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ARTICLE INFO ABSTRACT
Keywords: This study investigated the corrosion behaviour of Ti6Al4V alloy fabricated using the Laser
Additive manufacturing Powder Bed Fusion (L-PBF) additive manufacturing technique, comparing its performance to
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Corrosion
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conventionally manufactured counterparts. The microcapillary electrochemical method effec-
tively detected even slight changes in corrosion response for both materials under various con-
ditions, including tensile straining, surface roughness, and presence of fluoride ions. Under tensile
strain, the L-PBF alloy’s finer grain size and submicron martensitic structure further enhanced its
corrosion performance. High fluoride ion concentrations intensified corrosion, with conventional
Ti6Al4V exhibiting greater susceptibility to pitting. Notably, both materials displayed exceptional
resistance to stress corrosion cracking.

1. Introduction

Due to the need for a biocompatible, corrosion-resistant, and mechanically robust materials in the harsh oral environment, titanium
alloys, particularly Ti6Al4V have become the basis for dental implants [1]. Their excellent osseointegration potential, stemming from
biocompatibility, allows for strong bonding with bone tissue [2]. Furthermore, the high strength-to-weight ratio of Ti6Al4V ensures
sufficient mechanical capabilities to withstand biting and chewing forces without compromising weight in the jawbone [3]. The
microstructure of Ti6Al4V alloy plays a crucial role in its performance as a dental implant. At room temperature, this titanium alloy
typically exhibits a two-phase (o + p) microstructure. The primary phase is the hexagonal close-packed (HCP) a-phase, which offers
good biocompatibility and corrosion resistance [4]. The secondary phase is the body-centred cubic (BCC) p-phase, which contributes to
the alloy’s overall strength. The relative volume fraction and morphology (shape and distribution) of these phases can be influenced by
thermo-mechanical processing techniques, and this in turn can affect the mechanical properties of the implant [1]. For instance, a
higher volume fraction of the a-phase might enhance biocompatibility, while a greater -phase content could improve strength [5].
Optimizing the microstructure through processing techniques is crucial to achieve the desired balance between biocompatibility,
strength, and corrosion resistance for successful dental implant applications [6].

Metal additive manufacturing (MAM) has emerged as a transformative technology for dental implant production, surpassing
traditional subtractive methods [7]. Laser Powder Bed Fusion (L-PBF) is a particularly leading MAM technique in this domain. L-PBF
employs a high-powered laser beam to selectively melt and fuse metallic powder particles layer-by-layer, constructing a three-
dimensional implant based on a CAD file [8]. This technology offers compelling advantages for dental implants [9]. Firstly, L-PBF
facilitates the design of intricate, patient-specific implants with complex surface features that promote osseointegration. Unlike
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traditional methods restricted to pre-manufactured stock, L-PBF enables customization to precisely match individual bone anatomy.
Secondly, the precise control inherent to L-PBF allows for the creation of porous internal structures within the implant [10]. Mimicking
the natural bone structure, these pores encourage bone ingrowth, further enhancing osseointegration. Lastly, L-PBF promotes material
efficiency by utilizing only the necessary amount of material during the build process, minimizing waste compared to subtractive
methods [6]. This is particularly advantageous for expensive materials like titanium alloys used in dental implants.

The rapid solidification rates inherent to L-PBF typically result in a non-equilibrium microstructure compared to conventionally
processed Ti6Al4V [11]. As-built L-PBF parts often exhibit a dominant presence of the metastable o’ (acicular martensite) phase, a
transformation product of the high-temperature p-phase due to rapid cooling [12]. This o’ phase can offer good biocompatibility, but
its needle-like morphology might raise concerns about long-term mechanical stability [12]. Traces of retained $-phase or a transformed
o + B mixed phase assemblage might also be present depending on the specific processing parameters.

The long-term viability of Ti6Al4V dental implants centres on their ability to resist corrosion and stress corrosion cracking (SCC)
within the complex oral environment. Corrosion, the gradual degradation of the implant material by bodily fluids and oral bacteria,
can compromise implant integrity and potentially lead to catastrophic fracture. SCC, a specific form of corrosion, is triggered by the
synergistic action of a tensile stress (from biting forces) and a corrosive environment [13]. This can accelerate crack formation and
pose a significant life hazard due to potential implant failure.

Despite the widespread adoption of L-PBF-processed Ti6Al4V for dental implants, concerns regarding its corrosion behaviour
compared to conventional counterparts persist. Research findings on the relative corrosion resistance of these materials are contrary
[14-16]. Several studies have investigated the influence of processing techniques on the corrosion behaviour of Ti-6Al-4V for dental
applications. Chiu et al. [17] evaluated the performance of L-PBF processed alloys in Ringer’s solution, demonstrating that L-PBF
process parameters can alter the bulk metal, enhancing its resistance to corrosive ions. In contrast, Chen et al. [18] reported a higher
dissolution rate of metal ions in dynamic Hank’s solution for the additive manufactured material compared to conventional coun-
terpart, leading to the formation of ionic Ti and oxygen vacancies. This resulted in a higher density of oxygen vacancies and a higher
oxygen diffusion coefficient within the passive film. Dai et al. [19] compared the corrosion resistance of L-PBF produced Ti-6Al-4 V
samples with commercially available Grade 5 alloys. Their findings suggest that the SLM process might lead to inferior corrosion
resistance. This was attributed to the presence of a lower -Ti phase and a larger o’-Ti phase in the SLM-produced microstructure
compared to the conventional counterpart. Tamilselvi et al. [20] observed the formation of a similar single passive layer on both L-PBF
and conventionally processed alloys after immersion in SBF for 360 h, as indicated by EIS measurements, while Chen et al. [21] re-
ported superior performance of the conventional alloy compared to its L-PBF counterpart in 3.5 % sodium chloride solution. This
difference was attributed to the distinct phase compositions of the L-PBF material.

