Eng. Sci., 2023, 26, 985

Engineered Science
DOI: https://dx.doi.org/10.30919/es985

Improving the Corrosion Performance of LPBF- and EBM-
Processed Ti-6Al-4V by Chemical Pickling

Alessandro Carrozza," >" Marina Cabrini,"? Sergio Lorenzi," > Mariangela Lombardi®* and Tommaso Pastore 2

Abstract

Ti-6Al-4V is a popular material in the biomedical industry for orthopedic prosthetics production. Moreover, this alloy is well-
processable via additive manufacturing (AM) technologies, allowing to tailor the design of the implant according to the
specific needs of each individual patient. Nevertheless, AM technologies deploy metal powders, resulting in very rough
topologies due to partially melted/adhered residual particles on the surfaces generated. Although this promotes
osseointegration, corrosion-induced particle dropping can result in a severe inflammatory response in the patient. To
overcome this, a pickling treatment was specifically developed and optimized to decrease the concentration of residual
particles, without compromising surface roughness. Specimens produced via laser- and electron beam-powder bed fusion
(PBF) were investigated. Three different surface finishing conditions (AM-generated, polished and pickled) were also
compared via potentiostatic polarization tests. The specimens that underwent the pickling process proved to achieve lower
current densities for long term exposures in simulated body fluid (SBF). Another critical phenomenon that occurs in
prosthetics is the release of metal ions over time. To assess this issue, multiple electrochemical tests (potentiostatic
polarization, electrochemical impedance spectroscopy) were deployed to assess the effect of the different PBF technologies
and heat treatments on the ions release rate of Ti-6Al-4V in SBF.
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1. Introduction

Titanium alloys are materials characterized by high
mechanical properties, low density and high corrosion
resistance.l'!l Among these alloys, Ti-6Al-4V is significantly
more popular and represents the majority of the Ti market.! It
is widely used in several industrial fields, such as aerospace,
automotive, oil & gas,> and biomedical.[¥) In this last sector
the main applications are prosthetic implants (e.g., orthopedic,
dental), for instance hip joints and knee replacements, and
dental frameworks/bridges.” Here, the Ti-6Al-4V alloy is of
particular interest due to its superior biocompatibility and

biological/physiochemical properties. In fact, this alloy is
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particularly indicated when the colonization of the implant by
natural human cells is required.®’

Additive manufacturing (AM) processes are quickly
gaining popularity in the biomedical sector for Ti-6Al-4V
processing. These technologies allow the production of a
component from a digital 3D design file via a layer by layer
approach. Powder bed fusion (PBF) processes use a pre-
alloyed powder as feedstock material. This is used to generate
a powder bed and each layer is selectively melted according to
the design desired. According to the heating source adopted to
perform the melting operations, PBF technologies can be
further categorized as laser powder bed fusion (LPBF) or
electron beam melting (EBM), deploying a laser or electron
beam, respectively.[”? The interest towards these techniques in
the biomedical sector is related to multiple aspects. For
instance, the possibility to customize the design in order to
mimic the anatomy of the patient. This level of customization
(complexity-for-free) is economically unfeasible with
traditional manufacturing technologies.!'”’ Another advantage
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of AM technologies lies in the possibility to create parts with
a controlled porosity with the aim to match the elastic modulus
of the human bones. By doing so, stress shielding phenomena
can be avoided.''!l Additionally, PBF processes result in
components characterized by a high surface roughness, due to
the use of metal powders as feedstock material. This results in
an increase of the specific area and improved osseointegration,
thus a reduced recovery time needed for the patient after the
surgical procedure. This aspect was investigated by Kayacan
et al." in a study where the osseointegration of AM-ed Ti-
6Al1-4V porous skull implants was investigated in sheep for 3
months. The authors demonstrated the formation of a good
bond between the prosthetics and the surrounding tissues.
Moreover, it is well-established in the literature that a rough
provides Dbetter with
osseointegration-enhancing such as

