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Abstract: Magnesium and its alloys, valued for their lightweight and durable characteristics, have
garnered increasing attention for biomedical applications due to their exceptional biocompatibility
and biodegradability. This work introduces a comparison of advanced and basic methods—laser
texturing and sandblasting —on magnesium surfaces to enhance bioactivity for biomedical applica-
tions. Employing a comprehensive analysis spanning surface morphology, hardness, wettability,
tribological performance, and corrosion behavior, this study elucidates the intricate relationship be-
tween varied surface treatments and magnesium’s performance. Findings reveal that both laser tex-
turing and sandblasting induce grain refinement. Notably, sandblasting, particularly with a dura-
tion of 2 s, demonstrates superior wear resistance and reduced corrosion rates compared to un-
treated magnesium, thereby emerging as a promising approach for enhancing magnesium bioactiv-
ity in biomedical contexts. This investigation contributes to a deeper understanding of the nuanced
interactions between diverse surface treatments and their implications for magnesium implants in
chloride-rich environments, offering valuable insights for prospective biomedical applications.
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1. Introduction

While magnesium and its alloys have long been recognized for their lightweight and
durable properties in engineering applications, their potential extends beyond structural
use [1-3]. Magnesium is also the fourth most common element in the human body, play-
ing a key role in regulating biochemical reactions, supporting cell proliferation, and main-
taining bone and mineral balance. Recent years have, therefore, seen a surge of interest in
magnesium for its exceptional biocompatibility [4-6] and biodegradability [7-9]. These
materials offer a unique combination of biocompatibility and mechanical properties, most
similar to the bone in comparison to other metallic implants [7], making them increasingly
relevant in the field of biomedical materials [2,10].

Ensuring stable bone fixation during the healing process and controllable degrada-
tion is paramount for implants, necessitating improved bioactivity of the implant surface
to facilitate bonding between bone and implant [11]. In the past decades, researchers re-
newed their study of magnesium-based biodegradable implants thanks to advancements
in processing technologies such as surface modification, thermomechanical processing,
and alloying [12]. Various methods, including physico-chemical approaches, coatings,
and surface texturing, have been proposed to enhance implant bioactivity [13-19]. These
developments enable controlled corrosion rates for magnesium-based implants. Notably,
surface roughness plays a pivotal role in cell adhesion and osteointegration [20,21], mak-
ing surface texturing an appealing avenue for surface modification due to the possibility
of improving bioactivity without chemically changing the surface of various materials for
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biomedical applications. Jahani B. et al. [22] modified the surface of the Til3Nb13Zr alloy
via grinding, polishing, machining, and sandblasting and studied the influence of rough-
ness variation on mechanical properties, wettability, and cell attachment. Laser texturing
of Ti-based alloys has also been accepted as a promising technique for surface modifica-
tion via creating various surface textures (i.e., lines, crosshatch, dimples) that enable con-
trol of surface roughness and wettability and, under specific conditions, lead to improved
cell attachment [23]. Laser texturing was also implemented for surface melting of Mg
AZ31B alloy, leading to the chemical composition of the surface similar to the bone [24].

Despite the array of modern surface modification techniques available, sandblasting
has garnered attention for its simplicity and cost-effectiveness in creating surface rough-
ness with corundum particles (Al20s), thereby facilitating osteointegration [25]. This tech-
nique allows for selective modification of surface properties, such as roughness, hardness,
and wettability, through careful selection of particle size, shape, and kinetic energy, lead-
ing to plastic deformation of the subsurface layer.

The novelty of this work lies in comparing advanced and basic methods—Ilaser tex-
turing and sandblasting —on magnesium surfaces as potential approaches to enhance bi-
oactivity through surface modification for biomedical applications. Following the idea of
successful integration of the implant in the human body with the simplest approach pos-
sible, we focused on the correlation of its bioactivity with surface roughness, hardness,
tribological, as well as corrosion properties. To fully understand the changes in the surface
properties, we performed microstructural-crystallographic EBSD analysis and X-ray pho-
toelectron spectroscopy (XPS) to evaluate the surface chemical composition. In summary,
we provide a complete overview of the mechanical, tribological, and corrosion character-
istics, coupled with surface chemical evaluation of magnesium. This enables a thorough
assessment of the relationship between diverse surface treatments and their performance
in chloride environments while also paving the way for implementing suitable surface
treatments for biomedical applications. Overall, this research contributes to the advance-
ment of implant technology and regenerative medicine by informing them of the selection
of suitable surface treatments for biomedical applications.

2. Materials and Methods
2.1. Materials

The magnesium rod (Goodfellow, Peterlee, UK, 25 mm in diameter, 99.9% purity, as
drawn, E =42.5 GPa) was cut into discs of thickness 2 mm. The discs were further ground
with SiC emery paper up to 4000 grit and finally diamond polished up to 1 um. Prior to
laser texturing and sandblasting, the polished samples were ultrasonically cleaned with
ethanol and dried in warm air.

2.2. Surface Characterization

The surface morphology of as-received diamond-polished, laser-textured, and sand-
blasted magnesium samples was evaluated with scanning electron microscopy FIB-SEM
ZEISS Crossbeam 550 SEM (Zeiss Group, Oberkochen, Germany) with an energy disper-
sive X-ray spectroscopy (EDS) analyzer.

A metallographic analysis was performed to evaluate the microscopic changes pro-
duced by laser treatment and sandblasting. For that purpose, the cross-sectioned samples
were mounted in an epoxy resin, then ground, and finally polished using 1-um diamond
suspension and OPS (40-nm silica oxide colloidal suspension). The microstructural-crys-
tallographic evaluation was conducted with a Hikari Super EBSD Camera.