While extensive research has explored the corrosion behaviour of L-PBF-processed Ti6Al4V, contradictory results persist in the
literature. This variability can be attributed, in part, to the inherent sensitivity of the L-PBF process to parameters like laser power and
scan speed, which significantly influence the resulting microstructure[11]. Notably, L-PBF-processed Ti6Al4V often exhibits a higher
o’ phase content and potential micro-cracks or porosities, both of which are known to affect corrosion resistance [13,15,16].
Furthermore, a critical gap exists in our understanding of how loading conditions influence the corrosion behaviour of L-PBF Ti6Al4V
for dental implants. Conventional polarization techniques, which expose large surface areas, can obscure the influence of micro-
structural features on corrosion. The destructive nature of these techniques requires new samples for each experiment, introducing
variability. Microcapillary techniques, allowing repeated measurements on the same surface, can improve reliability. Additionally,
conventional methods often struggle to detect early-stage corrosion due to their reliance on large surface areas. This technique allows
for the targeted examination of smaller areas, offering a promising approach for identifying subtle changes in the submicron structural
state of materials. [22-28].

The current investigation aims to clarify the comparability of the corrosion performance of L-PBF processed alloy Ti6Al4V with
conventionally produced counterpart under tensile loading state. The prophylactic use of fluoride-containing products, such as
toothpaste, mouthwashes, and gels, is a cornerstone of dental caries prevention. However, the potential for fluoride-induced corrosion
of titanium alloy dental implants in the oral environment remains a subject of interest, given the variability in fluoride concentrations
and pH of these products. To mimic the clinical context of dental implant placement, our study employed simulated body fluid (SBF) as
a corrosion medium. This choice reflects the direct contact of dental implants with bone, a physiological environment similar to that of
body implants. The potential for fluoride contamination at the implant-bone interface, particularly in cases of gum recession, poses a
significant concern. In order to be able to detect even slight variations microcapillary electrochemical polarization techniques were
used which has shown its high accuracy and sensitivity to even slight alterations in corrosion studies under tensile loading state.
Various microstructural techniques were used to identify the morphology of the corrosion defects and the microstructural features of
the specimens.

2. Experimental Procedure
2.1. L-PBF specimen preparation

Cubic specimens (30 x 10 x 30 mm) were fabricated using EOS M100 L-PBF machine equipped with a 200 W fibre laser. Cubes
were built directly on the build platform without support structures, utilizing a laser spot diameter of 50 pm. The feedstock consisted of
gas-atomized, surgical-grade Ti-6Al-4 V powder with a particle size range of 15-45 pm. An inert, high-purity argon atmosphere was
maintained within the build chamber to minimize oxygen contamination. A layer thickness of 0.05 mm was chosen to balance pro-
ductivity with desired material properties. To achieve the highest possible density in the fabricated specimens, the LPBF process
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parameters employed in this study adhered to the standard recommendations provided by the equipment manufacturer. These pa-
rameters are not disclosed here due to their proprietary nature. Furthermore, conventionally produced identical material was also used
for comparative study in this investigation.

Following fabrication, the specimens were sectioned using electro discharge machining (EDM) to a thickness of 0.8 mm, oriented
perpendicular to the build direction. To minimize the influence of surface roughness and the EDM process itself, careful grinding and
polishing with different grit sizes of 1200, and up to 1 um colloidal silica suspension were employed in order to study the effect of
surface roughness on corrosion performance of the materials. To minimize variations in surface roughness, each specimen was pre-
pared using a new grinding paper under identical grinding conditions. Subsequently, the samples were ultrasonically cleaned in 70 %
ethanol for 5 min, followed by rinsing with pure ethanol. Finally, the samples were left undisturbed under ambient conditions for 48 h
to allow for native oxide layer formation and the stabilization of any surface modifications introduced during metallographic prep-
aration. Due to the small test area required by the microcapillary technique, all experiments were conducted on the same specimen,
effectively controlling for any potential alterations in surface roughness.

2.2. Micro and submicron structural analysis

A comprehensive analysis was conducted to characterize the microstructure of the specimens before and after electrochemical
polarization experiments. Pore morphology was investigated using an optical microscope at magnifications of 5x, 10x, and 20x. A total
of 30 images were captured across all magnification levels for each sample condition (as-built and post-polarization). For as-built
specimens, Kroll’s etchant solution was employed to reveal the microstructure. Following the electrochemical polarization experi-
ments, the samples were subjected to a thorough cleaning protocol to remove any residual electrolyte or corrosion products. This
involved a 15-minute ultrasonic cleaning step in 70 % ethanol, followed by a final rinse with pure ethanol. A high-resolution field
emission SEM (FE-SEM) FEI QUANTA 250 equipped with an energy-dispersive X-ray spectroscopy (EDS) detector was utilized for
further characterization of the as-built microstructure.

2.3. Electrochemical polarization assessment utilizing microcapillary technique

The primary objective of the current study was to compare the corrosion and electrochemical performance of L-PBF processed
materials with those produced by conventional methods. To ensure the validity of this comparison, the environmental conditions
across all experiments were carefully controlled to remain as consistent as possible. This methodological approach was intended to
highlight the inherent differences between the materials, minimizing the influence of environmental and topographical factors. To
enhance the reliability of the reported results, each experiment was conducted minimum three times, resulting in a standard deviation
of 2 %. This statistical analysis confirms the consistency and reproducibility of the experimental data.

It is important to note that the bioactivity of the materials under investigation was beyond the scope of this study. Typically,
experiments conducted at 37 °C aim to evaluate a material’s bioactivity, which involves its ability to bond with living bone. In such
cases, immersion in SBF can lead to the formation of a bone-like apatite layer on the surface of bioactive materials, indicating their
potential for successful osseointegration (the process by which an implant integrates with bone tissue). While the assessment of
bioactivity, including the kinetics of osseointegration and the comparison between L-PBF materials and their conventional counter-
parts, is indeed an important and valuable area of research, it constitutes a separate topic that merits further investigation.

2.3.1. Electrochemical polarization experiments in as built state

A microcapillary electrochemical cell with a tip diameter of 500 pm (corresponding to a surface area of 0.19625 mm?) was
employed to enhance the sensitivity towards subtle surface alterations during corrosion testing. This high-resolution technique fa-
cilitates the targeted analysis of specific areas on the sample surface. A conventional three-electrode configuration was utilized,
comprising a saturated calomel electrode (SCE) as the reference, a platinum wire counter electrode (0.3 mm diameter), and the sample
itself as the working electrode. The schematic of the microcapillary setup is presented in Fig. 1.