material adhesion performances
coatings,
hydroxyapatite.['*

Despite the high corrosion resistance of the Ti-6Al-4V
alloy in biological environments due to its very stable electro-
insulating passive layer, Ti and other alloying elements
accumulation in the tissues around implants were reported by
multiple studies. For instance, Schoon et al.l'Y evaluated
metals (Co, Cr and Ti) release from arthroplasty implants in
the surrounding bone and bone marrow by deploying X-ray
fluorescence and absorption techniques. Wu et al.[*l assessed
the insurgence of localized corrosion phenomena of the Ti-
6Al-4V alloy in a phosphate buffered saline solution with
albumin, resulting in metal dissolution. Metal ions release
events are also exacerbated by the adoption of PBF
technologies, as these often results in implants with residual
powder particles loosely attached to the surface. After
implantation these particles are eventually released causing a
significant and immediate increase in the amount of metals
release in the body, possibly resulting in an inflammatory
response. Despite the lack of proof of any titanium-induced
adverse reaction in humans, the release of V and, most
importantly, Al ions in the body is fundamental to assess due
to its harmful effects.l' In fact, the aluminum toxicity is well
known, as its accumulation in the blood stream was correlated
to Alzheimer’s and Parkinson’s diseases, as well as diabetic
encephalopathy.l'”? Some other adverse effect caused by Al
ions accumulations are osteomalacia and pathological
fractures.'8! Conversely, vanadium was linked to kidney
damaging phenomena.l'” For these reasons, monitoring the
ions release rate (irr) of Ti-6Al-4V implants in the human body
is a necessary process to provide a long term benefit to the life
of the patients. This parameter can be calculated using
different experimental approaches. For instance, immersion
tests, followed by a quantification of the ions released in the
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solution are possible. However, the quantities involved are
usually so small that their measurement might be complicated.
Another possible path is the use of electrochemical techniques,
generally aimed at determining the corrosion resistance in a
specific environment, in this case solutions that mimic the
human body. For instance, Leel?’! investigated Ti-6Al-4V
specimens in a Hank’s solution via soaking in the test
environment, and subsequently measuring the irr via
inductively coupled plasma-mass spectrometry (ICP-MS).
Conversely, Starosvetsky et al.?'!l used potentiodynamic and
potentiostatic tests to study PIRAC-nitrided Ti-6Al-4V
samples. The authors evidenced that the samples that provided
a lower anodic current were also characterized by a lower irr.
with  the
characterization of the AM-processed Ti-6Al1-4V alloy can be

Several works dealing electrochemical
found in the literature. For instance, Cabrini ef al.?? performed
long term potentiostatic polarization tests to assess the
behavior of different post-LPBF processing strategies on the
corrosion performance of Ti-6Al-4V specimens. Chiu ef al.*]
studied the tribo-electrochemical behavior of LPBF-ed
samples via potentiodynamic polarization and corrosive wear
tests. Nevertheless, only a very limited number of recent
works performs a comparative analysis of the corrosion
behavior of Ti-6Al-4V specimens produced via different AM
technologies. For example, Metalnikov et al.>* comparatively
evaluated the effect of the microstructure on the susceptibility
to corrosion via potentiodynamic polarization tests in a 0.9 M
NaCl aqueous solution. Instead, Zadeh et al.®! conducted
electrochemical studies in a Ringer’s solution. Additionally,
no record of irr evaluations on AM-produced Ti-6Al-4V
specimens via electrochemical characterization techniques are
available in the literature, at the best of the authors’ knowledge.
Given the current literature gaps and the primary importance
of the subjects discusses, in this work, a comparative analysis
between EBM- and LPBF-produced Ti-6A1-4V samples were
conducted. These were investigated both in the as-built and
heat-treated states. Initially, a pickling treatment was
optimized to minimize the number of residual powder
particles on the surface of the specimens. Then, different
electrochemical techniques were deployed to investigate the
evolution of the irr along time in an environment that

simulated the human body.

2. Materials and Methods
2.1 Specimen fabrication
All the specimens in this work were manufactured using an
LPBF or EBM system. LPBF-produced samples were
produced using an EOS M270 Dual Mode apparatus,
characterized by a Yb fiber laser (maximum power of 200 W)
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Table 1. Chemical compositions of the powders used for AM fabrication and relative sizes.

AM Element (wt.%) Particle sizes (um)
technology Al \Y [¢] N H Ti Fe C D(10) D(50) D(0)
EBM 641 3.86 0.09 001 0002 Bal. 0.19 0.02 45 62 84
LPBF 586 399 0.083 0.003 0.002 Bal. 0.183 0.01 22 33 47

and operating in an Ar chamber to prevent oxidation. EBM-
produced samples were manufactured using an Arcam A2X
machine, working in a vacuum environment at a chamber
temperature of approximately 700 °C. The feedstock material
was a Ti-6Al-4V extra low interstitials (ELI) spherical powder
in both cases. The relative compositions, as provided by the
supplier, and particle size descriptors are provided in Table 1.
The process parameters adopted for both systems were
optimized and given by the producer of the machines and
cannot be disclosed.