Optical 3D metrology system, model Alicona Infinite Focus (Alicona Imaging GmbH,
Bruker Alicona, Raaba, Austria), and I[F-MeasureSuite (Version 5.1) software were used to
analyze the average surface roughness, Sa, and Rz of samples. Four measurements on each
sample were performed at magnification 20x with a lateral resolution of 0.9 um and a
vertical resolution of 50 nm. The size of the area analyzed was 0.5 x 0.5 mm?2. To level the
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profile, corrections were made to exclude the general geometrical shape and possible
measurement-induced misfits.

The X-ray photoelectron spectroscopy (XPS) analysis was performed using Versa
Probe 3 AD (Stanford Nano Shared Facilities, Stanford, CA, USA) with a monochromatic
Al Ka X-ray source. The analyzed area was spot with 200 pm 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 1 s peak with the binding energy (BE) of 284.7 eV, characteristic for C—C bonds, was
used to correct possible charging effects. The accuracy of the binding energies was esti-
mated to be +0.2 eV. The measured spectra were processed with MultiPak 9.9.2 ULVAC-
PHI software with Shirley background subtraction. Three different XPS measurements
were performed on each sample, and the average composition was calculated. High-reso-
lution spectra for C1s, O 1s, and Mg 1 s were analyzed.

2.3. Laser Texturing

Surface texturing on diamond-polished magnesium substrate was performed with
an 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 programming specific textures, i.e., dimples. Based on our
previous analysis, the pulse length was set to 0.5 ms, the pulse frequency 500 Hz, and the
laser focus with a diameter of 30 um was set on the Mg surface. The dimples with a diam-
eter of 50 um and depth of around 25 pm were arranged in a square formation with a
center-to-center distance of 100 um. Laser-texturing was performed in an argon atmos-
phere at room temperature without any post-treatment or post-polishing of the textured
surface.

2.4. Sandblasting

For surface modification via sandblasting, we used a sandblasting device (Gostol TST
d.d., Tolmin, Slovenia), where the pressurized air in the device projected the abrasive Al.Os
particles (corundum, TESI Ltd., Bizeljsko, Slovenia) at a 45° angle onto the magnesium sur-
face. The distance between the nozzle and the sample surface was 20 cm, and the air pressure
was 6 bars. The sandblasting was carried out for2 s, 5 s, 10 s and 30 s. The particle size varied
between 212-250 pm, and the shape of the particles is shown in Figure 1.

Figure 1. SEM image of Al2Os particles used for sandblasting.
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2.5. Wettability Measurements

The water-contact angles at room temperature and ambient humidity were measured
and the results were analyzed with a surface-energy-evaluation system (Advex Instru-
ments s.r.0., Brno, Chech Republic). Four measurements with 5 pL. water droplets were
performed on different spots of each surface to minimize the influence of roughness and

gravity.

2.6. Hardness

The nanoindentation measurements were conducted using the Hysitron TS 77 instru-
ment from Bruker (Billerica, MA, USA), employing a diamond Berkovich probe through-
out all experiments. A standard quasi-static load function was applied, featuring 5 s of
loading, a 2-s holding period, and 5 s of unloading. The maximum load applied was 8000
uN. Experimental tests were systematically performed in a grid pattern with a 5 um spac-
ing. Approximately 60 measurements were acquired for each sample at various distances
from the sample surface within a sample cross-section. The nanoindentation hardness (H)
and elastic modulus (E) were subsequently computed from the load-displacement curve,
employing the Oliver and Pharr model [26].

2.7. Potentiodynamic Measurements

Potentiodynamic measurements for polished (DP), laser-textured (LT), and sand-
blasted magnesium samples (SB2's, SB5s, SB 10 s, and SB 30 s) were performed in simu-
lated physiological Hank’s solution at room temperature and pH = 7.8. Hank's solution
contained 8 g/L NaCl, 0.40 g/L KCl, 0.35 g/L NaHCQO3, 0.25 g/L NaH2PO4 x 2H20, 0.06
g/L Na2HPO4 x 2H20, 0.19 g/L CaCl2 x 2H20, 0.41 g/L MgCl2 x 6H20, 0.06 g/L MgSO4
x 7H20 and 1 g/L glucose (all Merck chemicals). The potentiodynamic curves were ob-
tained by using the BioLogic SP-300 Model instrument (BioLogic, Seyssinet-Pariset,
France) 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 samples were stabi-
lized for an hour at the open-circuit potential. The scan rate was 1 mV/s. To obtain statis-
tically relevant results, all the measurements were repeated 3 times.

2.8. Tribological Testing

Tribological properties were evaluated with the help of a TRIBOtechnic friction test-
ing tribometer in a ball-on-flat contact configuration under a reciprocating sliding motion.
Reciprocating sliding, although not providing uniform and constant contact conditions,
was selected to more closely simulate the conditions typical of biomedical applications
[21]. Tests on the diamond-polished, laser-textured, and sandblasted magnesium discs
were performed under dry and fully flooded lubricated conditions in simulated physio-
logical Hank’s solution at ambient conditions (RH = 40%, T = 22 °C). Each test was re-
peated at least three times. The total sliding distance of 1 m was achieved under 5 N nor-
mal load (contact pressure of 400 MPa) and at an average sliding speed of 5 mm/s. An
inert ceramic alumina ball (Al2Os, E = 380 GPa) with a diameter of 10 mm was used as a
stationary counter-body and loaded against the magnesium disc. The load and ball diam-
eter were selected based on the contact conditions experienced in metal joint replace-
ments. Typical contact pressures for metal hip and knee joint replacements range between
50 and 100 MPa [27]. However, misalignments, defects, and damages to the contact sur-
faces can easily lead to 3-4 times higher contact pressures. In order to simulate extreme
and most critical contact conditions, a contact pressure of 400 MPa was selected for this
study. Furthermore, the wear volumes were measured by the three-dimensional (3D) Fo-
cus-Variation measuring tool Alicona InfiniteFocus G4 (Bruker Alicona, Raaba, Austria).
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3. Results and Discussion
3.1. Surface Morphology

