1.92 ± 0.01 18.80 ± 1.81 1 401 ± 151 0.43 ± 0.02 
EPol -1.79 ± 0.04 1.86 ± 1.16 22 084 ± 15 618 0.04 ± 0.02  

Fig. 10. Secondary electron (SE) images of the corroded areas on a (a) ground, (b) pickled and (c) electropolished AM50 surface after contact with the electrolyte 
DMEM. Compared to the electropolished surface, the circular area of the minicell is clearly visible on the mechanically and chemically treated surfaces, indicating 
lower corrosion stability in body-like fluids than electrochemically treated surfaces. 

Fig. 11. (a) BSE (COMPO) image and (b) BSE (TOPO) image of the formed corrosion products on electropolished AM50 after electrochemical measurements in 
DMEM. The corrosion mechanism appears irregular and leads to inhomogeneous pits on the electropolished surface. 
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these structures, a corrosion layer of clod-like, brittle corrosion products 
can be observed. The inclusions or Al-Mn-phases (visible as white spots) 
are not removed but incorporated into the corrosion structures (Fig. 11 
a). As a result, the onset of corrosion affects the surface morphology in 
the form of increased roughness. The Sa-value rises by a factor of 20 from 
0.05 ± 0,02 µm to 1,02 ± 0,27 µm, while Sz goes up from 4,34 
± 1,43 µm to 18,42 ± 2,75 µm. Pure magnesium shows the same basic 
initial corrosion mechanism after electropolishing. 

The elemental composition of the electropolished AM50 surface in 
an (a) uncorroded and (b) corroded state is compared in Fig. 12. The EDS 
spectra of the uncorroded area is dominated by Mg, Al, and Mn. After the 
onset of corrosion, the amount of Mg is reduced, whereby traces of Ca 
and K are detectable within the corrosion spots. Moreover, it should be 
noted that the corroded structures exhibit a noticeable high Cl-content. 
Similar composition, but without Al and Mn, are obtained for electro
polished pure magnesium (Fig. A2). 

3.7. Wetting behaviour 

Contact angle measurements were performed to understand the 
wetting behaviour of magnesium surfaces after different surface treat
ments. In this context, Fig. 13 represents the contact angles of diiodo
methane, water and DMEM+FBS measured on AM50 after MGri, MPol, 
CPick and EPol. In addition, the surface free energy (SFE) is given, which 
was calculated from the first two test liquids. 

It can be clearly seen that the water contact angle after MGri reaches 
the highest observed value (approx. 80◦) of all treatments considered. 
Hence, the surface energy exhibits the lowest value of about 40 mN/m. 
MPol reduces the contact angle of all three test liquids to 50–60◦. 
Regarding CPick, a further decrease in the measured contact angles can 
be noted. While diiodomethane indicates a similar value to those after 
MGri and MPick, water achieves a contact angle of around 45◦, resulting 
in an increased surface energy of 58 mN/m after the chemical treatment. 

Nevertheless, it should be mentioned that the lowest contact angles 
of all test liquids can be observed after EPol. The contact angle of water 
drops to a value of around 30◦, which is almost three times lower than 
after MGri. Using a body-like fluid, such as DMEM+FBS, results in 
contact angles similar to those of water, albeit with greater variations 
between the measurements. As the surface energy increases with 
decreasing contact angles, electropolished magnesium surfaces have the 
highest surface free energy of approx. 65 mN/m compared to the 

otherwise treated surfaces. Pure magnesium shows similar wetting 
properties after the different surface treatments, with a water contact 
angle of 36◦ and a surface energy of 63 mN/m after EPol (Fig. A3). 