Some specimens were heat treated (HT) at 680 °C for 4h
in a Pro.Ba VF800/S high-vacuum furnace. At the end of this
process, the samples were allowed to cool inside the furnace
at a cooling rate of approximately 2 °C/min.

2.2 Specimen design

A first batch of cylindrical specimens (5 mm height, 15 mm
diameter) were fabricated for preliminary studies on the
pickling treatment and microstructural investigations. All
these were built with the circular faces perpendicular with
respect to the building direction (Z).

A second batch of specimens were specifically designed
for electrochemical testing (Fig. 1a). These were characterized
by a central cylinder, representing the portion of the specimen
(exposed area) that will be electrochemically tested, equal to
9.43 cm?. The other cylindrical surfaces were inserted inside
two insulating PTFE shafts, as shown in Fig. 1b. The electrical
continuity for corrosion testing was granted by the coupling of
a mechanical threaded inset on top of the specimen (M4, as
shown in Fig. 1a) and a screw.

2.3 Pickling treatment

A pickling treatment was developed in order to decrease the
concentration of the partially melted/adhered particles on the
surfaces of the specimens. A 25% HNO; + 2.5% HF aqueous
solution was used at room temperature. No stirring operations
were performed. Different soaking periods were considered
during the optimization process and the monitoring of the
process over time was conducted via roughness measurements
on 3D reconstructions of the exposed areas, obtained using a
Sensofar S Neox 3D optical confocal profilometer. Sa and Sz
were selected as suitable parameters to compare the surface
features of the different samples, in compliance with ISO
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25178. A 15x10 mm? area per samples was investigated, using
a 10x magnification lens. 3D reconstructions of the surfaces
were elaborated using the Mountains Maps Premium 7.4
software. The outcome of these evaluations was also used to
determine the actual exposed area value per each specimen,
taking into account the surface roughness.
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Fig. 1 Schematic representation of the specimens that underwent
electrochemical tests (a) and relative slotting configuration of the
PTFE holders.

2.4 Metallographic investigation

Some LPBF- and EBM-produced specimens in the as-built
(AB) and HT states were mechanically cut along the Z
direction for microstructural assessment. These samples were
then mechanically ground with SiC papers up to a 2400 grit
and then polished with a synthetic cloth paper and a colloidal
silica solution. Chemical etching was performed to highlight
the microstructures, using a Kroll solution (93% H»O, 5%
HNOj; and 2% HF). The investigation of the microstructures
was performed via optical imaging (OM) and scanning
electron microscopy (SEM), using Leica 5000 M and Zeiss
EVO 40 microscopes, respectively. Phase identification was
conducted via X-ray diffraction (XRD). To do so, a
PANalytical X-Pert Philips system was deployed. This
apparatus was set to work in a Bragg Brentano configuration,
operating at 40 kV and 40 mA. A Cu K, radiation was used
during the test.
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2.5 Electrochemical tests

All the electrochemical tests were conducted in a simulated
body fluid (SBF) solution (NaCl 8.74 g/L, NaHCO3 0.35 g/L,
Na2HPO4-H20 0.075 g/L, NaH2PO4-H20 0.069 g/L), kept
at 37°C. This environment was dearated via nitrogen bubbling
for 1 h prior to the beginning of each experiment.

Potentiostatic tests were performed in 1L cell compliant
with ASTM G5 standard, equipped with comprised two
graphite counter electrodes and a saturated calomel electrode
(SCE), as reference. A Luggin capillary was used in order to
compensate the ohmic drop inside the testing apparatus. An
Ivium CompactStat potentiostat was used to apply +500 mV
vs SCE potential for the duration of the tests, whilst measuring
the circulating current. This potential is slightly higher the
value of titanium implants inside the human body.>! At least
two specimens per condition were tested for a duration of 150
—200 h.

The electrochemical impedance spectroscopy (EIS) tests
were performed in a 2.5 L cell, using a SCE as reference and
a grid of mixed metal oxide titanium (MMO Ti) as a counter
electrode. The open circuit potential (OCP) was monitored for
10 minutes before EIS test activation. After its stabilization, a
sinusoidal polarization of 10 mV of amplitude in a frequency
range of 0.0001+40000 Hz was set, whilst collecting 10
frequency values each decade. These tests were performed
using a Metrohm Autolab 302N potentiostat.

