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Abstract

Additive manufacturing (AM), as an advanced manufacturing technology, enables the production of personalized orthope-
dic implant devices with complex geometries that closely resemble bone structures. Titanium and its alloys are extensively
employed in biomedical fields like orthopedics and dentistry, thanks to the excellent compatibility with the human body
and high corrosion resistance due to the existence of a thin protective oxide layer known as TiO, upon exposure to oxygen
on the surface. However, in joint inflammation, reactive oxygen species like hydrogen peroxide and radicals can damage the
passive film on Ti implants, leading to their deterioration. Although AM technology for metallic implants is still develop-
ing, advancements in printing and new alloys are crucial for widespread use. This work aims to investigate the corrosion
resistance of in-situ alloyed Ti536 (Ti5SA13V6Cu) alloy produced through electron beam powder bed fusion (EB-PBF) under
simulated peri-implant inflammatory conditions. The corrosion resistance was evaluated using electrochemical experiments
conducted in the presence of 0.1% H,0, in a physiological saline solution (0.9% NaCl) to replicate the conditions that may
occur during post-operative inflammation. The findings demonstrate that the micro-environment surrounding the implant
during peri-implant inflammation is highly corrosive and can lead to the degradation of the TiO, passive layer. Physiological
saline with H,O, significantly increased biomaterial open circuit potential up to 0.36 mV vs. Ag/AgCl compared to physi-
ological saline only. Potentiodynamic polarization (PDP) plots confirm this increase, as well. The PDP and electrochemical
impedance spectroscopy (EIS) tests indicated that adding Cu does not impact the corrosion resistance of the Ti536 alloy
initially under simulated inflammatory conditions, but prolonged immersion leads to enhanced corrosion resistance for all
biomaterials tested, indicating the formation of an oxide layer after the reduction of the solution oxidizing power. These
results suggest that modifying custom alloys by adding appropriate elements significantly enhances corrosion resistance,
particularly in inflammatory conditions.

Keywords Additive manufacturing - Electron beam powder bed fusion - In-situ alloying - Electrochemical characteriza-
tions - Inflammatory conditions

1 Introduction

The increase in the elderly population in various countries
Available online at http://link.springer.com/journal/40195 has led to a rising demand for artificial implants. Over
the years, metals and alloys have been used to implant in
different areas of the human body, including the knee, hip,
jaws, and spine, to enhance bodily functions and restore
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processing can be challenging because of its high melting
point, costly raw materials, poor thermal conduction, and
intricate production procedures. The mentioned challenges
can be resolved by the utilization of additive manufacturing
(AM) techniques. AM, a developing technology known
for its high flexibility and precise fabrication capabilities,
among other capabilities, allows for the fabrication of
multifunctional implants with complicated geometries
that are difficult to produce otherwise [5, 6]. Metal AM
encompasses several techniques, including powder bed
fusion (PBF), directed energy deposition (DED), binder
jetting, material extrusion, and sheet lamination [7, 8]. Each
methodology presents unique benefits and is appropriate for
various applications, such as aerospace, medical devices,
and prototyping, depending on considerations such as
the required material characteristics and the complexity
of the components [9, 10]. PBF is a commonly utilized
AM technique, with laser or electron beam PBF (L-PBF,
EB-PBF) applied for selectively melting an already
distributed powder bed. These methods are particularly
effective for producing geometrically complex metallic
implants [11].