The tip of the microcapillary was sealed with silicon to ensure the elimination of crevice corrosion in the interface of the capillary
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Fig. 1. Schematic of the microcapillary electrochemical cell.
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tip with the surface. A Gamry 1001 interface potentiostat was used for all experiments, with data acquisition and analysis facilitated by
the manufacturer’s dedicated software. Specimens (with a dimension of 30 x 10 x 0.8 mm) were pre-treated by immersion in a SBF
solution with a composition shown in Table 1 for 30 min before performing polarization measurements. It’s important to note that
electrochemical impedance spectroscopy (EIS) was performed on a separate, masked area (diameter of 5 mm) using a standard setup,
independent of the microcapillary cell. For EIS experiments a frequency range between 1 mHz and 100 kHz was used by performing the
experiment at OCP value obtained prior to experiment with an AC amplitude of 10 mV.

To investigate the behaviour of the passive oxide layer, various direct current polarization techniques were employed, including
potentiodynamic, galvanostatic, and potentiostatic methods. Potentiodynamic polarization scans were conducted in the range of —0.5
to 1.5 V with respect to OCP value with a scan rate of 2 mV.s*. To mitigate the accumulation of aggressive ions and corrosion products
near the microcapillary test area, higher scan rates were employed for the potentiodynamic polarization measurements, exceeding
those commonly used. The smaller surface area in contact with the solution, coupled with the stationary and closed-loop nature of the
microcapillary method, makes these tests particularly susceptible to alterations in normal conditions due to prolonged anodic po-
larization. Additionally, to avoid the electrochemical effects of water electrolysis (which can occur at potentials exceeding 1.2 V in
aqueous solutions) the potential range in this comparative study was restricted to 1.5 V relative to the OCP value. Conversely,
potentiostatic polarization involved maintaining a constant potential set at the breakdown potential identified from the prior
potentiodynamic measurements. Galvanostatic polarization was carried out at a constant current density corresponding to the
transpassive region identified in the potentiodynamic data.

2.3.2. Electrochemical polarization under tensile loading state

Microcapillary electrochemical polarization experiments were utilized to simulate the combined effect of tensile strain and a
fluoride-contaminated environment, replicating the conditions experienced by dental implants in the oral cavity. Specimens were
subjected to tensile strain while immersed in a SBF solution with 2.5 % sodium fluoride (NaF) to mimic the presence of fluoride ions in
the oral environment. This level surpasses the maximum concentration allowed in commercial toothpaste (1500 ppm) and is com-
parable to the high fluoride content found in professional dental varnishes. Given the potential for localized fluoride accumulation,
particularly in areas where dental varnishes are applied, this concentration was chosen to assess the worst-case scenario. The resulting
fluoride-enriched SBF exhibited a pH of 4.2, indicating its acidic nature. This acidic environment can enhance the corrosive potential of
fluoride on titanium alloys.

It is well documented that titanium alloys exhibit heightened susceptibility to localized corrosion attacks in fluoride-rich envi-
ronments [29-34]. To isolate the influence of microstructural features on the observed behaviour, experiments were conducted
exclusively on carefully polished surfaces using a 1 pm silica suspension. This approach minimizes the impact of surface finish vari-
ations and ensures a consistent surface morphology across all specimens. The applied strain level corresponded to a maximum 0.2 % of
the material’s yield stress (0.2 % proof stress). A high-precision strain gauge system DT9829 (Measurement Computing Corporation,
USA), configured in a half Wheatstone bridge arrangement, was employed for accurate strain measurement during tensile loading.

Additionally, to assess the influence of constant current and potential on the oxide layer, two separate sets of electrochemical
measurements were conducted. To further evaluate the resistance of the passive layer formed on the samples in the aggressive
environment, microcapillary galvanostatic polarization tests were employed. A constant current density of 100nA.mm ™2 was applied
across all experiments to ensure a focused assessment within the passivation regime. Additionally, tensile straining was implemented
at various levels, ranging from no strain up to the 0.2 % proof strain. This approach aimed to elucidate the material’s behaviour under
diverse loading states while remaining below the yield limit.

3. Results and discussion
3.1. Micro and submicron structural analysis

Microstructural analysis as shown in Fig. 2 reveals distinct microstructural features between conventionally produced and L-PBF-
processed Ti6Al4V samples. The conventional alloy displayed a typical biphasic microstructure consisting of equiaxed a-phase grains
dispersed within a p-phase matrix. The -phase, stabilized by vanadium, remains present at room temperature due to its higher stability
at elevated temperatures [35]. In contrast, L-PBF samples exhibited a microstructure dominated by the presence of a metastable o’
(martensitic) phase. This transformation arises from the rapid solidification rates associated with the L-PBF process [12,36]. The high

Table 1
Composition of simulated body fluid used in the
current investigation.

NaCl 6.8 g/L
CaCl, 0.2 g/L
KCl 0.4 g/L
MGSO, 0.1 g/L
NaHCO3 2.2 g/L
Na,HPO, 0.126 g/L
NaHPO, 0.026 g/L
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Fig. 2. Optical microstructural analysis at various magnifications for (a), (b), and (c) L-PBF processed alloy Ti6Al4V, and (d), (e), and (f) con-
ventional counterpart. BD is corresponding to build direction of L-PBF specimens.

thermal gradients created by the laser beam result in a rapid quenching, leading to the formation of o’ phase instead of the equilibrium
a-phase observed in the conventional material. These o’ phase grains appear as thin, needle-like structures grouped into distinct islands
within the microstructure (Fig. 2b, and c).

The size of these o’ phase needles is generally significantly smaller than the a-phase grains observed in the conventional alloy.

T

(d) f o
i«’, )"J "

Fig. 3. SEM analysis of (a), and (b) L-PBF processed alloy Ti6Al4V, and (c), and (d) conventional counterpart. BD is corresponding to build direction
of L-PBF specimens.
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Furthermore, the o’ phase exhibits a localized texture, with similar grain orientation within each island but differing orientations
across different islands. This localized texture reflects the heat flow patterns during laser melting, with subsequent laser passes
potentially influencing the orientation of newly formed o’ phase grains [37]. The L-PBF image (Fig. 2a) visually demonstrates the
influence of the laser path. The sequential arrangement of o’ phase islands aligns with the laser scanning direction, while the remaining
B-phase preferentially accumulates at the island boundaries. SEM analysis as shown in Fig. 3 further corroborates the presence of the o’
(martensitic) phase in L-PBF samples. The laser beam creates a localized thermal gradient, influencing the solidification process and
the subsequent crystallographic orientation of the o’ phase. As subsequent laser passes melt adjacent areas, the resulting o’ phase
needles may have a different orientation due to the slightly altered thermal profile [37].