3. Results and Discussion

3.1 Optimization of the pickling treatment

The lateral surfaces of the EBM- and LPBF-processed
samples were investigated using SEM imaging (Figs. 2a, d),
revealing a highly irregular topology. This was mainly caused
by the presence of quasi-spherical particles adhered to the
surface of the specimens. The origin of this features lied in the
manufacturing process. In fact, these surface irregularities
were identified as partially adhered/melted powder particles.
The surface finishing of the samples was measured via optical
confocal imaging, as illustrated in Figs. 2b, e. This
investigation clearly indicated that the EBM-produced
samples were characterized by a rougher surface than the
LPBF-processed ones. This outcome is consistent with the use
of powder particles with a higher particle size distribution
during the EBM process (see Table 1). This was further
confirmed by the Abbott curves (Figs. 2c¢, f). In fact, the LPBF-
manufactured specimens were characterized by a significantly
narrower height distribution curve.

A pickling procedure was developed in order to decrease
the amount or surface irregularities on the lateral surfaces of
the samples. The optimization of the process was conducted
via Sa measurements, performed after each minute soaking in
the pickling solution until negligible variations were observed,
as illustrated in Fig. 3.
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Fig. 2 SEM view of the lateral surfaces (a, d), confocal imaging reconstruction (b, ¢) and relative height distribution curve (c, f) of

the EBM- and LPBF-processed specimens, respectively.
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Fig. 3 Evolution of the Sa parameter at different immersion times in the pickling solution.

For both manufacturing processes the optimal pickling
duration was found to be 5 cycles of 1 minute each, resulting
in a total Sa decrease of 20.5% and 49.1% in the EBM- and
LPBF-processed specimens, respectively (Table 2). It is also
worth mentioning that the Sa standard deviation decreased for
increasing cycle numbers. This is caused by the progressive
removal of the larger particles from the surfaces, particularly
evident in the EBM-processed specimens. The pickled
samples (Figs. 4a, d) were characterized by surfaces still quite
rough. Nevertheless, the number of residual particles was

50 pm

—_—

-150 -100 -50 0

reduced, as testified by the confocal reconstruction maps and
relative height distribution curves. Therefore, the detachment
of the more loosely attached particles occurred. Conversely,
the particles that were characterized by a stronger
metallurgical bonding were able to sustain the pickling
treatment. The overall decrease in the number of poorly
adhered spheres was also confirmed by the confocal
reconstruction of the lateral surfaces (Figs. 4b, ¢) and relative
height distribution curves (Figs. 3c, f). The higher efficiency
of the pickling treatment of the LPBF-manufactured samples
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Fig. 4 SEM view of the lateral surfaces (a, d), confocal imaging reconstruction (b, €) and relative height distribution curve (c, f) of

the pickled EBM- and LPBF-processed specimens, respectively.
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can be related to the smaller particle size of the LPBF powders.
In fact, the resulting particle/surface interaction area is
minimized for small particles. Furthermore, the pre-sintering
phase during EBM processing, occurring prior to the melting
phase, and the high temperatures developed inside the
chamber might contribute to the consolidation of the partially
melted particles, increasing their adhesion with the surface of
the specimens.?”!

Table 2. Effect of the pickling treatments on the surface
parameters of the EBM- and LPBF-processed specimens.

Manufacturing o Sz Sa
Surface finishing
technology (um) (um)
AM-generated 340 40.7
EBM .
Pickled 251 337
AM-generated 161 12.8
LPBF A
Pickled 159 8.7

In general, the loss of the most loosely adhered powder
particles is fundamental for biomedical implants due to their
preferential long This
phenomenon is fundamental to avoid, as it can cause a local
inflammatory response.?®! Nevertheless, the persistence of a
certain surface roughness is promising, the to the relative
increase in terms of specific surface area, resulting in an
activity with the
osseointegration. Hence, the achievement of a surface
finishing conditions that simultaneously promoted the
interaction with the human body and prevents the detachment
of hazardous metal particles appears optimal.

detachment over exposures.