Besides the processing aspects, the biocompatibility and
corrosion resistance of the Ti alloys need to be evaluated for
implant applications. The corrosion resistance of implant
materials in various physiological solutions and their per-
ceived biocompatibility are primarily attributed to the exist-
ence of a thin passive oxide layer on their surfaces [3, 4, 12].
Following the implantation of a biomaterial, the immune
system of the body becomes activated in order to safeguard
the host from infections and tissue harm [13, 14]. Due to
the intricate in vivo setting and inflammatory mechanisms,
the protective film on titanium implants begins to deterio-
rate, leading to accelerated degradation and corrosion of the
implants. Indeed, inflammation triggers the generation of
reactive oxygen species (ROS) like superoxide anions (O,)
and hydrogen peroxide (H,0,), which can significantly
impair the corrosion resistance of titanium-based alloys [15].
Recent findings indicate that the corrosion of titanium alloys
is heightened in the presence of hydrogen peroxide (H,0,)
due to the formation of titanium ions such as Ti(IV)(+4 oxi-
dation state) and H,0, complex [16]. Moreover, hydrogen
peroxide is a potent oxidizing agent in the oral cavity due to
its synthesis by bacteria and involvement in inflammatory
responses. As a result, the implant's mechanical behavior
is impacted as the deterioration of the microstructure, for
instance, through crack formation, can detrimentally influ-
ence key properties such as fatigue endurance limit. Con-
sequently, this can substantially reduce the lifespan of the
implants [16].

Despite the prominence of considering the presence
of H,O, when evaluating the behavior of metal implants,
previous electrochemical research has primarily focused
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on testing in standard physiological saline and albumin
solution, neglecting consideration of the peri-implant
inflammatory environment [16—19]. On the other hand,
recent studies suggest that incorporating suitable alloying
additives into titanium alloys may serve as a viable approach
to mitigate implant failures in inflammatory conditions.
It has been shown that adding an appropriate amount
of specific metals, such as niobium and zirconium, can
enhance corrosion resistance, tribological performance, and
biological compatibility [20, 21]. Copper is also frequently
alloyed with Ti and its alloys to improve their antibacterial
characteristics, resistance to corrosion, biocompatibility,
and mechanical properties [22, 23], thanks to its significant
solubility in f titanium, substantial atomic radius disparity
compared to titanium, and the rapid precipitation of the
Ti,Cu phase from o-Ti [24].

Considering that AM methods can also be used to create
new alloys by incorporating metallic elements into conven-
tional alloys through in-situ alloying [25, 26], several reports
have been conducted on adding Cu to Ti and its alloys using
laser-assisted AM techniques to improve the performance
of implants, as well as to enhance corrosion resistance and
biological properties [27, 28]. Mosallanejad et al. [29] suc-
cessfully produced Ti6Al4V-7Cu (Ti536) using EB-PBF
and demonstrated the influence of employing an electron
beam on the solidification behavior of the produced alloy
during the AM process. Behjat et al. [23] investigated the
same alloy in terms of bio-corrosion behavior in SBF solu-
tion, antibacterial features, and cell biocompatibility and
introduced the alloy as a suitable candidate for load-bearing
implants. However, despite the critical importance of evalu-
ating the post-implantation behavior of the developed alloy,
no literature data is reported on the Ti536 corrosion behav-
ior in the H,O, environment, with the existing corrosion
assessments of AM Cu-bearing Ti alloys primarily carried
out under standard conditions. As a result, limited data is
available on their behavior in more complex environments
relevant to post-implantation scenarios. Consequently, the
primary aim of the current research is to conduct a compre-
hensive investigation into the corrosion characteristics of
EB-PBF Ti536 alloy in the H,0, environment. Addition-
ally, the corrosion properties of Ti6Al4V were examined in
the same solution to comparatively examine the interplay
between Cu, as a solute in Ti alloys, and H,O, solution.

2 Materials and Methods
2.1 Sample Fabrication
Extra-low interstitials (ELI) grade Ti6Al4V powders with

spherical morphology (< 106 um in size, averaging 75 um,
obtained from Arcam) and high purity Cu (£ 2 pm in size,
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6.6 um, obtained from Sandvik Osprey Ltd.) powders were
mixed in jar mill for 16 h to achieve a uniform Ti6Al4V-
7Cu mixture. Arcam A2X EBM equipment was utilized to
produce Ti6Al4V and Ti5A13V6Cu cubic specimens using
the standard parameters used for Ti6Al4V in the Arcam
A2X system. Further details on the manufacturing procedure
of the samples can be found in Ref. [29].