3.2. Microcapillary electrochemical polarization

3.2.1. Open circuit potential

Open circuit potential (OCP) measurements were conducted on all samples to assess their initial corrosion behaviour in SBF so-
lution. OCP is a fundamental parameter that reflects the tendency of a material to undergo electrochemical reactions at the electrode/
electrolyte interface. After a one-hour stabilization period (shown in Fig. 4), all OCP curves reaches a steady state, indicating the
establishment of a stable electrochemical equilibrium. Notably, all samples exhibited negative OCP values, confirming their suscep-
tibility to corrosion in the SBF environment. Materials with more positive OCP values are generally considered more corrosion resistant
as their atoms are less prone to oxidation and dissolution [38].

Interestingly, the OCP measurements revealed a key difference between the L-PBF and conventional samples. For both surface
roughness levels (1 pm and 1200 Grit), the L-PBF samples consistently exhibit higher OCP values compared to their conventional
counterparts (Fig. 4). This observation suggests a more noble behaviour of the L-PBF material, implying a lower dissolution rate in the
SBF solution. This difference can be attributed to several factors. The presence of the o’ phase in L-PBF samples might influence the
formation and stability of the passive oxide layer on the surface, potentially leading to enhanced corrosion resistance compared to the
B-phase dominant microstructure of conventional samples. Furthermore, the grain size in L-PBF specimens is significantly smaller
compared to conventional counterpart leading to shorter diffusion path for the formation of a protective native oxide layer on the
surface [39].

The final OCP values for polished samples (1 pm) of both L-PBF and conventional samples were found to be relatively close, with a
difference of approximately 20 mV. This suggests a comparable corrosion behaviour for the polished surfaces of both materials.
However, the OCP profiles provide further insights. Notably, the OCP curve for the L-PBF sample exhibited a smoother trend and
reached stability more rapidly compared to the conventional sample. The average rate of change of the OCP curve over time was lower
for the L-PBF sample (0.0579 mV/s) compared to the conventional sample (0.168 mV/s). These observations suggest that the passive
oxide layer on the L-PBF surface forms more rapidly and with greater uniformity.

On the other hand, the OCP measurements for the 1200 Grit samples revealed a significant difference in their final OCP values. The
L-PBF sample continued to exhibit a higher OCP compared to the conventional sample, further emphasizing the superior performance
of the L-PBF surface passive layer under these conditions. This disparity highlights the importance of surface roughness in corrosion
studies. Increased surface roughness leads to a larger exposed interfacial area, which can accelerate the corrosion process [40].

The formation of a passive layer on the surface of materials exposed to corrosive environments is a complex process driven by redox
reactions [41]. Initially, oxidation reactions predominate, leading to the formation and densification of the passive layer. As the system
evolves, an equilibrium between oxidation and reduction reactions is established (mixed potential theory) [42]. This equilibrium is
highly dependent on the material’s microstructure and the specific conditions of the corrosive environment. In materials that exhibit
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Fig. 4. OCP measurement of (a) for the polished specimens up to 1 pm silica suspension, and (b) for the 1200-grit size grinding.
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multiple phases, localized galvanic coupling can occur, enhancing redox activity and potentially delaying the establishment of
equilibrium [43]. This phenomenon can manifest as a more pronounced increase OCP over time, reflecting a scenario where the rate of
oxidation (contributing to passive layer development) exceeds the rate of reduction at these localized sites.

3.2.2. Electrochemical impedance spectroscopy

The EIS analysis was employed to gain further insights into the corrosion behaviour of the samples at the electrode/electrolyte
interface. The analysis revealed distinct differences in the response of 1 pm polished and 1200 Grit samples as shown in Fig. 5,
highlighting the interplay between surface finish and microstructure. The EIS results, particularly the observed phase shifts and time
constants in the Bode plots, suggest variations in the electrical properties of the electrode/electrolyte interface for each sample. L-PBF
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specimens in general revealed higher resistance toward faradaic reactions for both 1 pm and 1200-Grit cases indicating significantly
better performance of the passive layer toward the anodic reactions.

Furthermore, rougher surfaces (1200 Grit) possess a larger exposed area compared to polished surfaces (1 pm). This increased area
significantly impacts the overall impedance response measured by EIS. Additionally, rough surfaces often exhibit greater heteroge-
neity, with variations in surface features like peaks and valleys. These variations can influence the distribution of the passive oxide
layer and the underlying substrate, further affecting the overall impedance behaviour.

The observed differences between 1 pm polished L-PBF and conventional samples (Fig. 5a and c) suggest a potential influence of
microstructure on the corrosion behaviour. The L-PBF samples exhibited a larger response in the Nyquist plots, indicating a potentially
higher impedance to the faradaic reactions associated with corrosion. This suggests a more effective barrier to electron transfer
processes at the metal/oxide interface in the L-PBF material. The underlying reasons for this enhanced performance might be related to
the specific microstructure of L-PBF Ti6Al4V. The presence of the o’ phase in L-PBF samples could influence the formation and
composition of the passive oxide layer, potentially leading to improved barrier properties compared to the p-phase dominant
microstructure of conventional samples.

The results from the 1200 Grit samples were less conclusive. This potentially indicates that for this surface roughness, the influence
of surface finish might supress the microstructural differences between L-PBF and conventional samples. The increased surface area
associated with the rougher finish can significantly complicate the interpretation of EIS data, making it challenging to isolate the
specific contribution of the underlying microstructure. The results suggest that the L-PBF material exhibits a potentially superior
corrosion resistance compared to the conventional material, particularly for smoother surfaces.