Figure 2 shows the SEM images, and Figure 3 shows the corresponding surface pro-
files of the Mg surfaces under investigation: diamond polished (DP) before surface treat-
ment (a), laser-textured (LT) (b), and sandblasted (SB) surfaces (c—f). The unmodified sur-
face is diamond polished up to 1 um; therefore, no visible grinding marks are observed.
For laser-textured surface, the morphology was defined with specific laser parameters
(power, frequency, speed, repetitions), resulting in a square-like configuration of dimples
with a depth of approximately 25 pum, a diameter of 50 pm, a center-to-center distance of
100 um and about 10 um ablated material around dimples” perimeter (Figure 3b). Sand-
blasted surfaces show a significant change in surface morphology with increased rough-
ness due to the plastic deformation being correlated with the impact of corundum parti-
cles. The degree of plastic deformation is associated with the processing parameters as
described in the Experimental section. Here, we varied the time of sandblasting from 2 s,
55,10 s, and up to 30 s, which led to an increase in the average surface roughness, Sa, as
well as Sz with increasing time. As shown in Table 1, LT and SB surfaces have significantly
higher Sa and Sz in comparison to the DP sample. This is also reflected in the surface
profile analysis (Figure 3) and is responsible for specific tribological properties of LT and
SB surfaces, as described in Section 3.5.
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Figure 2. SEM images of magnesium surfaces under investigation: diamond-polished (a), laser-tex-
tured (b), sandblasted for 2 s (c), sandblasted for 5 s (d), sandblasted for 10 s (e), and sandblasted
for 30 s (f). The inset images show the details of the surfaces” morphology at higher magnification.
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Figure 3. Surface profiles of diamond-polished (a), laser-textured (b), sandblasted for 2 s (c), sand-
blasted for 5 s (d), sandblasted for 10 s (e), and sandblasted for 30 s (f).
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Table 1. Average surface roughness, Sa (um) and Sz (um) for untreated (DP) laser-textured (LT) and
sandblasted (SB) magnesium surfaces.

Sample Sa (um) Sz (um)

DP 0.25+0.02 1.77 £ 0.02
LT 173+1.2 69.1+0.9
SB2s 1.52+0.14 9.53 +0.07
SB5s 1.61+0.15 11.71 +0.14
SB10s 1.71+£0.16 11.48 +0.15
SB30s 1.73 +0.16 12.71+0.14

To understand the influence of the laser texturing and sandblasting on microstruc-
tural-crystallographic characteristics, we performed EBSD mapping of the cross-section
of the laser-textured (LT) and sandblasted surface, SB 30 s in comparison to unprocessed
diamond-polished (DP) magnesium surface (Figure 4). As reported by the manufacturer,
the magnesium rod was produced as-drawn and characterized with a typical magnesium
microstructure consisting of non-uniform grains ranging from 10 um to a few tenths of
micrometers (Figure 4a). Laser texturing with the selected parameters affected a very thin
layer where grain refinement was observed due to the melted and rapidly solidified ma-
terial (Figure 4b). Grain refinement is concentrated at the peaks of the dimples in about 10
pm thick surface layer where also the appearance of several twins is observed. Grain re-
finement is also observed at the bottom of the dimples, however, to a lesser extent, in a
thin ~1 um layer. Laser textured surface also shows increased surface oxidation of the
ablated area, as revealed by EDS mapping (Figure 5). In the case of a sandblasted surface,
high kinetic energy during sandblasting induces plastic deformation, leading to grain re-
finement in the subsurface layer extending down to 30 um and the formation of twins
(Figure 4c). This intensifies with the sandblasting time.

Color Coded Map Type: Grain Size (diameter)

Min  Max

E= 120

Figure 4. EBSD band contrast image overlapping with the EBSD phase map for diamond-polished
(a), laser-textured (b), and sandblasted 30 s (c) magnesium surface.
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Figure 5. EDS mapping of laser textured surface indicating increased surface oxidation of the ab-
lated area.

3.2. Surface Hardness

The variation of surface hardness as a function of distance from the sample’s surface
into the bulk is presented in Figure 6. The results indicate that the highest hardness of
around 1.5 GPa, extending 1020 pum into the surface, was measured for the laser-textured
sample, followed by the samples sandblasted for 10 s and 30 s. Other sandblasted samples,
SB 2 s and SB 5 s, show comparable hardness to our reference diamond-polished surface,
around 1 GPa. In all surface-treated samples, we, however, observe a slight decrease in
hardness when we move away from the surface. This indicates the surface hardening ef-
fect in a thin surface layer of around 10-30 um due to either laser-texturing or sandblast-
ing, with longer sandblasting times resulting in higher intensity. This is in correlation to
the microstructural analysis of the samples (Section 3.1.). It has been shown that the sur-
face hardness of magnesium is increased mostly due to grain refinement after surface
modification [28-30]. Laser texturing modifies the microstructure of Mg due to rapid heat-
ing and cooling effects, resulting in recrystallization, as well as local surface oxidation.
The plastic deformation induced by sandblasting also leads to recrystallization, resulting
in reduced grain size in the subsurface layer.

