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Magnesium and its alloys have emerged as promising materials for biomedical applications due to their light weight, mechanical
compatibility with bone, biodegradability, and excellent biocompatibility. However, their rapid degradation in physiological en-
vironments remains a critical challenge. To address this, a range of surface-modification techniques have been explored to tailor
the surface properties while preserving the bulk characteristics of magnesium. This paper provides an overview of surface-engi-
neering methods aimed at enhancing the corrosion resistance, mechanical performance and bioactivity of magnesium. Three key
surface-modification approaches are presented: plasma treatment, laser texturing and sandblasting. Plasma treatment resulted in
the formation of a stable, protective oxide layer with significantly improved corrosion resistance and hydrophilicity. Laser tex-
turing generated hierarchical microstructures yielding superhydrophobic surfaces with an enhanced hardness, though slightly re-
duced corrosion resistance. Sandblasting led to an increased surface roughness and mechanical stiffness, but also introduced
microstructural defects that are detrimental to the corrosion stability. Overall, the study demonstrates how tailored surface modi-
fications can effectively balance the mechanical integrity and degradation behavior of magnesium, paving the way for its opti-
mized use in biomedical applications.
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Magnezij in njegove zlitine so se izkazali kot obetavni materiali za biomedicinske aplikacije zaradi svoje lahkosti, mehanske
podobnosti s kostjo, biorazgradljivosti in odlicne biokompatibilnosti. Kljub temu njihova hitra razgradnja v fizioloskih okoljih
ostaja kljucni izziv. Za reSevanje te tezave so bile raziskane razli¢ne tehnike povrsinske modifikacije, ki omogocajo prilagajanje
povrsinskih lastnosti ob hkratnem ohranjanju osnovnih lastnosti magnezija. Ta prispevek podaja pregled metod povrSinskega
inZeniringa, usmerjenih v izboljSanje korozijske odpornosti, mehanske zmogljivosti in bioaktivnosti magnezija. Predstavljeni so
trije kljucni pristopi povriinske obdelave: plazemska obdelava, lasersko teksturiranje in peskanje. Plazemska obdelava je
privedla do nastanka stabilne, zascitne oksidne plasti z bistveno izboljSano korozijsko odpornostjo in hidrofilnostjo. Lasersko
teksturiranje je ustvarilo hierarhi¢ne mikrostrukture, ki so omogocile nastanek superhidrofobnih povrsin z vecjo trdoto, vendar
nekoliko zmanj$ano odpornostjo proti koroziji. Peskanje je povecalo hrapavost povrsine in mehansko togost, vendar je hkrati
povzrocilo mikrostrukturne napake, ki §kodujejo stabilnosti proti koroziji. Primerjalna Studija kaZe, kako lahko ciljno usmerjene
povrsinske modifikacije uc¢inkovito uravnotezijo mehanske lastnosti in nadzorovanje razgradnje magnezija ter na ta nacin
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odpirajo moznost optimizirane uporabe magnezija v biomedicinskih aplikacijah.

Klju¢ne besede: magnezij, povrSinska obdelava, biomaterial

1 INTRODUCTION

The light weight and superior biocompatibility, as
well as the biodegradability, of magnesium and its alloys
have gained a lot of attention in recent years.!? Its den-
sity and elastic modulus closely resemble human bone,
essential for minimizing stress shielding.’ In addition,
its unique non-toxic properties, make magnesium an ex-
cellent candidate for various biomedical materials.°

In general, implants are expected to successfully
mimic the mechanical properties of human bones, to pro-
mote osteointegration, and degrade at a rate compatible
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with tissue growth, consequently leading to reduced
healthcare expenses and repeated hospitalisations.”!?
However, in a human-body-fluid environment, the pres-
ence of corrosive ions noticeably accelerates the degra-
dation process of magnesium, leading to a rapid loss of
mechanical integrity post-implantation.'3-15

Therefore, various surface-modification techniques
have been explored to control the degradation and en-
hance the bioactivity of Mg surfaces in the physiological
environment.'®!'” There are, however, two main directions
that lead to magnesium surface optimisation and have
potential for enhancing corrosion resistance and bio-
compatibility, while preserving the bulk properties: coat-
ings and surface microstructural modification.'®?° In the
past decade, a lot of work has been devoted to modifica-
tion of the surface properties of magnesium, including
ion implantation,*?! anodization,?>?} plasma oxidation,>
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micro-arc oxidation,'3? laser texturing,’*-?% electro depo-
sition, etc. These approaches aim to control the corrosion
rates for magnesium-based implants. Overall, surface
roughness is a critical factor influencing cell adhesion
and osteointegration,*-* positioning surface roughening
as a promising modification strategy that can enhance
the bioactivity without altering the chemical composition
of materials intended for biomedical applications.