3.8. Hardness 

The type of the applied surface treatment can lead to changes in the 
hardness properties of magnesium surfaces. In this context, Fig. 14 il
lustrates the influence of MGri, MPol, CPick and EPol on the Vickers 
hardness measured for AM50 and pure magnesium at a test load of HV 
0.1. Regarding AM50, the micro hardness reaches its maximum of 
around 80 HV 0.1 after MGri. A lower average value can be observed 
after CPick (approx. 70 HV 0.1). The hardness measured after MPol is 
comparable to that obtained after the chemical treatment, but with 
smaller variations between the measurements. 

However, of all surface treatments considered, EPol shows the 

Fig. 12. EDS spectra of electropolished AM50 in the (a) uncorroded area (grey 
line) and (b) corroded area (black line) of the surface. Besides traces of Ca and 
K, an increased concentration of Cl and a decreased concentration of Mg can be 
detected on the AM50 surface after the onset of corrosion. 

Fig. 13. Contact angles and surface energy of AM50 after mechanical grinding 
(MGri), mechanical polishing (MPol), chemical pickling (CPick) and electro
polishing (EPol). The test liquids were diiodomethane, water and DMEM+FBS. 
The electrochemically treated samples indicate the best wetting behaviour 
while the mechanical treatments lead to relatively high contact angles and low 
surface energy. 

Fig. 14. Microhardness of AM50 and pure magnesium after mechanical 
grinding (MGri), mechanical polishing (MPol), chemical pickling (CPick) and 
electropolishing (EPol) at a test load of HV 0.1. Electropolished AM50 surfaces 
result in the greatest reduction of surface hardness, whereby mechanical and 
chemical treatments lead to harder surfaces. Pure magnesium shows similar 
behaviour after the different treatments. 
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greatest reduction in the surface hardness of the magnesium alloy. The 
electrochemical method leads to a value of approx. 50 HV 0.1. With a 
test load of HV 1 (Fig. A4), the differences are not as visible as with HV 
0.1, as the values are all within a range of 50–60 HV 1. This could 
indicate that the surface layers formed after the various surface treat
ments are not thick enough for such a high test load, which is why the 
bulk material was probably measured. Pure magnesium shows similar 
behaviour in the determined microhardness, albeit the treatments do not 
differ as clearly as with AM50. Overall, the hardness of pure magnesium 
after EPol is about 35 HV 0.1, around 15 HV 0.1 lower than the value of 
the magnesium alloy. 

4. Discussion 

Due to its high reactivity, magnesium and its alloys are challenging 
for electrochemical surface treatment. In this study, the characterisation 
of electropolished surfaces was carried out on various magnesium ma
terials to determine to what extent the electropolishing process can 
optimise the surface properties of this resorbable metal. 

4.1. Electropolishing process for magnesium materials 

Basically, there is only limited knowledge in the literature about how 
magnesium materials can be optimally electropolished. One of the most 
important parameters is the polishing voltage, which affects the current 
density of the electropolishing system. A method commonly used to 
determine the optimal voltage is to measure a current-density vs. po
tential curve [23], with the most favourable conditions for electro
polishing being found in the transition area from the passive to the 
transpassive section [21,27]. However, for the treatment of magnesium 
materials a potential from the active to the passive part was chosen. It 
could be proven, that a typically shiny, smooth and structure-less surface 
is already achieved at low voltages (Fig. 5). This could be related to the 
reactive character of the material, resulting in a higher dissolution rate 
compared to standard electropolishing materials. As a result, low volt
ages are preferred, as a high voltage leads to high current densities 
during electropolishing, resulting in an undesirably high removal rate of 
magnesium based components [23]. Moreover, an uncontrolled forma
tion of gas bubbles can be observed by using high voltages, which can 
cause structure formation and thus surface defects [27,46]. Likewise, 
Bahl et al. [7], Howlett et al. [30] and Hung et al. [31] used low voltages 
of about 1–3 V for the electropolishing of magnesium materials. Further 
process parameters, such as polishing time, electrolyte temperature, etc. 
were adjusted based on fundamental aspects of electropolishing gained 
over the last decades [21,23,24,27,47]. However, due to the complexity 
of the process and the diversity of influencing factors, optimisation 
strategies of the electropolishing procedure are necessary for the 
application on components as well as to meet the high surface demands 
in the biomedical field. 