A comparison of the Young modulus, E, of the surface treated samples to the refer-
ence diamond-polished magnesium reveals increased stiffness and resistance to defor-
mation for all treated samples. The highest E, around (60 + 4) GPa, is observed for the SB
10 s sample, followed by the SB 30 s sample with E = (51 + 4) GPa. On the other hand, LT,
SB 2 s, and SB 5 s surfaces have a Young modulus of the same order, around 45 GPa;
however, still higher than the Young modulus measured on the untreated DP surface, E =
(38 +2) GPa.
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Figure 6. Hardness (GPa) variation with the distance from the sample’s surface into the bulk for
diamond-polished (a), laser-textured (b), and sandblasted surfaces from 2 s-30 s (c—f).

3.3. XPS

The surface composition and the oxidation state of the elements in the oxide layer on
DP, LT, and SB 5s magnesium samples were determined by using XPS analysis. Mainly,
three elements were present on the surface: carbon, oxygen and magnesium. The chemical
composition derived from XPS analyses, as well as C/O and O/Mg ratios, are presented in
Table 2. High-resolution spectra for C1s, O 1 s, and Mg 1 s are shown in Figure 7. A
considerable change in chemical composition was observed for LT and SB 5 s samples.
The increase in oxygen and magnesium content is evident for both LT and SB 5 s treat-
ments.

Table 2. Chemical composition in at% of surfaces derived from XPS analyses.

Sample Chemical Composition (at%)
C (@) Mg C/O O/Mg
DP 53.50 42.81 3.69 1.25 11.62
SB 5s 32.46 61.14 6.40 0.53 9.56
LT 36.55 56.98 6.47 0.64 8.81

The high-resolution spectrum for C 1s revealed that carbon mainly originated from
three components. The first component at 284.7 eV was related to C—C/C-H bonds. A sec-
ond component at 286.5 eV was attributed to C-OH bonds, and the third component at
289.2 eV corresponded to the O=C-O/COs component. The O 1s spectrum showed the
main peak on the DP sample at 532.0 eV, corresponding to C-O, COs, and OH bonds. After
the surface treatments, a shift to 530.0 eV was observed, which is characteristic of the for-
mation of MgO. This is in correlation with a lower carbon content and a lower O/Mg ratio
for surface-treated samples.
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Figure 7. XPS spectra C 1s, O 1s, and Mg 1s from polished (DP), laser-textured (LT), and sandblasted
for 55 (SB 5s) magnesium samples.

3.4. Wettability

We compared the wettability of the diamond-polished, laser-textured, and sand-
blasted surface. We completed four measurements of contact angles, 6, in Hank’s solution
on each surface and used them to calculate the average contact angle values listed in Table
3. We can see that our reference, a diamond-polished surface, is moderately hydrophilic
with CA 75°. Laser-textured surface is superhydrophobic with CA above 150°. The wetta-
bility of sandblasted surfaces is related to the time of sandblasting. The surface of SB 2 s
is neutrally wet with a contact angle slightly above 90°. With the increasing time of sand-
blasting, the contact angle decreases, and the surfaces become hydrophilic, which is also
correlated to increased average surface roughness (Table 1). This suggests that the sand-
blasted surfaces are in the Wenzel wetting regime, allowing a controllable surface wetta-
bility according to the chosen sandblasting parameters [31].

As the contact angles were only available for water, an equation-of-state approach
[32,33] was used to calculate the surface energies with Equation (1):

CoS(6) =—-1+2 (1)

For a given value of the surface tension of the probe liquid y1 (i.e., for water y1=72.8
mN/m [34]) and 6" measured on the same solid surface, the constant § and the solid sur-
face tension ys values were determined using the least-squares analysis technique. For the
fitting with Equation (1), a literature value of § =0.0001234 (m]/m?)2 was used, as weighted
for a variety of solid surfaces [35].

We should also stress that magnesium surfaces in water exhibit Lewis acid-base be-
havior, with magnesium acting as a Lewis acid by accepting electron pairs from water,
which acts as a Lewis base. This interaction results in the formation of magnesium hy-
droxide and hydrogen gas, highlighting the acid-base dynamics at the magnesium-water
interface [36].

Table 3. Static water contact angles (0) for untreated (DP), laser-textured (LT), and sandblasted (SB)
magnesium surfaces. Static contact angles were measured with water, and the corresponding sur-
face energies were calculated using an equation-of-state approach.

Sample (% ys [mN/m]
DP 75+2 36.6 0.2
LT >150 (superhydrophobic) 1.1+0.1
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SB 2s 94+3 26.7+0.2
SB 5s 77 £ 37.6+0.2
SB 10s 682 43.0+0.2
SB 30s 60 = 47.6+0.2

3.5. Tribological Evaluation
3.5.1. Friction

Figure 8 presents typical friction curves in air and under lubrication with Hank’s so-
lution for diamond-polished Mg before surface treatment (DP), laser-textured (LT), and
sandblasted (SB) Mg surfaces. For sliding in air, the DP surface shows relatively stable
friction with a typical running-in shape for metals with a thin adsorbed layer of contami-
nation on the contact surface. The steady-state COF for DP is around 0.4 (Figure 9). On the
contrary, all surface-modified Mg surfaces indicate a certain running-in stage related to
surface topography wear and contact surface accommodation before achieving a steady-
state COF. Friction on the LT surface in air starts with a high COF plateau (~0.45) due to
rough surface and reduced contact area, followed by a rather abrupt decrease into the
steady state with COF around 0.35. Initial friction of sandblasted surfaces starts at about
0.4, and through asperities, wear and smoothening slowly decrease toward a steady-state
COF of 0.35-0.40. The duration of the running-in stage correlates well with the time of
sandblasting. SB 2 s, SB 5 5, and SB 10 s surfaces result in approximately the same steady-
state COF of around 0.35, while SB 30 s sample results in COF around 0.40 due to more
pronounced microstructure refinement and deeper plastic deformation and surface hard-
ening effect obtained at 30 s sandblasting time.
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Figure 8. Comparison of friction curves for untreated (DP), laser-textured (LT), and sandblasted (SB)
surfaces measured in air (black o) and under lubrication with Hank’s solution (red o).