3.2.3. Potentiodynamic polarization

From the outcome of potentiodynamic polarization analysis shown in Fig. 6, for the 1 pm polished samples, the curves exhibited a
smooth and continuous rise in current density from —0.6 V to 1.2 V, indicating a well-defined transition from the corrosion potential to
the transpassive region. In contrast, the L-PBF polished up to 1200 grit sample displayed a distinct characteristic. Its curve exhibited
numerous breakdown points followed by repassivation events at potentials exceeding 0.7 V. These sudden increases in current density
suggest localized breakdown of the passive oxide layer on the rougher surface, followed by its reformation upon reaching a higher
potential. The conventional polished sample up to 1200 grit also displayed irregularities, particularly at the boundaries between the
anodic and cathodic branches of the curve. These irregularities might be attributed to a combination of factors related to the higher
surface roughness. The rough surface likely possesses areas with varying degrees of passivity, leading to inconsistencies in the current
response during the polarization scan. The deeper grooves and crevices on the rough surface can act as initiation sites for localized
pitting corrosion [40]. The breakdown of the passive layer in these specific areas could contribute to the observed current spikes.

The observed differences in the polarization behaviour strongly support the notion that surface roughness plays a crucial role in
corrosion susceptibility. The increased surface area associated with a rougher finish (1200 Grit) creates a larger area susceptible to
localized corrosion phenomena. This is further supported by the corrosion current densities at a specific potential for each sample. The
higher current densities observed for the 1200 Grit samples compared to their 1 pm counterparts indicate a more pronounced corrosion
rate for the rougher surfaces. This aligns with the breakdown events observed in the L-PBF-1200Grit curve.

The corrosion potential (Ecorr) values obtained from the polarization curves further emphasize the importance of surface finish.
For the 1 pm polished samples, the Ecorr values were very similar for both L-PBF and conventional materials, suggesting minimal
differences in their initial susceptibility to corrosion at this specific surface condition. However, the Ecorr of the L-PBF-1200Grit
sample was significantly higher compared to the conventional-1200Grit sample. This observation aligns with the OCP results, where
the L-PBF material exhibited a higher tendency to resist corrosion even for the rougher surface finish. These findings highlight the
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Fig. 6. Potentiodynamic polarization (a) for 1 pm polished specimens, and (b) 1200 grit size.
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interplay between surface roughness and intrinsic corrosion resistance (related to microstructure) in determining the overall corrosion
behaviour.

The 1 pm polished samples exhibited a well-defined passivation zone in their polarization curves (Fig. 6a), characterized by a
vertical region around + 400 mV where the current density remains relatively constant. Interestingly, the current density in the
passivation zone was consistently higher for the conventional-1 pm sample compared to the L-PBF-1 pm sample. This observation
suggests that the passive layer formed on the L-PBF material exhibits superior resistance to the passage of current at a similar potential
and the L-PBF material passivates more effectively, leading to a lower corrosion rate under these conditions.

Furthermore, the results suggest that the L-PBF material exhibits superior corrosion resistance compared to the conventional
material, particularly for smoother surfaces. This enhanced performance can be attributed to both the intrinsic corrosion resistance
associated with its microstructure and the effectiveness of the passive layer formed on its surface. The values for the key parameters
obtained from potentiodynamic polarization results is summarized in Table 2.

3.2.4. Galvanostatic polarization

Galvanostatic polarization experiments were employed to further assess the corrosion resistance of the samples under a constant
current density. The applied current density was chosen based on the values reached in the passivation zone of the potentiodynamic
polarization curves. This approach allows for a focused evaluation of the material’s behaviour within the passivation regime. The
galvanostatic polarization test results for both 1 pm and 1200 Grit samples reveals a common trend as shown in Fig. 7. Regardless of the
applied current density and the specific material (L-PBF or conventional), the electrode potential tended to stabilize at a similar level
over time. This observation suggests comparable corrosion performance between the L-PBF and conventionally manufactured ma-
terials under the applied constant current conditions. This finding suggests that for a given applied current density within the passivity
range, the overall corrosion rates of L-PBF and conventional materials could be comparable, irrespective of the surface finish.

To further explore the stability of the passive layer, the GS test was repeated under a significantly higher current density of 10 pA
shown in Fig. 8. This deliberately harsh condition can potentially induce localized breakdown of the passive film. For the 1 pm polished
samples, the stabilized potentials remained similar for both L-PBF and conventional materials, even under this extreme current density.
This observation reinforces the notion of comparable corrosion resistance between the materials under these specific conditions.

However, the behaviour of the conventional samples differed significantly at both surface roughness levels when subjected to the
10 pA current density. The conventional samples exhibited frequent potential breakdowns after 500 s. Interestingly, the conventional-
1 pm sample eventually recovered from these breakdowns and stabilized at a potential value close to the final value of the corre-
sponding L-PBF sample. This suggests that while the conventional material might be more susceptible to localized breakdown of the
passive layer under extreme current conditions, it might possess some degree of self-healing or repassivation capability. Despite the
observed potential breakdowns in the conventional samples, a clear trend emerges from the galvanostatic polarization curves. Even
under the extreme current density of 10 pA, the overall trend of the potential versus time curves for both materials appears to converge
towards a common value. This suggests that both materials retain a certain level of passivity, even if the conventional material exhibits
a less stable response initially.

However, a key difference lies in the breakdown behaviour. The passive layer formed on the L-PBF material appears to exhibit a
more stable behaviour compared to the conventional material. This is particularly evident at the higher current density (Fig. 8). The L-
PBF samples reached a steady state more rapidly and maintained it for a longer duration compared to their conventional counterparts.
This observation suggests that the passive layer formed on the L-PBF material offers superior resistance to breakdown under constant
current conditions, especially when challenged by harsher environments.

3.2.5. Potentiostatic polarization

Potentiostatic polarization tests were conducted to assess the stability of the passive layer formed on the samples under a constant
applied potential. A potential of 1.5 V was chosen for all experiments to ensure operation within the passivation regime identified
through the previous potentiodynamic polarization results (Fig. 6). The potentiostatic test results revealed key differences in the
behaviour of L-PBF and conventional samples (Fig. 9), particularly at the 1 pm polished surface finish. For the L-PBF-1 pm sample, the
current density curve exhibited a relatively smooth trend and reached a steady-state value, indicating stable passivation behaviour.
This observation suggests that the L-PBF material’s passive layer effectively resists breakdown under the applied constant potential.