In this paper, the latest progress on the surface modi-
fication of Mg surface is presented and the roles of vari-
ous methods available for engineering the surface of Mg
and its alloys are addressed. The influence of plasma sur-
face treatment, laser texturing and sandblasting on the
surface properties of Mg is presented and their influence
on the surface properties, surface hardness and corrosion
is compared.

2 MATERIALS AND METHODS

Materials. the magnesium rod (Goodfellow, 25 mm in
diameter, 99.9 % purity, as drawn, E = 42.5 GPa) was cut
into discs of thickness 2 mm. Prior to plasma treatment,
laser texturing and sandblasting, the samples were dia-
mond polished up to 1 pm.

Surface characterization. The surface morphology of
the magnesium samples was evaluated with scanning
electron microscopy FIB-SEM ZEISS Crossbeam 550
SEM. Optical 3D metrology system, model Alicona Infi-
nite Focus (Alicona Imaging GmbH) and IF-Measure-
Suite (Version 5.1) software were used to analyze the av-
erage surface roughness, Sa of the samples.

The X-ray photoelectron spectroscopy (XPS). XPS
analyses were performed using Versa Probe 3 AD (Phi,
USA) with a monochromatic Al-Ka X-ray source. The
analyzed area was a spot with 200 um diameter, and the
analyzed depth was 3-5 nm. The survey spectra with
three cycles were acquired at a pass energy of 224 eV
and a step of 0.5 eV and high-resolution XPS spectra
with at least 15 cycles were acquired at a pass energy of
69 eV and a step of 0.1 eV. During data processing, the
carbon C 1s peak with the binding energy (BE) of
284.7 eV, characteristic for C—C bonds, was used to cor-
rect possible charging effects. The accuracy of the bind-
ing energies was estimated to be = 0.2 eV. The measured
spectra were processed with MultiPak 9.9.2 ULVAC-PHI
software with Shirley background subtraction. High-res-
olution spectra for C 1s, O 1s and Mg 1s were analyzed.

Laser texturing. Surface texturing was performed
with a LPKF nanosecond Nd-YAG laser with 1064-nm
wavelength and an output power of 5 W. The system is
equipped with a Scanlab SCANgine 14 processing head,
which has an F theta-Ronar lens (F = 360 mm) and a
double galvano configuration. SAMLight SCAPS v3.5.5
software was used for the programming of specific tex-
tures, i.e., dimples. The pulse length was 0.5 ms, the
pulse frequency 500 Hz and the laser focus with a diam-
eter of 30 um was set on the Mg surface. The dimples
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with a diameter 50 pm and depth around 25 um were ar-
ranged in a square formation with a center-to-center
distance of 100 um. Laser-texturing was performed in an
argon atmosphere at room temperature without any
post-treatment or post-polishing of the textured surface.

Sandblasting. Sandblasting (SB) was performed with
a sandblasting device (Gostol TST d.d.), where the pres-
surized air in the device projected corundum particles
(ALLOs, diameter between 212-250 um, TESI Ltd.) at a
45° angle onto the magnesium surface. The distance be-
tween the nozzle and the sample surface was 20 cm and
the air pressure was 6 bars. The sandblasting was carried
out for 2's,5s, 10 s and 30 s.

Wettability. The static water-contact angles at room
temperature and ambient humidity were measured with a
surface-energy-evaluation system (Advex Instruments
S.I.0.).