2.2 Microstructural Characterizations

The specimen's microstructures were investigated using an
optical microscope (OM, Nikon EpipHot 300) and a scan-
ning electron microscope (SEM, Philips XL, Netherlands)
equipped with an energy-dispersive X-ray spectrometer
(EDS) after standard metallographic preparations of sam-
ples, including grinding with silicon carbide paper to a grit
size of #4000 and polishing with 1 and 0.3 pm diamond
paste. The polished surfaces were first cleaned in an alco-
holic ultrasonic bath for 10 min and then chemically etched
with Kroll’s reagent (HF: HNO;: H,O = 2:5:50) at room
temperature for 2 min. To ensure accuracy, the EDS tests
were performed in five different regions along the micros-
copy surface.

2.3 Corrosion Test

The corrosion behavior of Ti6Al4V and Ti5SAI3V6Cu
samples was studied using a PARSTAT 2273 and an
AMETEK potentiostat/galvanostat with a conventional
three-electrode cell system. A standard Ag/AgCl electrode
in saturated potassium chloride was employed as a reference
electrode, a platinum sheet served as the counter electrode,
and the cold-mounted Ti6Al4V and Ti5SAI3V6Cu samples
were used as working electrodes. The surface area of
the specimen exposed to the solution was 0.5 cm?. The
open circuit potential (OCP) was measured for 30 min,
followed by electrochemical impedance spectroscopy (EIS)
experiments conducted at the OCP. The EIS tests were
performed in a frequency range from 100 kHz to 10 mHz
and an alternating current (AC) amplitude of 10 mV. After
the EIS analysis, a potentiodynamic polarization (PDP)
scan was performed, ranging from — 250 to 1200 mVAg/
AgCl versus OCP, with a scan rate of | mV/min, and the
electrochemical assessments were conducted at 37 + 2 °C
in a water bath. Before conducting electrochemical
measurements, the specimens underwent polishing up to
#2400 grit. The corrosion assessments were carried out in a
physiological saline solution (0.9% NaCl, 0.15 M) prepared
by dissolving NaCl in deionized water. Moreover, a 33 mM
(0.1%) H,O, solution was added to the 0.9% NaCl solution
to mimic an inflammatory condition. Each experiment was
repeated at least twice to ensure reproducibility. Following

PDP, the surfaces of both samples were examined using
SEM under normal and inflammatory conditions.

3 Results and Discussion
3.1 Microstructures

The OM and SEM images of the samples across their
building direction (BD) are illustrated in Fig. 1. As
depicted in Fig. la, c, the Ti6Al4V alloy displays a
characteristic acicular martensite structure in the cross
section. The rapid cooling nature of the EB-PBF process
resulted in a fine martensite structure. Conversely, the
TiSAI3V6Cu sample exhibited notable variations in
microstructure morphology compared to the Ti6Al4V
sample. This sample displayed a fully equiaxed
microstructure with fine grains, as shown in Fig. 1b, along
with narrow Ti,Cu bands, as illustrated in Fig. 1d and
referenced in a previous study [29].

Figure 2 shows the elemental distribution analysis
obtained through EDS mapping for the Ti5A13V6Cu
microstructure to investigate the partitioning of elements
between matrix phases and the Ti,Cu secondary phase.
The distribution of Cu within the matrix phase, specifically
the alpha phase, is uniform, as depicted in Fig. 2, with
no discernible regions enriched in Cu in this phase. This
uniform distribution results from the large melt pool
generated during the EB-PBF process, which promotes
the melting of Cu powders and enhances the mixing of
the resulting melt with molten Ti. Typically, the formation
of Ti,Cu precipitates may occur through eutectoid
decomposition of the beta phase or precipitation from the
supersaturated alpha phase, a phenomenon attributed to
the reduced solubility of Cu in the alpha phase at lower
temperatures [29].

