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Abstract

Plasma electrolytic oxidation (PEO) technique is a process of surface treatment of light metallic materials such
as magnesium alloy, to produce coatings increasing the corrosion resistance. In this work, the effect of direct
or alternating current deposition mode on the structure and corrosion behavior of PEO coatings on Mg
substrates prepared by powder metallurgy (PM) was studied. It was observed that during the deposition
process of PEO coatings, the varying of current mode between alternating current (AC) and direct current (DC)
led to significantly different surface modifications and coatings properties. In the case of DC PEO coatings,
significantly higher thickness was achieved than in the case of AC PEO coatings. On the other hand, AC PEO
coatings achieved smaller pore sizes compared to the DC PEO coatings. Considering the denser and less
porous structure of AC PEO coating, significantly better electrochemical properties were observed using
potentiodynamic measurements in Hank's solution. Compared to the uncoated PM Mg substrate, there was
an order of magnitude decrease in the icor of PEO-coated Mg substrate. In the case of DC PEO coatings, the
icorr Value was determined to be 8.3 yA-cm, and in the case of AC PEO even 3.4 yA-cm,
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1. INTRODUCTION

Magnesium and its alloys have many advantages over commonly used biodegradable materials, including that
Mg is essential for human metabolism, is biocompatible and has good mechanical properties (specific strength,
toughness) [1-3]. These properties have undoubtedly attracted much attention with respect to the applications
of biodegradable implants [3-5]. Biodegradable implants, which include Mg, are of interest in medical
applications [1,3,5]. They offer tissue repair and temporary support during tissue repair/healing and can be
gradually dissolved and absorbed by the human body [3]. However, it is well known that Mg alloys as potential
biomaterials are characterized by high corrosion rates and chemical reactivity [5-7]. This precludes their wider
use where implant integrity could be lost or failure in the body could occur. The increase in local pH and release
of hydrogen gas around the Mg implant during uncontrolled degradation can lead to tissue necrosis, reduced
cell growth or unavailability of nutrients around the implant [3]. The use of implants prepared by powder
metallurgy (PM) is advantageous for bioapplications because they improve integration with tissue during the
healing process [2-4]. In addition, PM allows the combination of a wide range of materials, either metallic or
metal matrix composites (MMC) containing ceramic filler, mainly hydroxyapatite. These above undesirable
behaviors of Mg can be rescued by applying a suitable ceramic coating to the Mg surface to facilitate smoother
degradation and reduced corrosion of the Mg implant. A wide range of such potential coatings is currently
available. These include the application of calcium phosphate-based coatings and hydroxyapatite prepared by
various technigques such as solution deposition, sol-gel method, hydrothermal synthesis, thermal spraying, etc.
[8-9]. It also includes coatings like PEO [10]. PEO coatings have been shown to have good biocompatibility
and adhesion. The advantage of PEO coatings is their easy and environmentally acceptable production, good
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osseointegration support, which promotes the healing process. The actual biodegradation process and the
degree of corrosion resistance are then determined by the structure and phase composition of PEO coatings.

In this study, PEO-based coatings will be applied to the surface of PM Mg samples by DC and AC electrolytic
oxidation. The aim of this work is to develop PM Mg material and improve the corrosion properties of PM Mg
surfaces using PEO coatings, which will enable their use in biomedical applications.

2. EXPERIMENTAL PART

Atomized Mg powder (99.8% Mg; Goodfellow, Huntingdon, UK) with a maximum particle size of 50 ym was
used for the preparation of the substrates. For the experiment, 2.5 g of Mg powder was filled into the steel
dies. Then, Mg powder was compacted in two ways — cold-pressed and hot-pressed. In the case of cold-
pressed (CP) samples, the pressing was performed using an Instron 5984 series universal testing system
(Instron, Norwood, MA, USA) as follows: speed 2 mm-min-1, maximum stress 400 MPa with a dwell time of 60
s. For the hot-pressed (HP) samples, the pressing was performed as follows: preload 5 MPa at 350 °C for 15
min, laoding 20 MPa-min-t, maximum stress 400 MPa with a dwell time of 60 s. The cooling of the samples in
closed dies was carried out slowly in the air. After they reached laboratory temperature, the samples were
extruded and groung using #4000 SiC paper.