In contrast, the current density curves for the conventional-1 pm samples displayed regions of instability. These fluctuations are
indicative of cycles of breakdown and repassivation of the passive layer. This suggests a less stable passive layer on the conventional
material, potentially susceptible to localized breakdown under the constant potential stress. The observed instability might be
attributed to microstructural factors. The p-phase dominant microstructure of conventional samples might exhibit greater heteroge-
neity in the composition and properties of the passive layer compared to the L-PBF material. Furthermore, pre-existing defects or

Table 2

Results of potentiodynamic polarization experiments.
Sample Ecorr (mV) Lorr (nA-mm™?) Eiransition (V) Ipassive (WA.mm?)
LPBF-1 pm —212 1.6E-4 486 0.067
CONV-1 ym -199 9.6E-4 387 0.128
LPBF-1200 Grit —208 6.2E-4 593 0.135
CONV-1200 Grit -319 2.2E-4 197 0.133
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Fig. 7. Galvanostatic polarization under constat current density in the passive range for (a) 1 pm surface finish, and (b) for the specimens polished
up to 1200 grit size.
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Fig. 8. Galvanostatic polarization under constat current density of 10 pA for (a) 1 pm surface finish, and (b) for the specimens polished up to 1200
grit size.

imperfections on the conventional surface could act as initiation sites for localized breakdown of the passive layer. Interestingly, even
the L-PBF samples exhibited occasional breakdowns, although of a lesser magnitude and occurring at later times compared to the
conventional samples. However, the L-PBF material demonstrates superior stability by exhibiting fewer and less severe breakdown
events.

The results obtained with the 1200 Grit samples (Fig. 9b) were less conclusive due to the influence of surface roughness. The
increased surface area associated with the rougher finish can significantly impact the measured current density. This makes it chal-
lenging to isolate the specific contribution of the material’s intrinsic passive layer stability from the geometrical effects of surface
roughness. The lower overall current density observed for the 1200 Grit samples compared to the 1 pm samples can be attributed to the
larger surface area exposed to the electrolyte solution, leading to a more distributed current flow.

Overall, the potentiostatic polarization results reinforce the notion of a more stable passive layer formed on the L-PBF material
compared to the conventional material. This finding aligns with the observations from the galvanostatic, EIS, and potentiodynamic
polarization results and suggests that the L-PBF material exhibits superior resistance to breakdown under both constant current and
constant potential conditions.

3.2.6. Stress-assisted electrochemical polarization in fluoride containing solution utilising microcapillary technique

Electrochemical techniques have been a cornerstone of SCC studies, particularly in understanding the critical potential. For over
two decades, these methods have been instrumental in detecting SCC propagation through potential and/or current density mea-
surements [44]. However, a significant challenge in these methods lies in the large surface area exposed to the corrosive environment.
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Fig. 9. Potentiostatic polarization behaviour of L-PBF and conventional alloy for (a) specimens polished up to 1 pm, and (b) 1200 grit size.

The localized nature of passive layer breakdown and/or SCC initiation sites makes their detection difficult for subsequent micro-
structural analysis. Reducing the investigated surface area can significantly enhance the early detection of SCC initiation sites
compared to traditional methods.

The microcapillary technique, as demonstrated in various investigations, offers a promising approach for SCC initiation [24,25,45],
and early stages of passive layer breakdown studies [23,28,46,47]. Conventional methods struggle to detect early-stage corrosion due
to their reliance on large surface areas. Microcapillary technique, with its high sensitivity, can effectively identify subtle changes in the
submicron structural state of materials, enabling early detection of SCC initiation and providing deeper insights into the initial stages
of passive layer breakdown.

Microcapillary electrochemical polarization experiments were employed to investigate the combined effect of tensile strain and a
fluoride-contaminated environment, representing the conditions encountered by dental implants in the oral cavity. This approach
aimed to gain insights into the material’s response to these combined stresses.

The OCP measurements under different loading conditions as shown in Fig. 10 reveals significant differences in the behaviour of L-
PBF and conventional samples. The OCP of the conventional sample stabilized relatively quickly, suggesting a faster establishment of a
certain level of passivity in this environment. The L-PBF material exhibited widespread instability, characterized by continuous
breakdowns and repassivation events in the OCP curve. However, two distinct regions emerged where the OCP tended towards a
certain value. In the time range between 800 and 2000 s, the L-PBF sample displayed lower OCP values compared to the conventional
counterpart, indicating a less stable passive layer and potentially higher corrosion susceptibility. After 2500 s, The L-PBF OCP curve
started oscillating around potential levels comparable to the conventional sample, suggesting a possible transition towards a more
stable passive state with repeated breakdown-repassivation cycles. The presence of fluoride ions in the solution resulted in a significant
decrease (approximately 700 mV) in the OCP values compared to those observed in SBF tests. This confirms the well-established ability
of fluoride ions to exacerbate corrosion phenomena in titanium alloys [29-34].
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Fig. 10. OCP results for conventional and L-PBF specimens (a) in as-built state, and (b) under constant tensile straining.
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The application of a mechanical load during the OCP measurement yielded further insights. While the L-PBF material under load
stabilized at slightly higher OCP values compared to the unloaded case, it still exhibited a higher potential compared to the loaded
conventional sample. This suggests that under static straining condition, the L-PBF material might possess inherently better corrosion
resistance than the conventional material, even in the aggressive environment. The OCP curve of the conventional sample remained
more stable even under applied stress, with the L-PBF counterpart requiring several repassivation events before reaching a stable state.
This suggests a potentially superior ability of the conventional material to maintain a passive layer under mechanical load in this
specific environment. The OCP data suggest that the L-PBF material typically exhibits corrosion resistance comparable to the
conventionally produced alloy under static conditions. However, under stress conditions in Fluoride containing solution, the interplay
between the L-PBF’s superior mechanical properties (potentially due to its finer-grained microstructure) and its susceptibility to
breakdown-repassivation events becomes crucial. It is possible that the combined effect of stress and breakdown events might
temporarily compromise the L-PBF material’s corrosion resistance, allowing the conventional sample to exhibit a more stable OCP
response.

Furthermore, the potentiodynamic polarisation curves further elucidated the corrosion behaviour of the samples in the aggressive
environment as shown in Fig. 11. The aggressive solution resulted in significantly higher average current densities compared to the SBF
tests, indicating a more pronounced overall corrosion attack. Despite the challenging environment, both samples and under both load
conditions managed to reach a passivation zone, characterized by a vertical region in the curve. This confirms the inherent ability of
Ti6Al4V to form a protective passive layer even under aggressive conditions and applied stress. The Ecorr values were consistently
lower in the conventional samples compared to the L-PBF material, by over 200 mV for both load conditions. Additionally, Ecorr for
both materials further decreased with the application of stress. This suggests that the conventional material is inherently more sus-
ceptible to corrosion initiation in this environment, and this susceptibility is further worsened by the applied load. The transition
region between the cathodic and anodic branches displayed lower current densities for the L-PBF samples at similar potentials. This
indicates that the L-PBF material might experience less aggressive corrosion during the initial stages of film breakdown compared to
the conventional material.