3.2 Corrosion Studies
3.2.1 Open Circuit Potential (OCP)

Figure 3 presents the OCP variations of Ti6Al4V and
Ti5A13V6Cu specimens following immersion in simulated
media for 2 and 24 h. Analysis of the OCP graph indicates
that adding 0.1% H,0, to a 0.9% NaCl solution notably
shifted the potential toward a positive direction, while
the OCP in 0.9% NaCl solution displayed a more negative
potential. The observed rise in positive potential in the
presence of H,0O, can be ascribed to the decomposition
of H,0, into H, and O,. This decomposition serves
as an additional cathodic reaction to the reduction of
oxygen. Previous research has suggested that the positive

@ Springer
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Fig.1 OM and SEM of a, ¢ Ti6Al4V and b, d Ti5A13V6Cu samples.
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Fig.2 EDS mapping of TiSAI3V6Cu sample.

OCP in H,0,-containing solutions is often induced by
intermediates with strong oxidizing properties, such as
H,0 and OH, which adsorb on the Ti-based biomaterials
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passive film [30, 31]. Additionally, the OCP values
increased over time, indicating the formation of an oxide
layer, thicker than the native TiO, film, on the sample

surface.
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3.2.2 Potentiodynamic Polarization

Figure 4 depicts polarization resistance curves obtained
following a 2 h immersion in both normal and inflammatory
environments for the two samples.

It is evident that under normal circumstances, both
samples exhibit passivation characteristics in the anodic
region. The anodic current density remains relatively
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Fig.3 OCP curves recorded for samples after 2 h and 24 h of immersion in a 0.9% NaCl, b 0.9% NaCl+H,O0,.
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Fig.4 PDP curves recorded for samples after 2 h of immersion in a 0.9% NaCl, b 0.9% NaCl+H,0,.

Table 1 Electrochemical
parameters of the samples in
different simulated conditions

Simulated conditions Samples E,... (Vvs. Ag/AgCl) Lo (RA-cm™) Tass (pA-cm™?)

0.9% NaCl Ti6Al4V —0.025 +0.138 0.042 £ 0.004 0.39 £0.03
Ti5AI3V6Cu —0.035 +0.015 0.026 + 0.002 6.17 £ 0.06

0.9% NaCl + H,0, Ti6Al4V 0.165 £ 0.013 0.031 £ 0.003 -
Ti5SAI3V6Cu 0.203 + 0.174 0.044 + 0.004 -
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constant across the potential range (up to 1200 mV vs.
Ag/AgCl) without any potential breakdown, indicating
the stable formation of the oxide layer. Conversely, in
the presence of H,0, in the inflammatory solutions, the
specimens do not demonstrate passive behavior, and the
anodic current density (above 300 mV vs. Ag/AgCl)
shows an increasing trend with rising anodic polarization.
Despite the elevated anodic current density, no signs of
potential breakdown were observed due to H,O,.

The corrosion performance of samples was assessed
through the measurement of corrosion potential (E_ ),
corrosion current density (/.,,), and passive current den-
sity (/pyss)- The values of E,, 1o, and I, were obtained
using the Tafel extrapolation technique and are presented
in Table 1.

As shown in Table 1, the I, of Ti5AI3V6Cu specimen
has been observed to increase compared to Ti6Al4V. This
reduction in [, in normal media may be attributed to the
development of a stable surface oxide film that acts as a pro-
tective barrier against further corrosion. Adding H,O, into
the 0.9% NaCl solution changed the corrosion mechanism
from passivation behavior in anodic branches into active
behavior. Indeed, an increase in I, values for both sam-
ples indicates a higher corrosion rate under inflammatory
conditions, as depicted in Fig. 3a, b. These findings align
with prior research demonstrating elevated I, of Ti6Al4V
in biological solutions containing H,0, [16, 32]. Further-
more, under inflammatory conditions, the /. values for
the TiSAI3V6Cu specimen gradually increased oxidation of
the metal surface when exposed to H,0,-containing solu-
tions. However, the oxide layer formed dissolves faster than
required for optimal protection. Consistent with the OCP
illustrated in Fig. 2b, the corrosion potential (E,,,,) values
were more electropositive in the inflammatory environment
(H,O,-containing 0.9% NaCl) compared to the normal