Hardness.The nanoindentation measurements were
conducted using the Hysitron TS 77 instrument from
Bruker, employing a diamond Berkovich probe. A stan-
dard quasi-static load function was applied, featuring 5 s
of loading, a 2-second holding period, and 5 s of unload-
ing. The maximum load applied was 8000 uN. The nano-
identation hardness (H) and elastic modulus (E) were
computed from the load-displacement curve, employing
the Oliver and Pharr model.?!

Potentiodynamic measurements. Potentiodynamic
measurements were performed in simulated physiologi-
cal Hank’s solution (8 g/L NaCl, 0.40 g/L. KCl, 0.35 g/L
NaHCO;, 0.25 g/L NaH,PO,x2H,O, 0.06 g/L
Na,HPO,x2H,O, 0.19 g/ CaCl,x2H,O, 0.41 g/L
MgCl,x6H,0, 0.06 g/ MgSO.x7H,0 and 1 g/L glucose,
Merck chemicals) at room temperature and pH=7.8. The
potentiodynamic curves were analyzed by using Bio-
Logic SP-300 Model instrument and EC-Lab V11.27
software. The three-electrode electrochemical system
was used with the test specimen as a working electrode,
a saturated calomel electrode as a reference electrode
and a platinum mesh as a counter electrode. The scan
rate was 1 mV/s.

3 SURFACE MODIFICATION METHODS
3.1 Plasma surface treatment

Plasma can modify the surface properties of magne-
sium and its alloys in terms of surface chemistry, topog-
raphy and wettability. With the direct plasma treatment,
we can create a new, thicker, and pinhole-free oxide
layer on the sample’s surface which is surface protective
and enables us to control both its corrosion resistance as
well as its biocompatibility. If we treat the surface with
two different kinds of plasma, i.e., H-mode (low pressure
and high power) and E-mode plasma (high pressure and
low power), we ensure that in the first step with hydro-
gen plasma the native magnesium oxide layer is com-
pletely removed, while the next step, treatment in oxygen
plasma, leads to a controllable formation of a new oxide
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Table 1: Plasma treatment parameters for modification of Mg surface with hydrogen and oxygen plasma

Plasma treatment Gas | Pressure (Pa) | Power (W)

Time (s)

Gas | Pressure (Pa) | Power (W) Time (s)

E mode H»/O, H, 25 600

10 0, 40 200 300

layer. This allows us to manipulate the surface modifica-
tion for specific applications. During the plasma surface
modification, gas (oxygen/hydrogen) is introduced into
the container and the pressure was adjusted according to
the desired plasma treatment. The plasma treatment pa-
rameters are listed in Table 1.

3.2 Laser texturing

During laser texturing, rapid melting and cooling of
the material significantly affects the microstructure of
the magnesium surface and its surface properties. The
morphology is defined with specific laser parameters
such as power, frequency, speed and number of repeti-
tions, resulting in various surface textures (i.e., lines,
crosshatch, dimples). As shown in Figure 1. here, a
square-like configuration of dimples with depth approxi-
mately 25 pm, diameter 50 um, center-to-center distance
100 um is presented.

3.3 Sandblasting

Sandblasting includes surface bombarding with abra-
sive Al,O; (corundum) particles that are projected on to
the surface at a specific angle. Surface modification is
controlled by the distance between the nozzle and the
sample surface, the air pressure and the time of the bom-
bardment. Sandblasted surfaces show a significant
change in the surface morphology with increased rough-
ness due to the plastic deformation correlated to the im-
pact of corundum particles. The degree of the plastic de-
formation is associated with the processing parameters.
As shown in Figure 2, the variation of the time of sand-

blasting from 2 s, 5 s, 10 s and up to 30 s, led to an
increase of the average surface roughness, Sa, with in-
creasing time.

4 RESULTS AND DISCUSSION
4.1 XPS

XPS was used to determine the surface composition
in the oxide layer of all the magnesium samples: DP,
plasma treated, LT and SB. Three main elements were
present on the surfaces: carbon, oxygen and magnesium.
The chemical composition and ratios C/O and O/Mg are
presented in Table 3. For all the surface-treated samples,
we observe increase in oxygen and magnesium content
in comparison to as-received diamond-polished sample.
This confirms the pronounced formation of MgO as pro-
tection layer on all the samples.

