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Abstract

Additive manufacturing (AM) enables the fabrication of complex Ti—6A1-4V components for biomedical applications,
yet surfaces produced by electron beam powder bed fusion (EB-PBF) and laser-based powder bed fusion (LB-PBF) typi-
cally exhibit high roughness and surface defects that compromise corrosion performance. Conventional continuous-wave
laser polishing can reduce their roughness, but it often induces microstructural changes that degrade the properties of AM
alloys. This study demonstrates that infrared nanosecond-pulsed laser polishing provides an improved surface quality and
corrosion resistance free of microstructural modification. EB-PBF and LB-PBF Ti—6Al-4V samples were polished using
an infrared nanosecond pulsed laser and evaluated in terms of surface roughness, microstructure, and corrosion behaviour
in simulated body fluid. Laser polishing reduced surface roughness by up to 38% for EB-PBF (from Sa~40 to 25 um)
and 25% for LB-PBF (from Sa~12 to 9 um), while exhibiting a localised modification of the microstructure. Electro-
chemical testing revealed a significant increase in passive film breakdown potential (AE=1.901-2.001 V for EB-PBF and
1.800-1.900 V for LB-PBF), accompanied by a reduction in passive current density of approximately 85% for EB-PBF
and 40% for LB-PBF. EB-PBF samples displayed the highest breakdown potential after polishing (2 V). Overall, nanosec-
ond laser polishing is a promising method for improving the surface integrity and corrosion resistance of AM Ti—6A1-4V
components for biomedical applications.
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Metal additive manufacturing (AM) has transformed the
production of patient-specific implants, offering unprec-
edented geometric freedom and the ability to fabricate com-
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turing biomedical components. Both techniques selectively
melt thin layers of metal powder using a high-energy laser
or electron beam, enabling the production of near-net-shape
parts with mechanical properties comparable to convention-
ally processed Ti-6Al-4V [4].

Despite these advantages, powder-bed fusion technolo-
gies inherently produce rough, partially fused surfaces.
Non-melted or sintered powder particles, staircase features
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and melted track irregularities can significantly increase
the surface roughness and introduce micro-porosity [5-8].
For biomedical implants, these defects are critical: surface
roughness greater than a few micrometres reduces corro-
sion resistance, compromises passive-film stability, and can
promote the release of powder particles into surrounding
tissue, posing potential risks to patients [5]. Accordingly,
standards such as ASTM F3335-20 emphasise the need for
surface finishing to remove loosely adherent particles and
sharp asperities.

However, post-processing AM implants remains chal-
lenging due to their complex geometry. Conventional
mechanical or chemo-mechanical polishing often struggles
to access internal channels or intricate lattice structures and
can remove excessive material or introduce surface con-
taminants [9, 10]. Electrochemical approaches can reach
recessed regions but risk altering surface chemistry or intro-
ducing residual electrolytes. These limitations motivate the
development of highly controllable finishing methods com-
patible with complex AM geometries.

Laser polishing has emerged as a promising alternative
due to its automation, environmental friendliness, selective
processing capability, and absence of consumable abrasives
[7, 9]. By rapidly melting a thin surface layer, laser-induced
surface tension smooths asperities and consolidates the sur-
face. Several methods exist, including continuous-wave
(CW), pulsed, hybrid pulsed/CW and selective CW polish-
ing, but each influences the underlying microstructure dif-
ferently. Although CW lasers can yield extremely smooth
surfaces, the prolonged melting duration often causes
microstructural coarsening, grain growth or phase transfor-
mations that can degrade mechanical or corrosion perfor-
mance [7]. In contrast, pulsed nanosecond lasers minimise
heat-affected zone and produce much thinner re-melt lay-
ers, largely preserving the as-built microstructure because
the thermal interaction time scales directly with pulse dura-
tion [11]. For Ti-6Al-4V manufactured by AM, nanosec-
ond pulsed polishing has therefore become a compelling
approach for achieving smoother surfaces while maintain-
ing desirable a'/o+ B microstructures.

Despite extensive studies on laser polishing mechanisms
[11-13], the specific influence of nanosecond pulsed pol-
ishing on the corrosion behaviour of Ti—6A1-4V fabricated
by EB-PBF and LB-PBF remains insufficiently under-
stood. Specifically, a systematic investigation of how AM
techniques influence the corrosion response of samples
subjected to nanosecond pulsed laser polishing remains a
significant gap in the literature. Since corrosion resistance is
fundamental to the long-term biocompatibility and durabil-
ity of Ti-6A1-4V implants [6, 14—17], understanding how
laser finishing modifies passive-film stability, charge-trans-
fer kinetics, and electrochemical noise is essential.
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The present work addresses this gap by thoroughly inves-
tigating the effect of 1064 nm, 200 ns pulsed-laser polish-
ing on the microstructure, surface condition and corrosion
response of Ti-6Al-4V manufactured using EB-PBF and
LB-PBF. Corrosion behaviour was evaluated in simulated
body fluid (SBF, 310 K, pH 7.4) using a combination of
electrochemical noise analysis, potentiodynamic polarisa-
tion and electrochemical impedance spectroscopy. This
study provides new insight into the process-surface-corro-
sion relationships governing laser-polished AM titanium
alloys and contributes to the development of safer, more
reliable additively manufactured implants.