conditions.
3.2.3 Electrochemical Impedance Spectroscopy

Figure 5 illustrates the Nyquist and Bode phase plots derived
from EIS experiments. The obtained data reveals that the
impedance value of Ti6Al4V surpasses that of TiSAI3V6Cu,
suggesting that the passivation film of Ti6Al4V exhibits
superior corrosion resistance in 0.9% NaCl solution
compared to TiSAI3V6Cu. Furthermore, it is worth noting
that based on the Nyquist plots, a passive film with a larger
loop radius for the Ti6Al4V sample suggests increased
impedance, indicating the challenge of electron transfer
between the sample and the electrolyte [30]. It is also evident
from Fig. 5a that the diameter of capacitive semicircles
decreases upon adding H,0O, to 0.9% NaCl for both samples,
signifying a deterioration in corrosion resistance under
inflammatory conditions. This observed corrosion behavior

@ Springer

aligns with findings from previous investigations involving
H,0,-containing biological solutions [16, 31, 33].

Figure 5b depicts the Bode phase plots corresponding
to Ti6Al4V and Ti5SAI13V6Cu alloys, respectively. Under
normal conditions, the impedance remained stable with a
phase angle approaching 0°, indicative of the electrolyte
resistance. The introduction of H,0O, into the electrolyte
resulted in a reduction in corrosion resistance during the
initial immersion stage. This decline was attributed to the
erosion of the passive film by 0.9% NaCl, leading to the
formation of a more defective passive layer that facilitated
the dissolution of Ti. Furthermore, both alloys subjected to
the corrosive environment for 24 h exhibited phase angles
near 80°, confirming their exceptional corrosion resistance
and reduced reactivity. This suggests that adding Cu has
a minimal impact on the corrosion properties of Ti6Al4V
after a 24 h exposure by forming a more stable passive layer.

The EIS findings were assessed using the equivalent cir-
cuit (ECC) model to fit the passive layer. Within the ECC
(depicted in the inset of Fig. 5a), distinct components sym-
bolize R, and Rp, which stand for the solution resistance
and resistance of the oxide film, respectively, while CPE
represents the constant phase element. The electrochemical
parameters derived from the impedance data analysis soft-
ware are detailed in Table 1. The presence of CPE signifies
a departure from ideal capacitance due to the formation of
non-capacitive passive films resulting from a multifaceted
corrosion mechanism. Various irregularities, such as sur-
face roughness, impurities, or imperfections, necessitated
the introduction of a CPE component instead of a simple
capacitor [34, 35]. The impedance of the CPE is defined as
per the following equation:

Zepg = Yo'~ (D

where Y}, is a frequency-independent constant, @ is the angu-
lar frequency, n (0 < n < 1) is the phase constant exponent,
and j is the imaginary unit (> = —1). If n is equal to 0, the
CPE is resistive, whereas if it is equal to 1, the CPE is capac-
itive. The Brug model was utilized to determine the effective
capacity (C.g) of each passive layer [36]:

Cer =1{/Q Ry )

where the total resistance (Ry) is the sum of R  and R,. The
capacitance can be related to the thickness of the film (Lgg)
using the following equation:

ee0A

L= .
"= 3)

where the £ denotes the relative permittivity of the mate-
rial, which is commonly found to be approximately 45 for
the passive film of TiO, [30, 37]. The symbol &, refers to
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Fig.5 a Nyquist plots, and b Bode phase plots for the samples.

the permittivity of vacuum, which is approximately 8.854 X
10 Fcm™, and A represents the surface area.
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Based on the findings presented in Table 2, it is observed
that the resistances of passive layers, as indicated by the R,
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Table 2 Parameters determined from fitting the EIS plots of the samples in different simulated conditions