In Hank’s solution, a distinctive running-in period is observed for all Mg surfaces;
however, it differs for DP and LT samples as compared to SB samples. Friction of DP and
LT in Hank’s solution starts with a high COF plateau of around 0.35 and 0.45, respectively.
COF then slowly decreases to a steady-state value of about 0.20. This indicates a transition
from boundary into mixed lubrication for both DP and LT. However, we should point out
that running-in and the transition into a mixed lubrication regime is much wider for LT
surface, which can be related to specific topography with the highest surface roughness
and hardness, laser-induced formation of surface oxides, and the superhydrophobic na-
ture of the laser modified surface making it more difficult to smoothen-out and/or form
lubrication film. Friction for the sandblasted surfaces, on the contrary, shows an immedi-
ate drop from a high initial value of ~0.3 down to the steady-state value of ~0.18. However,
longer SB time results in lower initial friction due to more resistant surface.
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Figure 9. Comparison of steady-state coefficient of friction (COF) for untreated (DP), laser-textured
(LT), and sandblasted (SB) magnesium surfaces measured in air and under lubrication with Hank’s
solution.

3.5.2. Wear

In terms of wear, the prevailing wear mechanism for all magnesium surfaces was
sliding abrasive wear and adhesion of worn Mg material on the Al2Os counter-ball surface,
as depicted in Figs. 10 and 11. Wear scars in air are very well defined, with typical abrasive
scratches and plowing, sharp edges (Figure 10), and characteristic semi-elliptical depth
profile for all the samples. In Hank’s solution, the wear, scars, and damage are much shal-
lower and smaller. Especially on sandblasted samples, wear scars show a typical surface
smoothening profile and are less distinctive, mostly due to the degradation of magnesium
in a chlorine solution (Figure 11). The insets in Figures 10 and 11 show wear scars with
adhered Mg wear debris on the counter-body.

Figure 10. Wear scar SEM micrographs in air for untreated (a), laser-textured (b), and sandblasted
(c—f) magnesium surfaces. The insets show the wear scar on the counter body, Al2Os ball.
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Figure 11. SEM micrographs of wear scars under lubrication in Hank’s solution for untreated (a),
laser-textured (b), and sandblasted (c-f) magnesium surfaces. The insets show the wear scar on the
counter body, Al20s ball.

Wear volumes for magnesium samples were measured by the 3D Focus-Variation
measuring tool Alicona InfiniteFocus G4, defined as a loss of material below the surface
reference plane and are presented in Figure 12. The lowest and comparable wear volumes
were observed for sandblasted surfaces, slightly lower in comparison to untreated Mg
surfaces, which is provided through plastic deformation and surface hardening. However,
longer sandblasting times lead to increased surface roughness, longer running-in, and a
higher risk of forming additional wear particles, as well as the potential presence of
trapped sandblasting particles. Thus, the lowest wear volume was measured for SB 2 s
surface, for both unlubricated (air) and Hank’s solution lubricated reciprocating sliding
contact, ~0.017 mm?3 in air and ~0.008 mm?3 in Hank’s solution.

The highest wear volume was, on the other hand, found for the laser-textured sam-
ple: ~0.068 mm? in air and ~0.032 mm? in Hank’s solution. Laser-texturing intensified wear
of the magnesium surface in comparison to the untreated DP surface, mostly due to the
formation of hardened rough ablated surface and the presence of oxides, which lead to
reduced contact area, increased contact stresses within the contact [37], and transfer from
two-body to three-body abrasive wear [38].

0,07 V777 ar |-
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3
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=

Figure 12. Wear volumes of untreated, laser-textured, and sandblasted magnesium surfaces in air
and under lubrication in Hank’s solution.
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3.6. Electrochemical Evaluation

The corrosion behavior of DP, LT, SB 2's, SB 5 s, SB 10 s, and SB 30 s magnesium
samples in simulated physiological solution was evaluated by using potentiodynamic po-
larization curves (Figure 13). Corresponding electrochemical parameters, i.e., corrosion
potential (Ecorr), corrosion current density (icorr), and corrosion rate (vcorr), are shown
in Table 4. The vcorr and the icorr values were calculated according to the ASTM G102-89
standard (2015) [39]. The diamond-polished sample exhibited the lowest icorr and vcorr
values; slightly higher values were observed for the laser-textured sample. A significant
increase of icorr and vcorr values was observed for all sandblasted samples compared to
DP and LT.

As mentioned above, surface modification enhances the surface roughness as well as
the surface hardness. Analysis of the LT surface showed a recrystallization effect due to
melting and rapid solidification of magnesium. In the case of SB samples, the high kinetic
energy induced by sandblasting produces plastic deformation in the subsurface layer of
the treated magnesium and also induces the formation of voids and microcracks. The re-
crystallization induced by surface treatments generates a reduction of grain size and for-
mation of twins, which, on the one hand, leads to increased surface hardness and, on the
other hand, has a negative effect on corrosion resistance [40]. The XPS results showed that
the highest O/Mg ratio was observed on the DP sample, which also exhibited the highest
corrosion resistance. The decreased corrosion resistance of LT and SB samples can also be
ascribed to the decreased O/Mg ratio on the surface. However, the increase in corrosion
rate is less pronounced for the LT sample, most probably due to the superhydrophobic
nature and high surface area (10 times higher roughness) of the LT surface. This is in
agreement with literature data reporting that laser surface modification techniques im-
prove mechanical properties and cell adhesion but can have a negative effect on corrosion
behavior [12].