Table 3: XPS evaluation: chemical composition in at% of as-received
diamond polished, plasma treated surface, laser-textured and sand-
blasted Mg surfaces.

Sample C [6) Mg C/O | O/Mg
DP Mg 48.6 37.5 3.69 1.30 | 10.16

E mode H,/O, | 21.30 | 49.90 | 7.24 0.43 6.89
LT 36.55 | 56.98 | 6.47 0.64 8.81

SB 5s 3246 | 61.14 | 6.40 0.53 9.56

4.2 Surface hardness

The results of surface hardness measurements are
listed in Table 4 and show that the highest surface hard-
ness, approximately 1.5 GPa, was observed in the la-
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Figure 1: SEM image of laser-textured Mg surface. The inset shows average surface roughness
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Figure 2: SEM images of sandblasted Mg surfaces with different times of sandblasting with corundum particles. The insets show the average sur-

face roughness

ser-textured sample. This was followed by the samples
sandblasted for 10 s and 30 s, which also showed an ele-
vated hardness. In contrast, the plasma-treated, SB 2s
and SB 5s samples exhibited hardness values similar to
the reference DP surface, around 1 GPa. Surface hard-
ness enhancement in magnesium is primarily associated
with a grain-refinement caused by surface modifica
tion.’>3* Laser texturing alters the microstructure
through rapid heating and cooling, leading to recryst-
allization and localized surface oxidation. Similarly, the
plastic deformation from sandblasting induces recryst-
allization and grain size reduction in the subsurface re-
gion.?

Table 4: Surface hardness (H) and Young’s modulus (E) of as-re-
ceived diamond polished, plasma treated surface, laser-textured and
sandblasted Mg surfaces

Sample H (Gpa) E (Gpa)
DP 1 38+2

E mode H»/O» 1 42 £2
LT 1.5 45+ 3

SB 2s 1 45 + 4

SB 5s 1 45+ 3

SB 10s 1.2 60 +4
SB 30s 1.2 51+4

A comparison of the Young’s modulus (E) between
surface-treated samples and the reference DP magnesium

472

shows an overall increase in stiffness and resistance to
deformation for all the treated surfaces. The highest
modulus, approximately 60 GPa, was recorded for the
SB 10s sample, followed by the SB 30s with E = 51 GPa.
The LT, SB 2s, and SB 5s samples exhibited similar
Young’s modulus values, around 45 GPa. The lowest
Young’s modulus was measured for the plasma treated
surface, around 42 GPa, which is still higher than that of
the untreated DP surface, measured at around 38 GPa.

4.3 Wettability

The surface wettability was analysed by measuring
five static water contact angles on the sample’s surface.
The average values of the contact angles are listed in Ta-
ble 5. The diamond-polished surface, which serves as the
reference, is moderately hydrophilic with a contact angle
of 75°. With respect to contact-angle values, as listed in
Table S, two extreme surfaces are observed: plasma
treated, which is strongly hydrophilic and laser-textured
which is superhydrophobic. Strong hydrophilicity of
plasma treated surface can be explained with XPS re-
sults, which indicate a decrease of the C content in com-
parison to all other Mg surfaces (Table 3). This is in
agreement with the trend of the surface wettability being
governed by the adsorption of organic matter from the
atmosphere.’** The superhydrophobic nature of la-
ser-textured surface is, however, governed by the hierar-
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chical surface structure, which is a consequence of mi-
cro/nano structuring effect reflected in increased surface
roughness.

The sandblasted surfaces are moderately hydrophilic;
however, their wettability is related to the time of sand-
blasting. SB 2s surface is neutrally wet with a contact an-
gle slightly above 90°. As shown in Table 5, the contact
angles decrease and the surfaces become more hydro-

also be attributed to a reduced oxygen-to-magnesium
(O/Mg) ratio on the surface (Table 3). However, the LT
sample exhibits a less significant increase in corrosion
rate, likely due to its superhydrophobic properties and

high surface roughness.