increased surrounding area and

3.2 Influence of the surface condition on the corrosion
behavior

Potentiostatic tests were conducted in order to investigate the
influence of different surface finishing conditions on the AM-
produced specimens, as illustrated in Fig. 5. The samples were
characterized by an external surface in the AM-generated,
polished and pickled states. Both AB and HT specimens were
considered. All the combinations of conditions evidenced a
decrease of the current density (ic) over time. This behavior is
associated with the growth of the electrically insulating oxide
film on the surface of the Ti-6Al-4V alloy.*! Moreover, this
material shows a tendency to reach an asymptotic value of
current density (ico) over long immersion times, as
demonstrated via long term potentiodynamic polarization tests
by Cabrini et al.1*\. This value is significantly important due
to its strict correlation with the irr.’% Both the AB and HT
specimens provided the following relationship:

;LPBF—generated _ :Polished ~ ;Pickled
loow > 0% > g

(M
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This phenomenon was associated with the quality of the
protective oxide layer in the three different conditions. In fact,
the lower protective quality of the high temperature-formed
protective films is a well-known phenomenon, well
documented in the literature. Hence, the worse behavior of the
LPBF-generated condition is expected. During the pickling
treatment, the complete dissolution of the hot-formed oxide
occurs, causing the generation of a new, well-adherent and air-
formed passive film, characterized by improved protective
properties.l’!] The comparatively higher ic of the polished
specimens was correlated with the material removal occurring
during the process. In fact, sub-superficial porosities,
characterized by an internal hot-formed oxide layer, can
become open porosities, due to the grinding of the material
separating such defects from the outside. In this condition, the
grinding process is expected to expose inner porosities of the
AM-alloy and this effect cannot be avoided due to the very
stochastic distribution of porosities in the material volume.
The detrimental contribution of the emerging porosities on the
corrosion resistance was already documented in a previous
study by Sharma et al.3? Therefore, the mechanical polishing
process results in the formation of a new passive layer in most
of the sample in addition to some spots where emerging
porosities occur, thus providing an overall weaker oxide.

It is also worth noticing that the signal relative to the
LPBF-generated specimens is characterized by a significant
number of spikes with respect to the other conditions. In a
previous work,?? this effect was associated with the massive
presence of unmelted particles, re-deposited on the specimen
exposed surface. In fact, the particle/metal interface is a
preferential corrosion path. As expected, spiking phenomena
decreased after polishing and pickling treatments, due to the
decrease in the amount of coarse unmelted particles.

The pickled samples provided the lower i values, hence
less critical irt, in this study. Moreover, as discussed before,

the simultaneous high roughness, thus promoting
osseointegration, and removal of the loosely adhered particles,
thus preventing particle dropping, represent ideal

combinations for biomedical implants applications. As a
consequence of that, only the pickled specimens will be
considered for further analyses in this work.

3.3 Materials characterization

A microstructure evaluation was performed on the AB and HT
specimens in order to assess the influence of the AM
technology and post-processing heat treatments on the
materials investigated in this study, as illustrated in Fig. 6.
Considering biomedical applications, a post-processing heat
treatments appeared mandatory due to the mechanical

© Engineered Science Publisher LLC 2023
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Fig. 5 Potentiostatic curves of the AB (a) and HT (b) LPBF-produced specimens.

performance required for the AM-produced Ti-6Al-4V alloy.
In particular, a ductility > 10% is needed per ASTM F2924.
This value is usually not achieved in untreated LPBF-
produced Ti-6Al-4V. For instance, Cao et al.*® reported in a
review that the vast majority of LPBF-processed specimens
provided elongation values well below the threshold described
in the standard. All the specimens in this work were
characterized by columnar prior-f grains aligned parallel to
the building direction (Z). This is a typical outcome in titanium

Prior-3 ‘grain boundary

© Engineered Science Publisher LLC 2023

alloys processed via PBF techniques, resulting from the
epitaxial growth of the high temperature B grains. This
phenomenon is mainly due to the conduction mode towards
the building platform being the main heat dissipation
mechanism during the process.**! The EBM-processed
specimens (Figs. 6a, b) provided a duplex a+3 microstructure,
with a lamellae mostly arranged in a Widmanstétten structure
(£30/60°) and enveloped in a thin layer of B phase. These
microstructural features are the results of the high chamber

Prior-f grain boundary

»