4.2. Microstructural influence of the magnesium material 

Similar to other homogeneous materials, pure magnesium offers the 
best conditions for electropolishing because of the single-phase micro
structure, whereby a largely uniform material removal can occur. The 
influence of impurities (Fig. 2) should not be underestimated, as they 
can promote the formation of pitting. However, the insufficient me
chanical properties limit the practical application of pure magnesium [3, 
5]. In the case of a heterogeneous magnesium material, such as AM50, 
the production of an acceptable surface quality by electropolishing is 
more complex, as the alloying components, secondary phases, inter
metallic phases or inclusions detected in the material (Figs. 2 and 3) 
exhibit different corrosion potentials and are normally cathodic with 
respect to the α-Mg matrix [10,17]. Consequently, micro-galvanic cou
ples can form more easily, leading to inhomogeneous degradation in the 
form of pitting [8,11,18]. Even though AM50 is not a metallic 

biomaterial, it demonstrated the effects and challenges of electro
polishing magnesium alloys, which are the preferred type of magnesium 
material in temporary implant applications [48]. Overall, the results of 
this study reveal that, besides the conventional electropolishing metals, 
also magnesium and its alloys are suitable for electropolishing by using a 
parameter setting adapted to the chosen material. 

4.3. Electrochemical modification of the surface structure 

Similar to standard electropolishing metals, also the mechanisms of 
anodic brightening (Fig. 5) and anodic levelling (Fig. 6) can be found for 
magnesium materials after electropolishing. Compared to the traditional 
mechanical finishing techniques, the electrochemical process removes 
material from a metal based on an anodic dissolution phenomenon, in 
which the material is removed ion by ion from the workpiece surface in a 
non-contact and damage-free way. Due to this special type of material 
removal, electropolishing stands out from the other surface treatments, 
resulting in a uniform, microscopically smooth (Sa = 0.05 µm) and 
especially structure-less surface texture. However, electropolishing of 
AM50 leads to comparatively high Sz values, which can be associated 
with the more precisely studied surface defects after the EPol treatment 
(Fig. 7). Since these irregularities are mainly observed in the magnesium 
alloy, it can be assumed that secondary phases or inclusions have been 
dissolved from the material during electropolishing, resulting in shallow 
dents on the surface. Since these inclusions are irregularly distributed on 
the surface, this would also explain the significant variations between 
the Sz measurements of electropolished AM50 surfaces (Fig. 6b). 
Nevertheless, the observed formation of gas bubbles during electro
polishing should also be considered. It is assumed that oxygen is pro
duced at the metal anode via a special mechanism with prior formation 
of OH radicals [27]. In this context, the interplay of rising gas bubbles 
and the sinking electrolyte loaded with metal ions can lead to various 
structures and waviness on the sample surface. At low current density, 
the bubbles even remain attached to the surface due to their low 
buoyancy [27]. Due to the flat, round shape of the surface defects, 
pitting is excluded. As it was very difficult to see the defects on surface 
images, it should be mentioned that CLSM is an appropriate measuring 
instrument for detecting this kind of surface defect. The small pits found 
in pure magnesium could be pores in the material. 

