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This paper presents a comprehensive review of strategies aimed at optimizing the corrosion resistance of permanent and biode-
gradable metallic biomaterials base don diverse surface treatments and coatings. It investigates the corrosion mechanisms of
widely used biocompatible metallic materials, such as AISI 316L stainless steel, the Ti6Al4V alloy, NiTi, magnesium, and the
FeMn alloy, highlighting key challenges that influence their degradation in a physiological environment. The study compiles
findings on the corrosion behavior of these materials following the application of various surface-modification techniques, in-
cluding surface oxidation, coating deposition, plasma treatments and laser texturing. These approaches are evaluated for their ef-
fectiveness in influencing material longevity and performance in short- and long-term biomedical applications.
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Ta c¢lanek predstavlja celovit pregled strategij za optimizacijo korozijskih lastnosti trajnih in biorazgradljivih kovinskih
materialov z uporabo razli¢nih povrSinskih obdelav in prevlek. Raziskava obravnava korozijske mehanizme uveljavljenih
biokompatibilnih materialov, kot so nerjavno jeklo AISI 316L, zlitina Ti6Al4V, NiTi, magnezij in zlitina FeMn, ter izpostavlja
kljucne izzive, ki vplivajo na njihovo razgradnjo v fizioloSkem okolju. Studija povzema ugotovitve o korozijskem obnasanju teh
materialov po uporabi razli¢nih tehnik povrSinske modifikacije, vklju¢no s povrSinsko oksidacijo, nanosom prevlek,
plazemskimi obdelavami in laserskim teksturiranjem. Ti pristopi so ovrednoteni glede na njihov vpliv na trajnost biomaterialov

ISSN 1580-2949
Mater. Tehnol.

in njihovo delovanje v kratkotrajnih in trajnih biomedicinskih aplikacijah.
Klju¢ne besede: nerjavno jeklo, titanove zlitine, NiTi, biorazgradljive zlitine, korozija

1 INTRODUCTION

Metallic biomaterials play a crucial role in modern
medicine, particularly in orthopaedic, dental, and cardio-
vascular applications. Traditional metallic implants, such
as stainless steel, titanium alloys and NiTi, are widely
used due to their excellent mechanical properties, bio-
compatibility, and durability. However, one of the major
challenges associated with these materials is their sus-
ceptibility to corrosion, which can lead to material degra-
dation, ion release, and adverse biological reactions.
Corrosion resistance is, therefore, a critical factor in de-
termining the long-term performance and safety of me-
tallic implants in the human body, which presents a
highly corrosive environment due to bodily fluids, pro-
teins, and fluctuating pH levels. Austenitic stainless
steels are used for a variety of technological fields, in-
cluding biomedical applications. The most used type is
AISI 316L stainless steel, with a typical composition in
mass fractions of 17 % Cr, 10 % Ni, 2-3 % Mo, bal-
anced with Fe and minor elements, such as Mn, C, P, S
and Si.'? Austenitic stainless steels exhibit excellent me-
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chanical properties, including a high ultimate tensile
strength and superior corrosion resistance.>* The corro-
sion mechanisms are strongly related to the formation of
the passive film on the surface of AISI 316L.5 Ti6Al4V
is a dual-phase alpha-beta titanium alloy, which has been
successfully employed in biomedical applications for de-
cades.® Due to the rapid formation of a passive film, it
displays low degradation rates, leading to outstanding
biocompatibility. The microstructure, mechanical proper-
ties and corrosion resistance of the alloy are greatly af-
fected by the thermomechanical history. The oxides of
Al and V, which are incorporated into the passive film,
are less stable than Ti-oxides, leading to their release in
aggressive environments. Accumulation of these ele-
ments in nearby tissue may cause serious health issues.®’
NiTi alloys are also extensively used in biomedical appli-
cations owing to their unique combination of super-
elasticity, shape-memory effect, excellent corrosion re-
sistance and biocompatibility.® However, nickel release
remains a significant concern when using NiTi alloys in
biomedical applications. Nickel has a diverse effect on
the human body, including allergic reactions and toxic-
ity.? Studies have shown that the Ni release rate increases
with the exposure time and type of solution, indicating
the need for a deeper understanding of the processes at
the implant/human body.%!°
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In addition to conventional permanent implants, there
is growing interest in biodegradable metals, such as mag-
nesium, zinc, and iron-based alloys, which gradually de-
grade in the body and eliminate the need for surgical re-
moval. These materials are particularly promising for
temporary implants, such as bone-fixation devices and
cardiovascular stents, where gradual degradation aligns
with the healing process. However, their corrosion be-
haviour must be carefully controlled to ensure a balance
between structural integrity and degradation rate, pre-
venting premature failure or excessive ion release. Mag-
nesium is regarded as non-toxic since it is essential to the
human body.'! However, it degrades rapidly in a physio-
logical environment, resulting in local hydrogen release
and alkalisation. An oxide layer is porous with poor bar-
rier properties, leading to severe corrosion prolifera
tion.'? Increased biodegradability due to corrosion re-
duces mechanical stability before suitable bone recovery
occurs.'? Compared to Mg-based alloys, Fe-based alloys
exhibit mechanical properties similar to stainless steel,
making them more suitable for applications requiring
high strength and ductility.'* Alloying with manganese
addresses issues related to the ferromagnetic properties
of iron in certain imaging devices, such as magnetic res-
onance imaging. Mn is also a suitable alloying element
due to microstructural, magnetic, corrosion, and toxico-
logical considerations. However, the low corrosion rates
remain a major issue for Fe-Mn-based alloys.!*