Fig. 6 OM micrographs of the EBM-produced AB (a) and HT (b), and LPBF-produced AB (c) and HT (d) samples. The relative SEM

insets are also provided.
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temperature (=700°C), basically turning the whole process in
a prolonged heat treatment. This phenomenon and the relative
influence on the microstructural evolution of the alloy is
further discussed in another publication.l?”? General coarsening
of the microstructure occurred after the heat treatment, but no
other significant microstructure variations were highlighted.
The AB LPBF-processed (Fig. 6c) were
characterized by a largely martensitic microstructure of o’
needles. These laths were generated via the diffusionless f —

specimens

o’ transformation, given by the very high cooling rates
achieved during the manufacturing process (= 10°-107 °C/s).
These values were obtained via computational modelling and
successfully implemented in a microstructural evolution study
by Pantawane et al.’1 Conversely, o’ was completely
decomposed in the HT LPBF-produced specimens (Fig. 6d),
according to the diffusion-driven o’ — a+f that leads to the
release of the B-stabilizing elements (V) from the a cell.®
However, in this case no basket-weave morphology was
detected and the o lamellae were arranged in a fashion very
similar to the pre-heat treatment o’.

Phase analyses were conducted via XRD to further
corroborate the microstructural identifications, as illustrated in
Fig. 7. Since the a and o’ peaks are not distinguishable, the
main B phase peak (20 = 40°) is commonly used to investigate
whether the martensite decomposition occurred.*”! This peak
lacked only in the AB LPBF-produced specimens, thus
confirming that martensite decomposition occurred during the
heat treatment.

3.4 Influence of PBF technology on the corrosion
behavior

Representative potentiostatic curves of EBM- and LPBF-
produced, AB and HT Ti-6Al1-4V samples conducted in a SBF

solution are reported in Fig. 8. All the conditions considered
provided a decrease in terms of ic over time. Roughly
asymptotic values at ico = 0.01-0.07 pA/cm? were obtained
after approximately 100 hours of immersion and polarization
(Table 3). These numbers are in line with other data from the
literature.®! No significant differences related to the
manufacturing process and/or heat treatment were appreciated.
This outcome is in good agreement with a previous work,?!
where a homogenization of the film state, independently from
the heat treatment, was stated over long exposure times in SBF.
To further investigate the oxide growth dynamics and its
evolution over time, EIS tests were conducted. Representative
curves (1 day in SBF) are reported in Fig. 9. The phase curves
are characterized by two well distinct peaks, in accordance
with multiple works in the literature. The spectra can be fitted
according to a well-established model of an equivalent circuit
with two time-constants.?¥ In this circu, the overall impedance
of the passive film comprises different contribution that are
related to the resistance and capacitance of the outer porous
film, and the charge transfer resistance coupled with the
double-layer capacitance, respectively. Constant phase
elements are usually selected to better fit the inhomogeneity
of the specimen’s surface. In this specific model, the overall
impedance describes the protection given by the passive film
in response to the current applied to the system, that can be
strictly linked to the amount of ions released in the
environment. Under this consideration, the modulus values
(1Z]) at low frequencies can be used as a mere indicator to
estimate the resistance of the protective film to the current flow,
giving rise to the release if metal ions. Only a slight effect can
be noticed by comparing the different conditions considered,
with LPBF-processed samples exhibiting the highest values of
impedance modulus after early exposures.

4
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Fig. 7 XRD patterns of the EBM- and LPBF-produced samples in the AB and HT states.
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Fig. 8 Potentiostatic polarization curves (+ 500 mV vs SCE) of the EBM- and LPBF-produced Ti-6Al-4V samples in the AB and HT

states.

Table 3. Average ic« obtained via potentiostatic polarization tests.

Manufacturing Heat

ico (LA/cm?)*
technology treatment few (A/Cm)
AB 0.067 £0.004
EBM
HT 0.020 + 0.006
AB 0.027 +0.007
LPBF
HT 0.123 +0.005

*QObtained by averaging the ic values of the last 20 hours of
test.

The evolution of the oxide layer was further assessed by
performing the EIS tests after different immersion times (few
hours, one day, one week, 5 months). A representative family
of curves obtained (EBM-produced AB specimen) is provided
in Fig. 10. An enlargement of the low-frequency phase peak
(Fig. 10a) and an increase of the |Z| values at low frequencies
are evident. Both these phenomena can be attributed to the

modification of the passive film, as well as a significant
increase in its overall protectiveness over the time. At very
long exposures, the appearance of a third peak was also
noticed. This behavior was associated to the sealing of the
outer porous layer of the passive film and it is consistent with
the increase in protectiveness over long exposure periods, as
described by Pan er al..’! At longer exposures, the low
frequency phase approaches values far from zero, meaning
that the imaginary component of the impedance is high even
at low frequencies. Under these circumstances, it is not
possible to evaluate the effective value of the impedance
modulus of the system as the mere resistance to current flow
as the relaxation time of capacitors is very long, and the
calculated impedance modulus is surely underestimated.
Nevertheless, for the scope of this paper, this should be
considered as a sufficiently accurate estimator of the amount
of released ions and it is conservative as the underestimation
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Fig. 9 Representative EIS curves of specimens immersed in SBF solution for one day.