4.4. Corrosion rates 

The corrosion rates of electropolished magnesium materials were 
determined using potentiodynamic polarisation. The cell culture me
dium DMEM was chosen as electrolyte because the composition and 
buffering system are similar to those of blood plasma [49,50]. The 
analysis of the electrochemical results (Fig. 9 and Table 3) revealed that 
electropolishing leads to the lowest corrosion rate (0.08 mm⋅year− 1) of 
magnesium materials among the considered surface treatments. The 
effect of an improved corrosion behaviour after electropolishing was 
also observed with the common electropolishing metals, like stainless 
steel, in other studies [24,51–53]. A comparison of the determined 
corrosion rates after electropolishing with literature data is difficult due 
to the lack of investigations of the corrosion behaviour of electro
polished magnesium materials. However, since for example Hornberger 
et al. [9] noted for untreated pure magnesium a corrosion rate of 
0.6 mm⋅year− 1, the corrosion data of electropolished magnesium ma
terials obtained in this study show that electropolishing can give an 
important contribution to the corrosion control of magnesium materials. 
In addition, the fact that in vitro degradation tends to be higher than in 
vivo [2], even lower corrosion rates can be expected. 

In general, there are several reasons for the increased corrosion 
stability after electropolishing. One factor, which can influence the rate 
of the corrosion process, is the surface roughness of the magnesium 
materials. However, due to opposite results, this parameter is considered 
controversial in the literature. Nguyen et al. [54] indicated an increase 
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in corrosion resistance due to smoother surfaces, while Alvarez et al. 
[55] observed a declined corrosion stability with reduced surface 
roughness. In this context, the results in Figs. 6 and 9 show, that elec
tropolished and mechanically polished surfaces achieved similarly low 
Sa-values of approx. 0.05 µm, however, the corrosion rate after elec
tropolishing (0.08 mm⋅year− 1) and after mechanical polishing 
(1.54 mm⋅year− 1) differ significantly by a factor of almost 20. Therefore, 
the process type must take a decisive role for the observed corrosion 
behaviour. 

On the one hand, electropolishing leads to a removal of the outer
most surface layer, ion by ion. This layer is usually plastically deformed 
and contains structural defects of manufacturing or mechanical pre- 
treatments as well as corrosion-susceptible components, which are the 
causes of increased electrochemical activity of the surface [21]. On the 
other hand, it can be assumed that a new oxide layer is formed on the 
surface after electropolishing, which is more stable and homogeneous 
and consequently protects the magnesium material better against cor
rosive attack as found in stainless steel [21,24]. Using Raman spec
troscopy bands of MgO and Mg(OH)2 could be detected, however the 
peak of measured MgO on the electropolished surface cannot be 
distinguished from that on the ground surface. It is possible that the 
oxide layer formed after electropolishing is more uniform, more 
defect-free or even thicker. A different oxide composition or bonding is 
also conceivable as phosphate was detected in the electropolished sur
faces. Furthermore, from microhardness measurements, it was 
concluded that electro polishing leads to a reduced density of disloca
tions and twinning. That may also contribute to increase corrosion 
resistance since dislocations and twinning are lattice defects. Therefore, 
further investigations should be carried out in the future to obtain more 
information in this topic. In this context, X-ray photoelectron spectros
copy (XPS20) can determine the chemical composition of the oxide layer 
more precisely, ellipsometry can measure the thickness of the oxide 
layer, and using TEM dislocations and twinning can studied. 

The presence of 10% FBS in DMEM is a routine addition for corrosion 
tests [49] and leads to lower corrosion rates (Fig. 9) due to the inter
action of the protein-containing electrolyte with the absorbable material 
[45]. However, electropolished samples exhibit in DMEM and 
DMEM+FBS similar corrosion rates, indicating that proteins are less able 
to adhere to electrochemically treated surfaces. In this context, Awad 
et al. [56] noted that also bacteria have problems adhering to electro
polished surfaces. A second hypothesis would be that the proteins can 
adhere to electropolished surfaces, but their influence is no longer 
decisive because the corrosion rate has already been reduced to a min
imum by electropolishing. 