This paper reviews different strategies for optimising
the corrosion resistance of permanent and biodegradable
metallic biomaterials, through various surface treatments
and coatings. It explores the corrosion mechanisms of
commonly used metallic materials, identifies factors af-
fecting their degradation, and discusses approaches to
improve their performance in short- and long-term bio-
medical applications.

2 EXPERIMENTAL

Materials. — Different biocompatible materials were
investigated. The specimens were cut into discs of
15-mm diameter, ground with SiC emery paper down to
1200 grit and ultrasonically cleaned in ethanol prior to
further treatments.

Austenitic stainless steel AISI 316L (17 % Cr, 10 %
Ni, 2.1 % Mo, 1.4 % Mn, 0.38 % Si, 0.041 % P, 0.021 %
C, <0.005 % S in mass fraction) was studied.
Superhydrophilic and superhydrophobic epoxy coatings
with as-received TiO, and surface-modified with
fluoroalkylsilane (FAS) TiO, nanoparticles were applied
on the specimens, respectively.'?

Ti6Al4V alloy (6 % Al 4 % V, 0.10 % Fe, 0.01 % Si,
and 0.03 % C in mass fraction) was studied. The speci-
mens were anodised in an electrolyte containing 20 g/L
citric acid and 20 g/LL NaHCOs, by applying a potential
of 30 V for 10 s.6

476

The NiTi alloy (55 % Ni, 45 % Ti in mass fraction)
was studied. The electrodeposition of a hydroxyapatite
(HAP) coating on the surface of the specimens was con-
ducted to improve the corrosion resistance.?

A magnesium (99.9 % purity) sample was studied.
Plasma surface modifications were performed using a
low-pressure inductively coupled radio-frequency
plasma system to alter the corrosion properties.'> Two
fundamentally different types of plasma were used, the
first was H-mode plasma, where lower pressure and high
power were applied, and the second was E-mode, where
higher pressure and lower power were applied.!?

FeMn alloy (18 % Mn in mass fraction) was studied.
The specimens were additionally processed by laser tex-
turing with a focal distance of 160 mm.'®

Methods. — Potentiodynamic measurements were per-
formed by using a BioLogic® SP-300 instrument and
EC-Lab® V11.27 software in standard Hank’s solution
(8 g/L NaCl, 0.40 g/L. KCl, 0.35 g/LL NaHCO;, 0.25 g/L.
NaH2PO4X2H20, 0.06 g/L NazHPO4X2H20, 0.19 g/L
CaCl,x2H,0, 0.41 g/ MgCl,x6H,0, 0.06 g/L
MgS0O4X7H,0, 1 g/L glucose, pH = 7.8, Sigma-Aldrich
chemicals). The electrochemical cell consisted of the in-
vestigated sample as a working electrode, a saturated cal-
omel reference electrode (SCE, 0.242 V vs. SHE) and a
platinum-mesh counter electrode, measurements were
performed at a scan rate 1mV/s. Corrosion rates (Veor)
were calculated according to the ASTM G102-89 stan-
dard."”