© Engineered Science Publisher LLC 2023

Eng. Sci., 2023, 26, 985 |9



Research article

Engineered Science

a)
90 +
fo
80 5c> Oogﬁgégﬁwgo
70+ XX " K o .'XO
; v @ ‘,‘xo
% _f_xx N ‘:XO
5 50+ v ¢ oy O
~ L ¢ * X
m F
o 40§ ) v o
E F v e X
o 30+ ¢y
K 4 0'50
20 " v ’.X
Y <
10+ %
ot
1E-4 1E-3 0.01 0.1 1 10 100 1000 10000

Frequency (Hz)

0 days
1 day

o X 4 &

0.1 1 10 100 1000 10000

Frequency (Hz)

10"+ : :
1E-4 1E-3 0.01

Fig. 10 Phase (a) and modulus (b) EIS curves, performed on EBM-produced specimens after different immersion times.

of the impedance modulus give rise to only a slight
overestimation of the amount of released ions, especially at
longer exposures.

Since both Potentiostatic polarization and EIS tests provide
an outcome related to the passive film formation and growth
kinetics, a correlation between these two techniques appears
possible. In general, the former test can be considered to
electrochemically estimate the irr. For instance, Buchanan et
al. deployed this technique to evaluate the wear-accelerated
response of Ti-6Al-4V surgical implants, demonstrating that
surface modification can substantially reduce the irr.
Nevertheless, potentiostatic polarization is a destructive test,
that also requires a current to circulate for a very prolonged
time in the specimens. Conversely, EIS techniques are non-
destructive and specimens can be kept in the solution for a
long time without the necessity to constantly provide an input
from an equipment. Therefore, the correlation of these
aforementioned techniques can provide a more user-friendly
way to determine the irr. To achieve that, the ic values for a
given immersion time, obtained via the potentiostatic
polarization tests, were correlated to |Z|! values at very low
frequencies - approaching 10 Hz - from the EIS tests for the
same immersion time. All the conditions (EBM-/LPBF-
produced and AB/HT) were then considered altogether. This
approach seemed to be appropriate, as no significant
differences were evidenced by the EIS and potentiostatic tests,
that can be related to the heat treatment and/or manufacturing
technology. The outcome of this comparative evaluation is
reported in Fig. 11. Since every point in this plot corresponds
to a specific immersion time, the right part of the plot
represents tests conducted on samples immersed in SBF for a
shorter time. Overall, a good fit between the data was
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encountered. Therefore, EIS tests can be a valid and non-
destructive alternative to potentiostatic polarization tests in
order to evaluate the oxide growth of titanium specimens in
SBF solution and the related irr.
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Fig. 11 i, (potentiostatic test) vs |Z|" (EIS test) relationship,

relating data corresponding to the same immersion time.

3.5 Irr assessment
The estimation of the irr is possible via data gathered during
the potentiostatic polarization investigation. In fact, the area
under the i curve represent the total charge (Q) circulating for
a given time (Fig. 12). This can be related to two separate
effects: film formation and, most importantly, underlying
metal dissolution.*] Short term (ST) and long term (LT)
exposure periods were considered. The threshold between
these two conditions was 150 — 220 h (approximately 1 week),
the test duration. This

according to potentiostatic
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categorization was made to distinguish the inflammatory the CrN coating dissolution after its electrochemically-
response after the surgical procedure (1 week, ST) from the LT induced corrosion. Instead, Zaidi ef al.[*! used this method to

behavior.
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Fig. 12 Representative potentiostatic polarization curve with ST
and LT areas highlighted.