Simulated conditions Immersion Samples R, (Q cm?) R, (kQ cm?) Qpl 1073Q'em™2 8" n (O™ (107 Fem™) d (nm)
time (h)
0.9% NaCl 2 Ti6Al4V 73.73 +0.13 4453 +0.23 6.42 + 0.23 0.87 293+0.13 1.36 £ 0.17
Ti5SAI13V6Cu  73.62 +0.12 19.94+0.16 6.41 +0.08 0.86 248 +0.12 1.61 +£0.14
24 Ti6Al4V 5727+0.12 53.18 +£0.13 6.82 +0.15 0.88 2.834 +0.23 1.41 £0.16
Ti5SAI13V6Cu  59.61 +£0.15 25.6+0.12 7.08 +0.14 0.87 2.12+0.16 1.88 +£0.12
0.9% NaCl + H,0, 2 Ti6Al4V 9731 +0.22 588+0.14 3.21+0.15 0.89 1.65+0.07 2.04 +£0.11
Ti5AI13V6Cu  83.99 +0.81 2.03+0.31 1.96 +0.08 0.89 1.52+0.05 2.13+0.13
24 Ti6Al4V 68.09 +0.23 17.76 £ 0.53 1.76 +0.29 090 1.93+0.13 2.64 +£0.21
TiSAI3V6Cu  51.30+0.15 123 +0.14 193 +0.14 0.87 1.87+0.13 2.46 +0.14

values, are adversely affected by inflammatory conditions,
leading to a reduction in their resistance. This phenomenon
can be attributed to the creation of Ti(IV)-H,0, complex
compounds resulting from the interaction between titanium
and H,O, which exhibit limited resistance against corrosive
substances. The R, values for all samples showed an increase
after 24 h in all solutions, indicating the development and
enhancement of a protective passive film. In environments
with inflammation, the concentration of H,O, decreases
over time due to its decomposition into H,O and O,,
thereby reducing the oxidative potential of the medium and
promoting the self-repair of the passive layer [16].

The determined passive layer thickness values were found
to be within a few nanometers, a range consistent with find-
ings from previous reports ref. This reduced compactness
of the passive film is correlated with the elevated CPE val-
ues. The significantly higher CPE values observed in the
corrosive environment suggest a decline in corrosion resist-
ance. Exposure of a specimen to H,0O, results in damage
to the passive film, leading to increased surface dissolution
and acceleration of the cathodic reaction rate. Moreover, all
samples exhibited an increase in R, after 24 h under all test
conditions, indicating the formation and growth of a protec-
tive passive film that aids in the self-repair of passive layers
in corrosive media and the impact of H,O, decomposition
into H,O and O,.

3.2.4 Surface Morphology after PDP Tests

The surfaces of the samples were examined using SEM
following a 2 h immersion period, during which the
corresponding PDP curves were recorded in each simulated
solution. Distinct variations in surface morphologies were
observed between the Ti6Al4V and TiSAI3V6Cu specimens
under normal and inflammatory conditions. As depicted in
Fig. 6a, c, a limited number of pits were observed, along
with the presence of general corrosion characterized by the
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formation of a gray-colored passive film on the surfaces of
both samples in the normal environment.

Figure 6b, d illustrates the irregular structure and multiple
pits containing corrosion by-products that were generated by
adding H,0, into the solution, indicating the disintegration
of samples in the presence of H,0, and ClI ions. Similar
structural features have been documented for Ti6Al4V under
inflammatory circumstances in prior studies, which high-
lighted the direct impact of H,O, on the characteristics of the
surface layer developed on Ti alloys [16]. In inflammatory
environments, the adsorption of CI” ions to oxygen vacancy
sites on the surface of the oxide/solution in the presence of
H,0, triggers a movement of cation vacancies toward the
metal oxide interface. The accumulation of excess cation
vacancies promotes the initiation of pit formation.