41,2
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Figure 13. Potentiodynamic curves for polished (DP), laser-textured (LT), and sandblasted for 2-30
s (SB2s,SB5s, SB 10 s, and SB 30 s) magnesium samples measured in simulated physiological
Hank’s solution at pH =7.8 and room temperature.

Table 4. Electrochemical parameters calculated from the potentiodynamic curves.

Sample Ecorr (V vs. SCE) icorr (LA/cm?) Vcorr (mm/year)
DP -1.64 +0.03 35.4+0.2 1.62 +0.01
LT -1.89 +0.04 63.7+0.3 2.91+0.01

SB2s -1.62 +0.03 334.7+0.5 15.29 + 0.03
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SB5s -1.62 +0.03 293.8+0.5 13.43 + 0.03
SB10s -1.61+0.03 382.5+0.5 17.48 + 0.04
SB 30 s -1.56 +0.02 373.5+0.5 17.07 + 0.04

4. Conclusions

This study offers a comprehensive understanding of the intricate relationship be-
tween diverse surface treatments, i.e., sophisticated LT and basic sandblasting methods,
and their implications for magnesium implants. Key insights include the importance of
considering mechanical, tribological, and corrosion characteristics in chloride environ-
ments when selecting appropriate surface treatments.

SEM and EBSD analyses have revealed that both laser texturing and sandblasting
significantly modified the surface morphology as well as microstructure through grain
refinement. These surface modifications led to an increase in surface hardness in compar-
ison to untreated Mg, which was most pronounced for the LT sample. In terms of wetta-
bility, LT surfaces exhibited superhydrophobic behavior, while sandblasted surfaces
demonstrated controllable hydrophilic wettability based on processing parameters. Tribo-
logical evaluations highlighted the influence of surface treatments on friction and wear
behavior, with laser surface texturing without additional surface polishing resulting in
increased wear, while short low-intensity sandblasting showed superior friction and wear
resistance.

Corrosion resistance was affected by surface modifications, with LT and SB surfaces
showing increased corrosion rates compared to the untreated diamond-polished surface.
The superhydrophobic nature of LT surface and specific sandblasting parameters influ-
enced corrosion rates differently, offering insights into tailored surface treatments.

Overall, a basic sandblasting method, particularly for 2 s, emerged as a promising
technique, exhibiting superior wear resistance, controllable wettability, and relatively
lower corrosion rates, making it well-suited for biomedical applications. These findings
provide a foundation for further research on optimizing simple rather than advanced sur-
face modification techniques for magnesium implants in biomedical applications. Future
studies could explore the long-term in vivo performance and biocompatibility of opti-
mized surfaces to validate their potential clinical use.

Author Contributions: Conceptualization, M.C. and A.K.; methodology, M.C.; validation, M.C., A.K.
and B.P.; formal analysis, M.C.; investigation, M.C. and A K.; writing —original draft preparation,
M.C. and A K,; writing—review and editing, M.C. and B.P.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Slovenian Research and Innovation Agency (ARIS), re-
search core funding Nos. P2-0132 and P2-0050.

Data Availability Statement: Data are available in the open repository DiRROS with PID
http://hdl.handle.net/20.500.12556/DiRROS-18441, accessed on 11 September 2024.

Acknowledgments: The authors thank D. Klobcar, Head of Laboratory for Welding LAVAR, for
preparing a laser-textured magnesium surface at the Faculty of Mechanical Engineering, University
of Ljubljana, and Tadeja Kosec, Head of Laboratory for Metals, Corrosion and Anti-Corrosion Pro-
tection, for allowing the use of the TRIBOtechnic friction testing tribometer at the Slovenian National
Building and Civil Engineering Institute.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Gupta, M.; Wong, W.L.E. Magnesium-Based Nanocomposites: Lightweight Materials of the Future. Mater. Charact. 2015, 105,
30-46. https://doi.org/10.1016/] MATCHAR.2015.04.015.

2. Zoroddu, M.A; Aaseth, J.; Crisponi, G.; Medici, S.; Peana, M.; Nurchi, V.M. The Essential Metals for Humans: A Brief Overview.
J. Inorg. Biochem. 2019, 195, 120-129. https://doi.org/10.1016/].JINORGBIO.2019.03.013.

3.  Zhang, S Jiang, ].; Zou, X,; Liu, N.; Wang, H.; Yang, L.; Zhou, H.; Liang, C. Progress of Laser Surface Treatment on Magnesium
Alloy. Front. Chem. 2022, 10, 999630. https://doi.org/10.3389/fchem.2022.999630.



Materials 2024, 17, 4978 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Virtanen, S.; Fabry, B. Corrosion, Surface Modification, and Biocompatibility of Mg and Mg Alloys. In Magnesium Technology
2011; Sillekens, W.H., Agnew, S.R., Neelameggham, N.R., Mathaudhu, S.N., Eds.; Springer: Berlin/Heidelberg, Germany, 2011;
pp. 409-412.

Esmaily, M.; Svensson, J.E.; Fajardo, S.; Birbilis, N.; Frankel, G.S.; Virtanen, S.; Arrabal, R.; Thomas, S.; Johansson, L.G.
Fundamentals and Advances in Magnesium Alloy Corrosion. Prog. Mater. Sci. 2017, 89, 92-193.
https://doi.org/10.1016/j.pmatsci.2017.04.011.

Wu, W.; Yu, X,; Zhao, Y; Jiang, X.; Yang, H. Characterization and Biocompatibility of Insoluble Corrosion Products of AZ91
Mg Alloys. ACS Omega 2019, 4, 15139-15148. https://doi.org/10.1021/acsomega.9b02041.