Consequently, Qst and Qrur were calculated using the
following equations:

Qsr = [ i  de )
Qur = ic,oo 't 3)
.M _ MQ

=T = M0 )

The second Faraday law was then used to estimate the irr:
Where A is the area of the specimen, M the equivalent atomic
mass, Z the charge number and F is the Faraday constant (=
9.6-10* C/mol). Z values of 4, 3 and 5 for Ti, Al and V were
used, respectively. The following ion distribution was
considered: 70% Ti, 27% Al, 3% V (% at.). All these input data
were gathered from a publication by Matykina et al.,[*l where
the irr of Ti-6Al-4V specimens was measured via ICP-MS
after 1, 4 and 8 weeks of immersion in a SBF solution.

The use of the Faraday law to estimate the irr was
previously adopted by Diaz et al™! in commercially pure
titanium (cp-Ti) samples. This technique is commonly adopted
in the literature for coating thickness/removal determinations.
For instance, Nordin et al.* adopted this approach to estimate

evaluate the thickness of anodic alumina coatings on Al
substrates, thus obtaining a good fit with the measurements
performed via SEM imaging.

The outcome of the electrochemical evaluation of the irr is
reported in Fig. 13 and Table 4. No significant difference in
terms of irrst and irrpr was evidenced between specimens
characterized by different manufacturing technologies and/or
heat treatments. A slightly lower irr during the first week from
implantation was evaluated in the LPBF-built specimens,
nonetheless further evaluation must be performed to confirm
whether this is an actual phenomenon or a statistical effect.
The irrst values found are coherent with other data from the
literature, falling in a 16+23 ng-cm-day! range (Ti in SBF, 1
week immersion).[*>4471 The immersion time required to for
the irrcr to match the irrst value was also estimated in the
11+14 years range.

This electrochemical approach aimed at estimating the irr
can prove to be a valid alternative to other conventional
techniques, especially for estimating the effect of long time
exposures without the necessity to test a material after years

100

I Ti A [V ST gLt

—_

0.1

irr (ng-day™-cm™)

1E-3

1E-4

EBM AB EBM HT LPBF AB LPBF HT

Fig. 13 Electrochemical investigation of the Ti, Al and V irr
values for short (= 1 week) and long-term exposures in SBF
solution.

Table 4. Daily ST and LT irr values and relative time required for the long-term exposure to achieve the first week values.

Manufacturing Condition iTT1 week (ng-cm?-day™") irrcr (ng-em?-day™!) Time for irrst =
technology Ti (Ti*") AL(APPY  V(V3)  Ti(Ti*) AL(APY) V(v irrer (years)
EBM AB 21.99 8.48 0.94 0.0301 0.0116 0.0013 14

HT 24.56 9.47 1.05 0.0386 0.0149 0.0016 12
L PBF AB 15.40 5.94 0.66 0.0262 0.0101 0.0011 11

HT 17.45 6.73 0.74 0.0235 0.0091 0.0010 14

© Engineered Science Publisher LLC 2023

Eng. Sci., 2023, 26, 985 | 11



Research article

Engineered Science

of immersion. Nevertheless, further studies are required to
increase the robustness of this work. In fact, comparisons with
the literature are hardly conductible due to the great data
scattering found, especially for longer immersion times.

4. Conclusions

In this work, Ti-6A1-4V ELI specimens were investigated via
different electrochemical techniques, aimed at assessing their
biomedical behavior, specifically for implants. LPBF and
EBM were selected as suitable manufacturing technologies
and comparatively analyzed. Moreover, the as-built and heat-
treated states were also considered. A pickling treatment was
specifically developed and optimized to remove a relevant
number of partially melted/adhered metal particles from the
surface of the samples after AM processing, without
compromising the optima AM-generated surface morphology
that promotes osseointegration. The pickling treatment is by
itself necessary in order to prevent and/or mitigate the release
of coarse particle during surgical intervention and after
prothesis implantation. The main findings can be summarized
as follows:

e The pickled samples demonstrated lower irrs over long
periods compared to all other surface finishing conditions, as
demonstrated by the lower current densities achieved for long
period exposures.

e The growth of the passive layer in SBF solution was
observed in both PS and EIS tests, confirming a reduction of
irrs over long exposure periods

e A correlation was found between the outcome of the EIS and
potentiostatic tests, indicating that EIS, a non-destructive
assessment, can be a promising technique to study the long
term corrosion behavior.

e Surface topology proved to be the most influencing
parameter on the corrosion behavior and irr of the Ti-6Al-4V
alloy in SBF solution. No significant effects related to the AM
technology adopted of heat treatment were assessed. The
estimated time required for the long period irr to match the
inflammatory response (first week after implantation) was
estimated between 11 and 14 years.
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