Based on the above results, the presence of copper within
titanium alloys can significantly impact their corrosion
behavior when exposed to H,0,. Copper-enriched areas
can serve as cathodic sites, thereby facilitating localized
or galvanic corrosion when in contact with titanium [38].
Galvanic corrosion is one of the most prevalent forms of
corrosion affecting alloys in electrolyte solutions, typically
arising from the creation of micro-galvanic couples due
to potential differences between the anode and cathode
phases [39]. It has been reported that there are differences
in surface potential between the a, 8, and Ti,Cu phases, with
the surface potential ranked as follows: a >> Ti,Cu > B [40].
Consequently, it can be concluded that the electrochemical
reactions cause micro-cathodes to accelerate the dissolution
of the micro-anodes, particularly by disrupting the
spontaneous oxide film formed on the sample surface.
Several parameters, such as thermal cycle, component size,
and chemical composition, could affect the phase fraction
of titanium alloys and change the corrosion properties [19,
41, 42]. In a typical corrosive environment, the presence
of these heterogeneous phases can enhance the micro-
galvanic effect, leading to increased dissolution rates of
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Fig.6 SEM of samples after PDP test in a, b Ti6Al4V, ¢, d TiSAI3V6Cu.

Ti6Al4V and Ti5A13V6Cu alloys. However, the formation
of a spontaneous passivation film, such as TiO,, significantly
inhibits the progression of corrosion. Adding H,0, can
exacerbate the corrosive effects on the Ti alloy due to redox
reactions involving Cu, H,0,, and other chemical species
within the solution. Moreover, the interaction between
Cu within the sample and H,0, solutions can develop
intricate surface layers or films comprising Cu compounds,
titanium oxides, and various reaction by-products. These
film compositions and characteristics play a crucial role
in determining the titanium alloy's corrosion resistance
and surface properties. Notably, the observed increase in
the corrosion current density (/,..) under inflammatory
conditions for TiSAI3V6Cu (Fig. 4) is attributed to the
presence of copper oxide on the Ti6Al4V alloy surface,
leading to the formation of vacancies within the oxide layers,
a process further accelerated by the presence of hydrogen
peroxide and chloride ions [43].

A schematic illustrating the corrosion mechanism and
various phenomena occurring on the surfaces of Ti6Al4V
and Ti5A13V6Cu alloys when exposed to normal and
inflammatory environments is presented in Fig. 7.

It is important to note that the dissolution rate of the
metal, in cases where the passive film is damaged, is gener-
ally linked to the resistance of the passive film. Based on the
EIS data, the passive film resistance of Ti6Al4V is margin-
ally higher than that of TiSAI3V6Cu during both immersion
periods. Furthermore, after 24 h, an increase in passive film
resistance is observed, indicating the formation and growth
of a passive protective film.

The influence of H,O, on titanium oxide formation is
explained through the following reactions (4-6):

2H,0, —» 2H,0 + O,. 4)
With the following intermediate steps:

2Ti0, + H,0, + ¢~ — Ti,0;+ H,0 + O,. (3)

Ti,O0; + H,0, — 2TiO, + H,0 + 2¢". (6)

As depicted in Fig. 7, the surface layer of the alloy exhib-
its a higher concentration of metallic ions in the 0.9% NaCl
+ H,0, solution compared to the NaCl-only solution. This
enhancement is attributed to H,0, acting as an oxidizing

@ Springer
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Fig.7 Schematic representation of the corrosion mechanism on Ti6Al4V and TiSAI3V6Cu alloy surfaces present in the normal and

inflammatory tested environments.

agent, facilitating the formation of either a TiOOH defective
complex or an H,0,-TiO, complex [44]. These complexes
contribute to the generation of oxygen vacancy sites on the
oxide/solution interface, thereby accelerating the release of
metal ions [32, 45, 46]. Previous studies examining the pas-
sivation behavior of Ti6Al4V in lactic acid-containing envi-
ronments have demonstrated that the formation of oxygen
vacancies is enhanced, accompanied by a reduction in the
thickness of the passive film [16, 20, 47]. This reduction is
associated with the suppressed conversion of Ti** and Ti>*
to Ti** on the material's surface.