Sabbaghian, M.; Mahmudji, R.; Shin, K.S. Microstructure, Texture, Mechanical Properties and Biodegradability of Extruded Mg-
4Zn-XMn  Alloys.  Mater.  Sci. Eng.  A-Struct.  Mater. Prop.  Microstruct.  Process. 2020, 792, 139828.
https://doi.org/10.1016/j.msea.2020.139828.

Wang, C.; Song, C.; Mei, D.; Wang, L.; Wang, W.; Wu, T.; Snihirova, D.; Zheludkevich, M.L.; Lamaka, S. V Low Interfacial PH
Discloses the Favorable Biodegradability of Several Mg Alloys. Corros. Sci. 2022, 197, 110059.
https://doi.org/10.1016/j.corsci.2021.110059.

Comba, A.; Cicek, B.; Comba, B.; Sancak, T.; Akveran, G.A.; Sun, Y.; Elen, L.; Afshar, M.T. Investigation of In-Vitro
Biocompatibility and in-Vivo Biodegradability of AM Series Mg Alloys. Mater. Technol. 2022, 37, 2819-2831.
https://doi.org/10.1080/10667857.2022.2081115.

Zhai, Z.; Qu, X,; Li, H,; Yang, K.; Wan, P,; Tan, L.; Ouyang, Z.; Liu, X; Tian, B.; Xiao, F.; et al. The Effect of Metallic Magnesium
Degradation Products on Osteoclast-Induced Osteolysis and Attenuation of NF-KB and NFATc1 Signaling. Biomaterials 2014,
35, 6299-6310. https://doi.org/10.1016/].BIOMATERIALS.2014.04.044.

Penwuela-Cruz, C.E.; Marquez-Herrera, A.; Aguilera-Gomez, E.; Saldafia-Robles, A.; Mis-Fernandez, R.; Pefa, ].L.; Caballero-
Briones, F.; Loeza-Poot, M.; Herndndez-Rodriguez, E. The Effects of Sandblasting on the Surface Properties of Magnesium
Sheets: A Statistical Study. J. Mater. Res. Technol. 2023, 23, 1321-1331. https://doi.org/10.1016/].JMRT.2023.01.117.

Tan, C.Y.; Wen, C.; Ang, H.Q. Influence of Laser Parameters on the Microstructures and Surface Properties in Laser Surface
Modification of Biomedical Magnesium Alloys. J. Magnes. Alloy 2024, 12, 72-97. https://doi.org/10.1016/].JMA.2023.12.008.
Techaniyom, P.; Tanurat, P.; Sirivisoot, S. Osteoblast Differentiation and Gene Expression Analysis on Anodized Titanium
Samples Coated with Graphene Oxide. Appl. Surf. Sci. 2020, 526, 146646. https://doi.org/10.1016/]. APSUSC.2020.146646.

Zhan, X.; Li, S,; Cui, Y.; Tao, A,; Wang, C,; Li, H.,; Zhang, L.; Yu, H,; Jiang, J.; Li, C. Comparison of the Osteoblastic Activity of
Low Elastic Modulus Ti-24Nb-4Zr-85n Alloy and Pure Titanium Modified by Physical and Chemical Methods. Mater. Sci. Eng.
C 2020, 113, 111018. https://doi.org/10.1016/].MSEC.2020.111018.

Hsueh, Y.H.; Cheng, C.Y.; Chien, HW.; Huang, X. H.; Huang, CW.; Wu, C.H.; Chen, S.T.; Ou, S.F. Synergistic Effects of Collagen
and Silver on the Deposition Characteristics, Antibacterial Ability, and Cytocompatibility of a Collagen/Silver Coating on
Titanium. J. Alloys Compd. 2020, 830, 154490. https://doi.org/10.1016/].JALLCOM.2020.154490.

Li, X,; Fang, X.; Zhang, M.; Zhang, H.; Duan, Y.; Huang, K. Gradient Microstructure and Prominent Performance of Wire-Arc
Directed Energy Deposited Magnesium Alloy via Laser Shock Peening. Int. ]. Mach. Tools Manuf. 2023, 188, 104029.
https://doi.org/10.1016/] JIMACHTOOLS.2023.104029.

Zhang, Y.; Guo, J.; Xu, G.; Li, Z.; Wei, S. Effect of Nd203 on Microstructure, Corrosion and Wear Properties of Laser Cladding
Zr-Based Amorphous Composite Coatings on AZ91D Magnesium Alloy. Appl. Surf. Sci. 2023, 611, 155587.
https://doi.org/10.1016/]. APSUSC.2022.155587.

Li, X.; Liu, Y. Effect of Laser Remelting on Printability, Microstructure and Mechanical Performance of Al-Mg-Sc-Zr Alloy
Produced by Laser Powder Bed Fusion. J. Alloys Compd. 2023, 963, 171287. https://doi.org/10.1016/]. JALLCOM.2023.171287.
Kocijan, A.; Kovag, J.; Junkar, I; Resnik, M.; Kononenko, V.; Conradi, M. The Influence of Plasma Treatment on the Corrosion
and Biocompatibility of Magnesium. Materials 2022, 15, 7405. https://doi.org/10.3390/ma15207405.

Stepanovska, J.; Matejka, R.; Rosina, J.; Bacakova, L.; Kolarova, H. Treatments for Enhancing the Biocompatibility of Titanium
Implants. Biomed. Pap. 2020, 164, 23-33. https://doi.org/10.5507/bp.2019.062.

Zhao, L.; Mei, S.; Chu, P.K; Zhang, Y.; Wu, Z. The Influence of Hierarchical Hybrid Micro/Nano-Textured Titanium Surface
with Titania Nanotubes on Osteoblast Functions. Biomaterials 2010, 31, 5072-5082.
https://doi.org/10.1016/]. BIOMATERIALS.2010.03.014.