4.5. Corrosion mechanism and products 

Despite improved corrosion rates after electropolishing, electro
chemically treated magnesium surfaces still show localised corrosion 
modes. The corroded sites are inhomogeneous pits in the surface that 
spread at different rates (Fig. 11) and a typically increased Cl- 
concentration (Fig. 12) can be measured within the corrosion sites. 
This indicates that the oxide layer formed after electropolishing became 
still locally unstable due to the high content of Cl in DMEM and devel
oped into more soluble MgCl2, promoting the dissolution of magnesium 
[3,8]. However, a slowdown in corrosion after electropolishing can also 
be observed when examining the corroded surface areas. Compared to 
mechanically and chemically treated samples, the measuring area of the 
minicell cannot be seen as corroded circle on electropolished surfaces 
(Fig. 10). A qualitative estimation also suggests that electropolished 
samples indicate a lower number of pits on the surface. As a result, it can 
be assumed that the surface was better protected against corrosion by 
electropolishing and consequently exhibits a higher corrosion resistance 
than the mechanically and chemically treated surfaces. The composition 
of the formed corrosion products depends on the used electrolyte solu
tion [50]. In addition to Cl, traces of Ca and K, which are all components 

of the electrolyte DMEM, could be detected within the corrosion sites of 
electropolished samples. 

4.6. Further surface properties 

Regarding other surface properties, it can be assumed that electro
polished magnesium materials exhibit a higher wettability than the 
otherwise treated surfaces. This can be interpreted from the measured 
contact angles. For both, water and body-like liquid, a contact angle of 
approx. 25–35◦ can be noted for AM50 and pure magnesium, which, as 
expected, is associated with a high surface energy. The improved wet
ting behaviour can be explained by the removal of surface contamina
tions after electropolishing [21,25]. Further investigations using XPS 
can show, which contaminations, presumably carbon contaminations, 
have been removed. For practical applications, it can be assumed that a 
wettable surface leads to a more even distribution of body-like fluids on 
the magnesium component, so that the corrosive attack can also occur 
more uniform. Latifi et al. [25] also noted more hydrophilic surfaces 
when electrochemically polishing of 316 L. 

The study of microhardness showed that electropolished magnesium 
materials have a lower Vickers hardness than ground and pickled sur
faces. Values of approx. 50 HV 0.1 were achieved for AM50, whereas 
ground samples were up to 80 HV 0.1. The high microhardness after 
mechanical grinding can be explained due to residual surfaces stresses 
induced by the strong plastic deformation and increased dislocation and 
twinning density in the surface layer during grinding [21]. As already 
mentioned, the deformed top surface layer is removed during material 
dissolution by electropolishing, which consequently leads to a reduction 
in surface hardness and could also result in an improved corrosion 
behaviour. 

5. Conclusion 

This characterisation study of electropolished magnesium materials 
was performed with the purpose of demonstrating three aspects: (1) the 
suitability of magnesium and its alloys for electropolishing, (2) an 
appropriate electropolishing process for magnesium materials and (3) 
the improvement of various surface properties of magnesium by using 
electropolishing. The chosen experimental conditions (phosphoric acid 
and ethanol as electropolishing electrolyte, voltage of 4 V, polishing 
time of 10 min) resulted in bright, structure-less and microscopically 
smooth surfaces. Moreover, electropolished magnesium materials 
exhibit less surface stresses as well as higher wettability compared to the 
other tested surface treatments. One of the most important advances, 
however, is the increased corrosion resistance after electropolishing, 
demonstrated by potentiodynamic polarisation. The localised corrosion 
mode could be reduced, but not entirely prevented. Overall, the elec
trochemical method indicates great potential to establish as suitable 
post-treatment procedure for magnesium-based components. Due to the 
complexity of the degradation process, further test methods (like im
mersion tests, impedance spectroscopy) are recommended to obtain 
more information about the corrosion behaviour in physiological envi
ronments as well as in the long term. In addition, the effects of the 
interaction between the individual components of the microstructure 
and the polishing process must be investigated in more detail. From a 
biomedical point of view, it would be of interest to transfer the presented 
electropolishing process to medically relevant magnesium materials, 
such as WE43, in the next step. 
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