Electrochemical impedance spectra (EIS) were mea-
sured in the frequency range from 65 kHz to 1 mHz with
an AC amplitude of +10 mV (peak-to-peak) during
3 days of immersion in a simulated physiological solu-
tion at 37 °C. EIS measurements were carried out at
open-circuit potential (OCP). EIS data were fitted using
the ZView program (Scribner, Southern Pines, North
Carolina, USA). The chi square of fit values were be-
tween 0.001 and 0.005.

3 RESULTS AND DISCUSSION

The results of the corrosion behaviour in various bio-
compatible materials, i.e., AISI 316L stainless steel,
Ti6Al4V alloy, NiTi, Mg and FeMn alloy, using different
surface treatments aimed to enhance their corrosion re-
sistance are presented. Different approaches for surface
modification were employed, including surface oxida-
tion, coating applications, plasma treatments and laser
texturing.

The effect of surface modification on the corrosion
behaviour of AISI 316L stainless steel in a simulated
physiological Hank’s solution at pH = 7.8 and 37 °C is
illustrated in Figure 1. AISI 316L stainless steel was
coated with superhydrophilic TiO,-epoxy coating and
superhydrophobic FAS/TiO,-epoxy coating. The corro-
sion potential (E.) for the AISI 316L substrate was ap-
proximately —0.35 V vs. SCE. The alloy demonstrated a
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Figure 1: Potentiodynamic curves for AISI 316L substrate and coated
with superhydophilic TiO)/epoxy coating or superhydrophobic
FAS-TiO,/epoxy coating in a simulated physiological Hank’s solution

broad passive region, with a breakdown potential (E) at
0.28 V vs. SCE. For AISI 316L coated with super-
hydrophilic as-received TiO,/epoxy layer, the E.. was
approximately —0.24 V vs. SCE with reduced corro-
sion-current densities in the passive region compared to
the substrate. The E, was 0.09 V vs. SCE. For AISI 316L
coated with superhydrophobic FAS-TiO,/epoxy layer,
the Ecor was approximately —0.11 V vs. SCE, the current
densities in the passive region were the lowest, and an E
was 0.16 V vs. SCE. Potentiodynamic data confirmed
that all the coated specimens demonstrated improved
corrosion resistance in amsimulated physiological solu-
tion, reflected in lower corrosion rates (ve.r) compared to
the substrate (Table 1).13

Table 1: Corrosion rates for AISI 316L substrate and coated with
superhydophilic TiO,/epoxy coating or superhydrophobic FAS-TiO,/
epoxy coating calculated from potentiodynamic measurements in a
simulated physiological Hank’s solution.

Material Veorr (UM/year)
AISI 316L 9.900
TiOz-epoxy/AISI 316L 0.034
FAS-TiO-epoxy/AISI 316L 0.002

The Ti6Al4V alloy was electrochemically evaluated
and compared to the anodised specimens by applying
electrochemical impedance spectroscopy (EIS) for 3
days in a simulated physiological solution at 37 °C. The
calculated polarisation resistances (R,) are presented in
Figure 2. The anodised specimen showed higher R, val-
ues throughout the entire exposure period, reaching ap-
proximately 8 MQ2-cm? by the end. The untreated speci-
men had R, around 3 MQ-cm? The results indicate that
during the anodization process a protective oxide layer
was formed, which significantly reduced the interaction
between the Ti6Al4V alloy and the surrounding environ-
ment, thus improving the protection against corrosion.°
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Figure 2: Polarization resistance calculated from EIS data, for
Ti6Al4V alloy and after anodization in simulated physiological solu-
tion at 37 °C

To improve the corrosion resistance of the NiTi alloy,
a HAP coating was applied to the substrate. The results
of the electrochemical study showed a significantly de-
creased corrosion rate of the sample coated with HAP
compared to the untreated NiTi alloy (Figure 3). The
corrosion study confirmed that the coating provided ef-
fective barrier properties, which are essential in biomedi-
cal applications for improving biocompatibility and min-
imizing nickel release.?