Table 6: Electrochemical parameters of as-received diamond-pol-
ished, plasma treated surface, laser-textured and sandblasted Mg sur-

philic with the increasing time of sandblasting. This is frces
also in correlation to the increased average surface Sample Ecorr corr ) Veorr
roughness, suggesting that the sandblasted surfaces are (V.vs. SCE) | (pA/em’) (mm/year)
in the Wenzel wetting regime, allowing us a controllable DP Mg —1.64£003 | 354405 1.62 £0.05
surface wettability according to the chosen sandblasting E mode Hy/O,| ~1.63£0.03 | 4.1+0.1 0.18 = 0.01
parameters.’s LT -1.89 = 0.04 63.7 £ 0.3 291 +0.01
SB 2s -1.62 +0.03 | 3347 0.5 | 15.29 + 0.03
Table 5: Static water contact angles and average surface roughness. SB 5s ~1.62£0.03 | 293.8 +0.5 13.43 £ 0.03
SB 10s -1.61 £0.03 | 382.5+0.5 | 17.48 +£0.04
Sample 0 (°) Sa (um) SB 30s -1.56 £0.02 | 373.5+0.5 | 17.07 £ 0.04
DP Mg 75+£2 0.25 +0.02
E mode H»/O» 28 + 1 0.28 + 0.02
LT (superh;(lif(())phobic) 173+ 12 5 SUMMARY AND OUTLOOK
SB 2s 94 +3 1.52+0.14 In this study, the surface modification of magnesium
SB 5s 77+2 1.61 +0.15 via plasma treatment, laser texturing, and sandblasting
SB 10s 68 +2 1.71 £ 0.16 was systematically investigated to evaluate their influ-
SB 30s 60 +2 1.73 £ 0.16 ence on the surface characteristics, hardness, wettability,

4.4 Electrochemical evaluation

The corrosion behavior of DP, E mode H,/O,, LT, SB
2s, SB 5s, SB 10s and SB 30s magnesium samples in
simulated physiological solution with electrochemical
parameters, i.e., corrosion potential (E¢), corrosion cur-
rent density (icor) and corrosion rate (Veor), is evaluated in
Table 6. Overall, a significant decrease of icor and Veor
(0.2 mm/year) is observed for the plasma-treated surface
E mode H»/O,. According to the trend in contact angles
(Table 5), one would instinctively assume a decreased
corrosion resistance for the plasma-treated samples com-
pared to the untreated Mg. However, the increased corro-
sion stability of the plasma-treated Mg can be attributed
to the increased oxygen content on the surface, as deter-
mined by XPS as well as the formation of a MgO com-
ponent.?*

On the other hand, significant surface roughness
changes due to the surface modification of LF and SB
samples can have a negative effect on the corrosion be-
haviour. In laser texturing, the recrystallization of mag-
nesium occurs as a result of melting followed by rapid
solidification. In contrast, sandblasting induces plastic
deformation in the subsurface layer due to the high ki-
netic energy of the impacting particles, which also leads
to the formation of voids and microcracks. Both surface
treatments promote recrystallization, resulting in grain
refinement and twin formation. While this enhances sur-
face hardness, it simultaneously reduces corrosion resis-
tance.?® The lower corrosion resistance observed in both
laser-textured (LT) and sandblasted (SB) samples can
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and corrosion behavior in simulated physiological condi-
tions. The plasma treatment was found to significantly
improve the corrosion resistance and enhance the surface
hydrophilicity due to the formation of a protective oxide
layer with a high oxygen content. Laser texturing intro-
duced hierarchical surface structures that imparted
superhydrophobic properties and increased surface hard-
ness, albeit at the cost of slightly elevated corrosion
rates. Sandblasting effectively modified the surface mor-
phology and improved the mechanical properties, with
hardness increasing proportionally to treatment duration;
however, this came with a considerable drop in corrosion
resistance, primarily due to induced microstructural de-
fects and reduced O/Mg ratios.

Overall, plasma treatment emerged as the most prom-
ising technique for biomedical applications where con-
trolled degradation and biocompatibility are critical. La-
ser texturing offers advantages in applications where
enhanced hardness and water repellency are desirable,
while sandblasting can be used to tailor the roughness
and mechanical behavior with careful control of the pa-
rameters. Future work should focus on combining sur-
face modification methods (e.g., plasma treatment fol-
lowed by laser texturing) to synergistically enhance both
corrosion resistance and mechanical performance.
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