The samples under stress (Fig. 11b) exhibit distinct pitting regions in the transition zone around —500 mV. This suggests that
localized acidification on the stressed surface facilitated the initiation and propagation of localized corrosion attack in both materials.
Interestingly, even the unloaded conventional sample displayed signs of localized attack, highlighting the superior resistance of the L-
PBF material under these specific conditions. Both materials reached anodic zones characterized by a vertical trend in the potentio-
dynamic curves, indicating the formation of a passive layer with similar current densities between —500 mV and 0 mV. However, some
key differences emerged within the passivation zone. The current density in this region was lower for the undeformed samples
compared to the loaded ones. This suggests that the applied stress might compromise the integrity of the passive layer, leading to a
higher rate of passive film breakdown and repassivation events, reflected by the increased current flow. The conventional samples
exhibited greater instability within the passivation zone, particularly for the stressed sample. This instability might be attributed to
ongoing damage to the surface layer caused by localized corrosion, leading to breakdown-repassivation occurrence within the passive
film. This highlights the potential vulnerability of the conventional material’s passive layer under combined stress and aggressive
environment conditions.

The overall potentiodynamic polarization analysis suggests comparable performance between the L-PBF and conventional mate-
rials in terms of achieving passivation in the aggressive environment. However, the L-PBF material exhibited superior corrosion
resistance during the initial stages of film breakdown, as indicated by lower current densities in the transition region. The L-PBF
material demonstrated a higher resistance to localized corrosion, particularly under static straining conditions, compared to the
conventional material. This might be attributed to the finer-grained microstructure and potentially more robust passive layer
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Fig. 11. Potentiodynamic polarization results for conventional and L-PBF specimens (a) in as-built state, and (b) under constant tensile straining.
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formation on the L-PBF samples. Furthermore, the application of stress impacted both materials, promoting localized acidification and
facilitating the initiation and propagation of localized corrosion attack. However, the conventional material appeared to be more
significantly affected by the combined stress and aggressive environment, exhibiting higher overall current densities and greater
instability within the passivation zone.

Furthermore, the galvanostatic polarization results obtained at various straining condition as shown in Fig. 12 reveals key insights
into the performance of the L-PBF and conventional materials under controlled current conditions. For the unstrained samples
(Fig. 12a), the potential-time curves for both materials exhibit a similar trend. However, the L-PBF curve consistently displayed a
slightly higher potential compared to the conventional curve. According to Ohm’s law [48], a higher potential at a fixed current
density indicates a greater resistance to electron flow across the material’s surface layer. This translates to a lower susceptibility to
corrosion for the L-PBF material. This observation aligns with the findings from the macro-corrosion tests, suggesting that the L-PBF
material possesses a superior passive layer for resisting corrosion in this aggressive environment.

Furthermore, the influence of applied deformation on the galvanostatic response varied depending on the deformation level. At
deformation levels of 30 %, and 100 % (Fig. 12b, and d), the potential difference between the L-PBF and conventional curves become
more pronounced. This suggests that the intrinsic differences in microstructure and passive layer properties between the materials play
a more significant role in resisting corrosion under moderate stress conditions. At 60 % deformation level, the galvanostatic curves for
the L-PBF and conventional materials exhibited minimal differences.

This observation suggests that the effect of applied stress on the passive layer might outweigh the intrinsic material differences at
this deformation level. It is possible that the combined influence of stress and the aggressive environment overwhelms the subtle
variations in passive layer properties between the materials as a consequence of internal residual stresses (which is inevitable in L-PBF
processed materials) and the redistribution of stresses after tensile straining at 60 %. Under the highest applied deformation (Fig. 12d),
the L-PBF material demonstrates a clearly better performance compared to conventional counterpart. The potential measured for the L-
PBF sample significantly surpassed that of the conventional sample. This finding highlights the superior resistance of the L-PBF ma-
terial’s passive layer to the combined effects of high stress and a corrosive environment. This implies that the L-PBF material’s

(a) 3000 (b) 4000

3500
2500 4
3000
w w
Q 2000 Q
w 1 2500
v v
> >
; 1500 S‘ 2000+
£ E
w w 1500 -
1000
1000
500
w— L PBF-0mm 500 w—_PBF-0.03mm
e CONV-0mm e CONV-0.03mm
0 T T T T T T T 0 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
T(s) T(s)
() 3000 (d) 4000
3500
2500
3000
w (TN
Q 2000 4 Q
w v 2500
v v
> >
< 1500 S 2000 -
£ E
w w 1500
1000
1000
500
| PBF-0,06mm 500 —_PBF-0.12mm
e CONV-0.06mm w— CONV-0.12mm
0 T T T T T T T 0 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
T(s) T(s)

Fig. 12. Galvanostatic polarization results under various tensile straining corresponding to (a) as-built without strain, (b) 30%, (c) 60%, and (d)
corresponding to 0.2% proof strain.
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microstructure and potentially a thicker and more compact passive layer contribute to its enhanced performance under these extreme
conditions. The superior performance of the L-PBF material’s passive layer, as demonstrated in previous sections, could be attributed to
the significantly finer grain size. This finer microstructure could facilitate enhanced ion diffusion (the reduced grain size could promote
faster diffusion of essential ions involved in passive layer formation and repair towards the material’s surface), and oxygen diffusion
which the shorter diffusion distances within the finer grains might also facilitate the inward diffusion of oxygen, a crucial element for
maintaining a robust oxide layer [49-52].

Consequently, this combined effect of enhanced diffusion processes could contribute to the formation of a more protective and
stable passive layer on the L-PBF material compared to its conventionally processed counterpart. The utilization of the microcapillary
technique offers a crucial advantage. Since the technique focuses on a small area of the material surface, the influence of surface finish
or localized defects is minimized. This allows for a more isolated evaluation of the intrinsic properties of the passive layer formed on
each material. The galvanostatic polarization test results provide strong evidence for the superior corrosion performance of the L-PBF
material, particularly under stress conditions in the aggressive environment. The L-PBF material consistently exhibited a more stable
and higher potential under constant current, indicating a more robust passive layer that effectively hinders electron flow and resists
corrosion.