Plasma surface modifications were employed on the
Mg to control its high degradation rate. An electrochemi-
cal study of untreated Mg, H-mode H,/O, 600-W and
E-mode H,/O, 200-W samples was conducted in simu-
lated physiological Hank’s solution (Figure 4). A signif-
icant decrease of v, was observed in the plasma-modi-
fied specimens compared to the untreated Mg, which
exhibited a v, of approximately 1.6 mm/year. The
H-mode H,/O, 600-W plasma treatment with lower pres-
sure and higher power reduced the v, to around
0.6 mm/year. The highest corrosion resistance was
achieved with E-mode H»/O, 200-W Mg samples with
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Figure 3: Corrosion rates calculated from potentiodynamic measure-
ments for HAP-coated NiTi alloy and NiTi substrate in a simulated
physiological solution at 37 °C
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Figure 4: Corrosion rates calculated from potentiodynamic measure-
ments for untreated Mg and plasma-modified H-mode H»/O, 600-W
and E-mode H»/O, 200-W Mg in simulated physiological solution

higher pressure and lower power, resulting in a Vveor Of
0.2 mm/year. This enhanced corrosion stability is attrib-
uted to the increased surface oxygen content, as con-
firmed by an XPS analysis.!?

Laser texturing was used on the FeMn alloy to influ-
ence the corrosion behaviour through microstructural
changes. The effectiveness of this surface modification
was evaluated in a simulated physiological solution (Fig-
ure 5). Potentiodynamic measurements revealed that the
untreated FeMn alloy exhibited the highest corrosion sta-
bility, while the laser-textured Fe-Mn sample showed the
lowest. The enhanced degradability of the laser-textured
alloy under biological conditions was evidenced by its
higher veor and lower R, compared to the untreated FeMn
sample. The increased corrosion activity observed after
laser texturing 1is attributed to the resulting
superhydrophilic surface, which enhances fluid penetra-
tion and promotes surface degradation. Additionally, la-
ser processing induces chemical changes on the surface,
including the formation of high-temperature iron oxides.
These oxides, along with changes in the surface mor-
phology, contribute to the overall increase in corrosion.!®

The results in this paper clearly demonstrate that the
corrosion properties of biomedical materials can be ef-
fectively tailored through the application of different sur-
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Figure 5: Corrosion rate and polarisation resistance calculated from
potentiodynamic measurements for untreated FeMn alloy and la-
ser-textured FeMn alloy in simulated physiological solutions
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face-modification techniques, including surface oxida-
tion, the preparation of coatings, plasma treatments
(lower pressure/high power mode and higher pres-
sure/lower power mode) and laser texturing. These modi-
fications specifically influenced the corrosion perfor-
mance, highlighting the need for the selection of surface
treatments based on the functional and clinical require-
ments of the implants. Improved corrosion resistance is
essential for permanent implant materials, i.e., AISI
316L stainless steel and Ti6Al4V alloy, to ensure
long-term structural integrity. On the other hand, a con-
trolled degradation rate is crucial for biodegradable sys-
tems, such as Mg and the FeMn alloy, to enable control-
lable resorption during bone regeneration. Notably, the
variations in corrosion behaviour across different sur-
face-modification techniques and substrate materials re-
flect the complex relationship between the surface char-
acteristics and the physiological environment.

4 CONCLUSIONS

This study confirmed the efficiency of different sur-
face-modification techniques, such as surface oxidation,
coatings, plasma treatments and laser texturing, in alter-
ing the corrosion performance of biocompatible metallic
materials including AISI 316L stainless steel, Ti6Al4V,
NiTi, Mg, and FeMn alloys. Each treatment influenced
the corrosion behaviour differently, depending on the
material and the modification method, either enhancing
the corrosion resistance for permanent implants or ad-
justing the degradation rate for biodegradable implants.

These findings highlight the crucial importance of
surface-modification techniques in optimizing the corro-
sion behaviour, particularly under the demanding condi-
tions associated with biomedical applications. A system-
atic understanding of the effects of various surface
treatments is essential for the comprehensible selection
and engineering of surface-modification strategies aimed
at enhancing the performance, longevity and biocom-
patibility of metallic materials in physiological environ-
ments.
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