Jahani, B. The Effects of Surface Roughness on the Functionality of Til3Nb13Zr Orthopedic Implants. Biomed. |. Sci. Tech. Res.
2021, 38, 30058-30067. https://doi.org/10.26717/bjstr.2021.38.006104.

Erdogan, M.; Oktem, B.; Kalaycioglu, H.; Yavacs, S.; Mukhopadhyay, P.K.; Eken, K.; Ozgé’)ren, K. Aykag, Y.; Tazebay, U.H,;
Ilday, F.O. Texturing of Titanium (Ti6Al4V) Medical Implant Surfaces with MHz-Repetition-Rate Femtosecond and Picosecond
Yb-Doped Fiber Lasers. Opt. Express 2011, 19, 10986-10996. https://doi.org/10.1364/OE.19.010986.

Wu, T.C.; Joshi, S.S.; Ho, Y.H.; Pantawane, M.V.; Sinha, S.; Dahotre, N.B. Microstructure and Surface Texture Driven
Improvement in In-Vitro Response of Laser Surface Processed AZ31B Magnesium Alloy. ]. Magnes. Alloy 2021, 9, 1406-1418.
https://doi.org/10.1016/].J]MA.2020.11.002.

Yuda, A.W.; Supriadi, S.; Saragih, A.S. Surface Modification of Ti-Alloy Based Bone Implant by Sandblasting. AIP Conf. Proc.
2019, 2193, 20015. https://doi.org/10.1063/1.5139335.

Oliver, W.C.; Pharr, G.M. Measurement of Hardness and Elastic Modulus by Instrumented Indentation: Advances in
Understanding and Refinements to Methodology. J. Mater. Res. 2004, 19, 3-20. https://doi.org/10.1557/jmr.2004.19.1.3.



Materials 2024, 17, 4978 16 of 16

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

Ammarullah, M.I,; Md Saad, A.P.; Syahrom, A.; Basri, H. Contact Pressure Analysis of Acetabular Cup Surface with Dimple
Addition on Total Hip Arthroplasty Using Finite Element Method. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1034, 012001.
https://doi.org/10.1088/1757-899X/1034/1/012001.

KR, R.;Bontha, S.; M.R,, R.; Das, M.; Balla, V.K. Degradation, Wettability and Surface Characteristics of Laser Surface Modified
Mg-7Zn-Gd-Nd Alloy. |. Mater. Sci. Mater. Med. 2020, 31, 42. https://doi.org/10.1007/s10856-020-06383-9.

Pulido-Gonzalez, N.; Torres, B.; Zheludkevich, M.L.; Rams, J. High Power Diode Laser (HPDL) Surface Treatments to Improve
the Mechanical Properties and the Corrosion Behaviour of Mg-Zn-Ca Alloys for Biodegradable Implants. Surf. Coat. Technol.
2020, 402, 126314. https://doi.org/10.1016/]. SURFCOAT.2020.126314.

Iwaszko, J.; Strzelecka, M. Effect of Cw-CO2 Laser Surface Treatment on Structure and Properties of AZ91 Magnesium Alloy.
Opt. Lasers Eng. 2016, 81, 63-69. https://doi.org/10.1016/]. OPTLASENG.2016.01.009.

Wenzel, R.N. Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem. 1936, 28, 988-994.

Li, D.; Neumann, A.W. A Reformulation of the Equation of State for Interfacial-Tensions. J. Colloid Interface Sci. 1990, 137, 304—
307. https://doi.org/10.1016/0021-9797(90)90067-x.

Kwok, D.Y.; Neumann, A.W. Contact Angle Measurement and Contact Angle Interpretation. Adv. Colloid Interface Sci. 1999, 81,
167-249. https://doi.org/10.1016/s0001-8686(98)00087-6.

Yu, Y.Y,; Chen, C.Y.; Chen, W.C. Synthesis and Characterization of Organic—Inorganic Hybrid Thin Films from Poly(Acrylic)
and Monodispersed Colloidal Silica. Polymer 2003, 44, 593-601. https://doi.org/10.1016/s0032-3861(02)00824-8.

Miyagawa, H.; Rich, M.]; Drzal, L.T. Amine-Cured Epoxy/Clay Nanocomposites. I. Processing and Chemical Characterization.
J. Polym. Sci. Part B-Polym. Phys. 2004, 42, 4384-4390. https://doi.org/10.1002/polb.20288.

Hamieh, T. New Progress on London Dispersive Energy, Polar Surface Interactions, and Lewis’s Acid-Base Properties of Solid
Surfaces. Molecules 2024, 29, 949. https://doi.org/10.3390/molecules29050949.

Wagner, ].].; Jenson, A.D.; Sundararajan, S. The Effect of Contact Pressure and Surface Texture on Running-in Behavior of Case
Carburized Steel under Boundary Lubrication. Wear 2017, 376-377, 851-857. https://doi.org/10.1016/]. WEAR.2017.02.016.
Stachowiak, G.W., Batchelor, A.W., Eds. Engineering Tribology. In Engineering Tribology, 4th ed.; Butterworth-Heinemann:
Boston, MA, USA, 2014; p. Lii, ISBN 978-0-12-397047-3.

ASTM G102-89(2015)E1; Standard Practice for Calculation of Corrosion Rates and Related Information from Electrochemical
Measurements. ASTM: West Conshohocken, PA, USA, 2015.

Gerashi, E.; Alizadeh, R.; Langdon, T.G. Effect of Crystallographic Texture and Twinning on the Corrosion Behavior of Mg
Alloys: A Review. |. Magnes. Alloy 2022, 10, 313-325. https://doi.org/10.1016/].JMA.2021.09.009.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