PEO coating deposition was carried out in an alkaline electrolyte composed of 10 g-I'* NasP04.12H20 and
1 g1t KOH. The pH value of electrolyte was set at 12.4 using 1M KOH solution. Coatings have been fabricated
using two techniques — DC and AC current technique. Deposition was performed in the two-electrode system
with PM Mg samples employed as an anode and 304 stainless steel plate as a cathode. After the deposition,
all coated samples have been finally rinsed with distilled water, alcohol, and air-dried.

To investigate the morphology and microstructure of the deposited PEO coatings, the Zeiss EVO LS-10
scanning electron microscope (SEM) (Carl Zeiss Ltd., Cambridge, UK) equipped with an Oxford Instruments
Xmax 80 mm2 energy dispersive spectrometer (EDS) (Oxford Instruments plc, Abingdon, UK) was used. The
corrosion behavior of PM Mg samples and PEO-coated samples was evaluated by potentiodynamic
measurements performed using a potentiostat/galvanostat Bio-Logic VSP-300 (BioLogic, Seyssinet-Pariset,
France) in Hank's solution (HS) (GE Healthcare; PAA Laboratories GmbH, Austria) at room temperature. A
typical three-electrode cell with a sample as the working electrode, a saturated Ag/AgCl electrode as the
reference electrode, and a platinum mesh as the counter electrode was used. The corroded area of the sample
was approx. 1 cmZ2. The open circuit potential (OCP) was stabilized at 60 min and the potential ranged from -
200 mV to +500 mV vs. OCP. The scan rate was 1 mV-s1.

3. RESULTS AND DISCUSSION
3.1 Structural analysis

The deposition of PEO coatings was carried out on both cold and hot pressed PM Mg samples (Figure 1). As
can be seen from (Figure 1a and Figure 1b), no continuous PEO layer was deposited on the surface of the
cold-pressed PM Mg substrates using either DC or AC current mode. The PEO coatings were defective and
were severely cracked. As shown in (Figure 2a and 2b), it was clear from the perpendicular cuts that the PEO
coatings were not uniform and there was Mg substrate degradation in the surface layer under deposited PEO
coatings. From the metallographic section, it is clear that the thickness of DC PEO coating is approximately
twice that of AC PEO.

As shown by elemental EDS analyses (Figure 2a and 2b), higher oxygen concentrations were also detected
in the degraded surface layer of the PM Mg substrate. Therefore, it can be assumed that it was Mg(OH)2. This
can be attributed to the lower cohesion of cold-pressed Mg substrates. During the deposition, the coating
bath/medium may have predominantly permeated between the Mg powder particles and this may have caused
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the corrosion attack of the PM Mg substrate along with partial deposition of the PEO coating. The Mg(OH)2
present led to local increase in volume, which could have led to stresses in the surface layer, crack formation
and consequently degradation of the PM Mg with PEO coating [8,11].

The PEO coatings that were deposited on the surface of the hot-pressed PM Mg substrates did not show the
presence of undesirable structural defects and surface cracks (Figure 1c and 1d). PEO coatings showed their
typical structure. From (Figure 1c and 1d), it can be noticed that in the case of the sample with deposited PEO
using AC current mode (ACHP), the pore size on the surface of the PEO coatings is lower and the structure
was denser than that of the sample with deposited PEO using DC current mode (DCHP). This could positively
affect the corrosion behavior [12].