From the perspective of the influence of copper, it could
be said that copper ions are released from the alloy surface
through redox reactions (4-8), which initiate a series of sub-
sequent chemical processes.

Cu”* + 20H™ - Cu,0 + 2H,0. @)

Cu* + O, + 2H" - Cu** + H,0,. 8)

Also, when hydrogen peroxide is present, the interaction
between oxygen and transition metal ions like copper can
lead to the generation of hydroxyl radicals (OH’), which in
turn enhances the reactivity of the electrolyte toward the
titanium alloy surface, as illustrated below:

@ Springer

Ti** + H,0, — Ti** + OH™ + OH'. )

Cu* 4+ H,0, » Cu®" + OH™ + OH'. (10)

These reactions near the surface destabilizing the oxide
film [16].

Additionally, it has been observed that incorporating
alloying elements with higher valence electrons, such as
niobium (Nb>*) or tantalum (Ta>"), can help compensate
for the reduced positive charge in the titanium oxide
layer caused by the presence of Ti** and Ti** ions. This
modification leads to a decrease in the number of oxygen
vacancies within the passive film, enhancing its stability and
improving the corrosion resistance [31, 42, 48, 49]. However,
for TiSAI3V6Cu alloy, Cu ions, which have a lower valence
than Ti, can increase the donor density in the film, thereby
boosting its conductivity [23]. It is believed that this higher
donor concentration results from copper atoms occupying
interstitial sites (Cu:f) in the defective titanium oxide lattice,
potentially acting as electron donors. These Cu cation species
are more mobile than Ti cations due to the cation vacancy
mechanism, resulting in a considerable portion of the current
being conducted by Cu interstitials in a short immersion time
[50]. However, it is important to highlight that forming a thick
passive film and corrosion products on the surface after 24 h of
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immersion reduces the release of Cu ions, thereby enhancing
the corrosion resistance of the Ti5AI3V6Cu alloy. In other
words, the initial protection provided by the thin, dense TiO,
passive layer is gradually replaced by a thicker, more porous
titanium oxide coating with improved barrier properties. This
phenomenon has been explained by previous studies, which
suggest that, after immersion, Cu substitution in the passive
film strengthens the electrostatic interaction between the
immobilized Cu cation sublattice (Cu)T(i’) within the Ti lattice
and the mobile cation interstitials (Cu;"). This interaction
forms complexes that reduce the flux of Cu interstitials
through the barrier layer (passive film), which in turn lowers
the passive current density and corrosion rate [40, 50].

4 Conclusions

In summary, this research highlights the electrochemical
degradation of an innovative Cu-bearing titanium fabricated
using EB-PBF. The electrochemical assessments investigated
the impact of immersion duration and simulated biological
environments on the corrosion behavior of Ti6Al4V and
TiSAI3V6Cu biomaterials. The ensuing final remarks can be
highlighted as follows:

1. The OCP monitoring data demonstrates a trend toward
more positive values over time, attributed to an increase
in the thickness of the passive layer under normal condi-
tions and the decomposition of H,O, over time during
inflammatory conditions.

2. The PDP results indicate an increase in [,
both samples in inflammatory conditions, suggesting the
role of H,0, in passive layer degradation. The presence
of H,0, in the inflammatory environment prevented
specimens from exhibiting passive behavior.

3. EIS analysis reveals that the addition of H,O, to saline
solution diminishes the corrosion resistance of both
alloys.

4. Adding Cu initially does not impact the corrosion resist-
ance of titanium alloy in simulated inflammatory condi-
tions, but prolonged immersion leads to enhanced cor-
rosion resistance for all the samples tested, indicating
the formation of an oxide layer after the reduction of the
solution's oxidizing power.

5. SEM micrographs illustrate alterations in the surface
morphology of Ti alloys when exposed to solutions con-
taining H,O,, resulting in the dissolution of the titanium
oxide passive film and increased susceptibility to corro-
sion.
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