3.2.7. Corrosion morphology

To elucidate the morphology of the corrosion attack on the sample surfaces after galvanostatic polarization in fluoride-containing
SBF under 0.2 % proof strain, both optical microscopy and SEM analyses were conducted. As illustrated in Fig. 13, optical microscopy
of the corroded zones formed during the microcapillary test reveals a distinct difference between the specimens. The conventionally
processed material exhibited significantly higher levels of localized corrosion on its surface, displayed as larger and more numerous
areas of attack. Conversely, the L-PBF specimen displayed only a few occasional signs of pitting corrosion, confirming the observed
differences in the galvanostatic polarization results presented earlier in Fig. 12d.

This qualitative observation aligns with the trends observed in the polarization curves. The L-PBF material’s superior performance
in the galvanostatic tests is reflected in the minimal surface damage observed under optical microscopy. In contrast, the extensive
localized attack on the conventional sample’s surface signifies its increased susceptibility to corrosion under the synergistic effect of
tensile straining and fluoride containing corrosive media.

Furthermore, SEM analysis was performed on the surfaces of conventional and L-PBF samples subjected to tensile strain corre-
sponding to 0.2 % proof strain in SBF solution with fluoride content. As shown in Fig. 14, no sign of cracks within the corroded areas of
either the SBF or the fluoride-enriched solution samples for both conventional and L-PBF materials. This suggests that neither materials
experienced significant SCC under the applied strain and in these specific environments.

Although no evidence of SCC was identified, qualitative analysis of the surface morphology revealed distinct differences between
the materials. Notably, the surfaces of the conventional samples exhibited a significantly higher degree of corrosion compared to their
L-PBF counterparts. This observation suggests superior overall corrosion resistance for the L-PBF material. Furthermore, the SEM
analysis served as a valuable tool to corroborate the differences in corrosion performance observed between the specimens, partic-
ularly those where microcapillary electrochemical polarization results had already indicated such disparities.

The SEM analysis provided further evidence for the superior performance of the L-PBF material, particularly under the maximum
applied strain corresponding to proof strain. The L-PBF material exhibited less overall surface damage compared to the conventional
material which can be attributed to several factors. The predominant presence of the martensitic phase in the L-PBF material makes it
immune to the detrimental effects of galvanic couple corrosion observed in the conventional samples due to the alpha-beta phase
combination. Additionally, the finer, needle-like grains in the L-PBF microstructure enhance its resistance to intergranular corrosion.
Furthermore, the significantly smaller grain size observed in the L-PBF specimens compared to their conventionally processed

Fig. 13. Optical micrographs of corroded microcapillary zone after galvanostatic polarization in fluoride containing sbf under tensile straining
corresponding to 0.2 % proof strain for (a) L-PBF Ti6Al4V alloy, and (b) for the conventional counterpart.
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Fig. 14. SEM analysis of the pits after microcapillary galvanostatic polarization in fluoride containing SBF solution under tensile straining corre-
sponding to 0.2 % proof strain for (a), and (b) LPBD Ti6Al4V, and (c), and (d) for conventional specimen.

counterparts is likely to contribute to enhanced diffusion, ultimately leading to a more robust passive layer. The finer grain structure
facilitates faster diffusion of ions, both inwards from the environment (oxygen) and outwards (metal ions) from the bulk material. This
includes oxygen ions, which are critical for the formation and repair of the passive layer, as well as metal ions that contribute to the
passive layer’s composition. Enhanced diffusion of these ions promotes faster and more efficient (more compact) passive layer for-
mation on the L-PBF material’s surface.

Combined, these diffusion-related benefits associated with the finer grain size in the L-PBF specimens contribute to the formation of
a more compact and robust passive layer compared to the conventional material. The susceptibility of the conventional material to
pitting corrosion, particularly under conditions of lower pH as evidenced by the SEM analysis, corresponds with the findings reported
by Yang et al. [53]. Their research highlighted the role of intergranular and galvanic corrosion involving the alpha and beta phases in
conventional Ti6Al4V, where the alpha phase exhibited lower corrosion resistance. The SEM analysis presented here provides further
visual evidence supporting this mechanism.

The primary objective of this study was to elucidate the intrinsic microstructural effects of L-PBF on corrosion performance and to
compare these findings with conventionally produced Ti6Al4V alloys. This investigation represents one of the initial steps in un-
derstanding how the microstructural characteristics of L-PBF processed materials influence corrosion behaviour, using microcapillary
electrochemical techniques with and without tensile loading. While the potential impact of build direction on corrosion performance is
a compelling area for exploration, it was beyond the scope of this study. Future research could offer deeper insights into how passive
layer performance varies with different build directions and process parameters specific to the L-PBF process.

4. Conclusion

This study thoroughly examined the corrosion behaviour of Ti6Al4V alloy produced by Laser Powder Bed Fusion (L-PBF) compared
to conventionally manufactured equivalents. The key findings can be summarized as follows:

e The microcapillary electrochemical method effectively identified minor variations in the corrosion performance of L-PBF and
conventional materials, both with and without tensile strain.

e Conventional material showed a biphasic microstructure with alpha phase grains in a beta matrix, whereas L-PBF samples had a
uniform martensitic alpha’ phase with a fine, needle-like grain structure.

o L-PBF material exhibited superior corrosion resistance due to a stable, resistant, and rapidly forming passive layer, unlike the more
susceptible passive layer on conventional samples.

e Polished samples (1200 Grit) indicated that surface roughness significantly influenced corrosion behaviour over microstructural
differences.
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e Under tensile strain, the L-PBF alloy showed markedly improved corrosion resistance over conventional material, attributed to its
finer grain size and submicron martensitic structure.

e High fluoride ion concentrations in the solution worsened corrosion compared to simulated body fluid solutions, with conventional
Ti6Al14V more prone to pitting corrosion.

e Both conventional and L-PBF samples demonstrated excellent resistance to stress corrosion cracking, with no cracks observed even
under high deformation in corrosive environments.
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