Figure 1 Surface morphology of deposited PEO coatings, a) DCCP, b) ACCP, ¢) DCHP, d) ACHP

As shown in (Figure 2c), the PEO coating deposited by the DC technique on the hot-pressed Mg substrate
was continuous along its entire length and had a thickness of approximately 8 um. In the case of PEO coatings
applied by the AC (ACHP) technique, the thickness was around 2-3 ym (Figure 2d).

Hot pressing of PM Mg substrates probably resulted in a more compact and dense structure, which better
resisted the penetration of the coating bath into its volume and did not undergo corrosion attack and
degradation, and the PEO layer was preferentially formed.
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Figure 2 SEM micrographs of cross section of PEO coatings, a) DCCP, b) ACCP, ¢) DCHP, d) ACHP

3.2 Potentiodynamic measurements

From the results of the potentiodynamic measurements in Hank's solution (HS), it can be seen from the results
(Figure 3) that the worst corrosion results were achieved in the case of uncoated Mg substrates. As the results
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Table 1 show, the icor value of hot-pressed PM Mg substrates was lower than the cold-pressed PM Mg
substrates. This may be due to their more compact structure. Deposition of PEO coatings on cold-pressed Mg
did not lead to a significant improvement in corrosion resistance. Better corrosion results were achieved in the
case of PEO-coated hot-pressed (ACHP and DCHP) samples, when icorr decreased at least by one order of
magnitude compared to uncoated Mg substrates. Better corrosion resistance is due to the absence of structural
defects in PEO coatings [12]. The best corrosion results were obtained in the case of the ACHP sample. Even
though the PEO coatings applied in the AC mode reached lower thickness, due to their denser structure and
lower porosity compared to the coatings applied in the DC mode, there was a worse penetration of the
corrosion medium through the PEO layer to the Mg substrate [11-14].
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Figure 3 Potentiodynamic polarization curves of Mg substrates and PEO-coated Mg substrates

Table 1 Results of potentiodynamic measurements

Sample Ecorr (MV) icorr (MWA-CM2)
CP Mg substrate -1577 95.6
HP Mg substrate -1580 41.1
DCCP -1605 19.9
ACCP -1572 23.8
DCHP -1594 34
ACHP -1572 8.3

4. CONCLUSION

The results showed that the application of PEO coatings led to an increase in the corrosion resistance of the
PM Mg substrate. A more suitable mode for the deposition of PEO coatings appears to be altering current
(AC), when PEO coatings achieve a denser structure with a smaller pore size and thus achieve better corrosion
resistance in Hank’s solution. Application of PEO coatings led to the decrease of corrosion current density icorr,
where in the case of DC PEO coatings, the icorr value was determined to be 8.3 yA-cm2, and in the case of AC
PEO even 3.4 pA-cm=2. Also, it was found that PM Mg substrates prepared by cold pressing are not suitable,
as they do not show sufficient cohesion, their degradation occurs during the deposition of PEO coatings, and
the deposited PEO coatings achieve poor quality.



JEV. w o
ME 1AL

2024 May 22 - 24, 2024, Brno, Czech Republic, EU

ACKNOWLEDGEMENTS

This work was supported by Specific University Research at FCH BUT, Project Nr. FCH-S-24-8012,
Ministry of Education, Youth and Sports of the Czech Republic and this project was also supported

within the Visegrad Fellowship Program.

REFERENCES

(1]

(2]

(3]

[4]

5]

[6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

TSAKIRIS Violeta, TARDEI, Christu CLICINSCHI Florentina. Biodegradable Mg alloys for orthopedic implants — A
review. Journal of magnesium and alloys. 2021, 9, 6, 1884-1905. DOI 10.1016/j.jma.2021.06.024.

JAYASATHYAKAWIN S., RAVICHANDRAN M., BASKAR N., ANAND CHAIRMAN C., BALASUNDARAM R.
Magnesium matrix composite for biomedical applications through powder metallurgy — Review. Materials Today:
Proceedings. 2020, 27, 736-741. DOI10.1016/j.matpr.2019.12.003.

STAIGER Mark P., PIETAK Alexis M., HUADMAI Jerawala, DIAS George. Magnesium and its alloys as
orthopedic biomaterials: A review. Biomaterials. 2006, 27, 9, 1728-1734. DOI 10.1016/j.biomaterials.2005.10.003.

AYMAN Elsayed, JUNKO Umeda, KATSUYOSHI Kondoh. Application of rapid solidification powder metallurgy to
the fabrication of high-strength, high-ductility Mg—Al-Zn—Ca-La alloy through hot extrusion. Acta Materialia. 2011,
59, 1, 273-282. DOI 10.1016/j.actamat.2010.09.031.

LIAO Jinsun, HOTTA Makoto, KANEKO, Kantaro, KONDOH Katsuyoshi. Enhanced impact toughness of
magnesium alloy by grain refinement. Scripta Materialia. 2009, 61, 2, 208-211. DOI
10.1016/j.scriptamat.2009.03.044.

CAPEK Jaroslav, VOJTECH Dalibor. Properties of porous magnesium prepared by powder metallurgy.

MATERIALS SCIENCE & ENGINEERING C-MATERIALS FOR BIOLOGICAL APPLICATIONS. 2013, 33, 1, 564-
569. DOI 10.1016/j.msec.2012.10.002.

CARBONERAS M., HERNANDEZ, L., DEL VALLE J, GARCIA-ALONSO, M, ESCUDERO, M. Corrosion
protection of different environmentally friendly coatings on powder metallurgy magnesium. Journal of alloys and
compounds. 2010, 496, 1, 442-448. DOI 10.1016/}.jallcom.2010.02.043.

BUCHTIK Martin, HASONOVA Michaela, HORNIK Petr, BREZINA Matg&j, DOSKOCIL Leos et al. Influence of
laser remelting on the microstructure and corrosion behavior of HVOF-sprayed Fe-based coatings on magnesium
alloy. Materials Characterization. 2022, 194. DOI 10.1016/j.matchar.2022.112343.

ESMAILY M., SVENSSON J., FAJARDO S., BIRBILIS N., FRANKEL G. et al. Funhdamentals and advances in
magnesium alloy corrosion. Progress in Materials Science. 2017, 89, 92-193. DOI 10.1016/j.pmatsci.2017.04.011.

TANG Hui, YU Dezhen, LUO Yan, WANG Fuping. Preparation and characterization of HA microflowers coating
on AZ31 magnesium alloy by micro-arc oxidation and a solution treatment. Applied Surface Science. 2013, 264,
816-822. DOI 10.1016/j.apsusc.2012.10.146.

ATRENS Andrej, SONG Guang-Ling,CAO Fuyong, SHI Zhiming, BOWEN Patrick. Advances in Mg corrosion and
research suggestions. Journal of Magnesium and Alloys. 2013, 1, 3, 177-200. DOI 10.1016/j.jma.2013.09.003.
STRBAK Milan, PASTOREK Filip, SCHEBER Pavel. Corrosion behaviour of PEO coating sealed by water based
preservative containing corrosion inhibitors. Transportation Research Procedia. 2021, 55, 752-759. DOI
10.1016/j.trpro.2021.07.042.

TANG Mingqi, FENG Zaigiang, LI Gang, ZHANG Zhanzhe, ZHANG Ruizhu. High-corrosion resistance of the
microarc oxidation coatings on magnesium alloy obtained in potassium fluotitanate electrolytes. Surface and
Coatings Technology. 2015, 264, 105-113. DOI 10.1016/j.surfcoat.2015.01.013.

STRBAK Milan, KAJANEK Daniel, KNAP VidZaja, FLORKOVA Zuzana, PASTORKOVA Jana et al. Effect of
Plasma Electrolytic Oxidation on the Short-Term Corrosion Behaviour of AZ91 Magnesium Alloy in Aggressive
Chloride Environment. Coatings. 2022, 12, 5. DOI 10.3390/coatings12050566.