2 Experimental methodology
2.1 Sample fabrication

The samples used in this study were fabricated using two
different AM techniques: PBF-LB and PBF-EB. PBF-LB
samples were cylinders with 7 mm diameter and 10 mm
height, and PBF-EB were cylinders with 10 mm diameter
and 25 mm height. Cylinders axes were aligned with the
Z direction of the building platforms (building direction).
LB-PBF samples were fabricated using Ti-6Al-4V com-
mercial powder (EOS GmbH) with particle size between 20
and 80 pum in an EOSINT M270 (EOS GmbH) under argon
(99.999% purity—White Martins) shielding atmosphere
with oxygen control under 5 ppm. Build parameters were
laser power of 170 W (Ytterbium fibre laser at 1070 nm
wavelength from IPG Photonics), laser beam diameter of
100 pum, scanning speed of 1250 mm/s, layer thickness of
0.03 mm, and hatch spacing of 0.1 mm. After production,
samples were removed from the building platform using
electrical discharge machining. EB-PBF samples were fab-
ricated using Ti-6A1-4V commercial powder (GE additive)
with particle size between 45 and 100 um in a Q10 plus (GE
additive) under a vacuum atmosphere (under 5 x 10~* mbar)
with a continuous small He (99.999% purity—White Mar-
tins) injection. Build parameters were melting parameters,
with hatch beam current maximum of 30 mA, hatch focus
offset of 36 mA, external contour beam current maximum of
5 mA, hatch scanning speed of 4530 mm/s, external contour
scanning speed of 750 mm/s, layer thickness of 0.05 mm,
hatch spacing of 0.02 mm, plate temperature of 495 °C, and
powder bed temperature of 940 °C. After production, sam-
ples were manually removed from the building platform,
and loose sintered powder was removed using a GE additive
powder recovery system.

Different powder particle size ranges were selected for
LB-PBF and EB-PBF based on the distinct energy—matter
interaction mechanisms associated with each process. In
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LB-PBF, heat is generated through laser irradiation, where
metals exhibit relatively high reflectivity and low absorption
at the operating wavelengths [18]. As a result, finer powders
are typically used to promote efficient melting, with particle
sizes generally in the range of 15-45 um [19], depending on
the material and system. In contrast, EB-PBF generates heat
through the kinetic energy of electron—powder interactions.
Due to the charged nature of electrons, finer powders are
more prone to electrostatic effects, which may lead to pow-
der repulsion, “smoking,” and beam deflection, affecting
process stability [20]. Therefore, coarser powder particles,
typically in the range of 45-106 pm, are used to minimise
these effects [19]. Accordingly, the particle size distribu-
tions employed in this study were selected in line with the
recommended ranges for each processing technique.

2.2 Laser processing

The laser polishing was conducted on the lateral surfaces
of the cylindrical samples, which, compared to the top sur-
faces, present higher roughness and complexity [21]. The
laser processing was carried out using a laser system formed
of an infrared (1064 nm) nanosecond (200 ns) pulsed laser,
an optical system, and a galvanometer mirror scanner, which
is detailed in previous work [22]. The laser parameters were
selected to optimise the average surface roughness (S,) and
eliminate micropores for each sample type (EB-PBF and
LB-PBF) (Table 1). Although the application of the multi-
passes in the polishing processes can yield a slight increase

Table 1 Selected laser polishing parameters for EB-PBF and LB-PBF

samples

Parameter Manufacturing method
Electron beam Laser

beam

Model SPI Laser (UK) G3 20 W
nanosecond pulsed fibre laser

Pulse length (ns) 200

Maximum power of the laser (W) 22

Power employed (W) 15

Pulse frequency (kHz) 25

Pulse energy (uJ) 617

Scan speed (mm/s) 30

Atmosphere Argon 99.999% purity and 3
Bar pressure

Distance from the focal point (um) 0 400

Rayleigh length (um) 898

Laser beam diameter (um) 51 70

Energy fluence (J cm?) 58 32

Energy density (J mmfz) 10 7

Peak power density (MW cm 2) 250 150

Line overlap area (%) 98

Pulse-to-pulse overlap 42 58

Thermal diffusion length (nm) 836

Scan overlap (%) 25 50

in the reduction in S, associated with the increase in melt-
pool dimensions [23], this application can also promote the
crack formation and the material ablation, thereby inducing
material deterioration [24]. Consequently, the single-pass
methodology was adopted for the laser polishing process
to mitigate these detrimental defects. It is noteworthy that
the laser beam diameter and scan overlap employed for
laser polishing varied as a function of manufacturing tech-
nique, consistent with the observed differences in S, gener-
ated between the two process (40+4 pum for EB-PBF and
1241 um for LB-PBF).

Laser beam diameter (D,) and energy density (£,) were
calculated through Eq. (1) [25] and Eq. (2) [26], respectively.

72
Dy = doy 1+ (RQL) (1)
4F
E; = P
d w D21 )

where d,, is the focused laser beam diameter, R, is the Ray-
leigh length, Z is the distance from the focal point, £, is the
pulse energy, 7 is the pulse length.

Notably, the laser polishing was conducted in a shield-
ing atmosphere (argon supplied by BOC) using an in-house
inert chamber. The laser-polished samples were designated
as “EB-PBF +laser polishing” and “LB-PBF +laser polish-
ing” for the samples produced by electron beam and laser
additive manufacturing, respectively.

2.3 Corrosion analysis

The electrochemical trials were conducted using a potentio/
galvanostat (Interfacel010E, Gamry Instruments Inc). The
potentio/galvanostat was controlled via Gamry Framework
software and the electrochemical data were assessed using
Gamry Echem Analyst software. All electrochemical testing
was made using a three-electrode cell (Reference, counter,
and working electrode). The reference electrode was a 3M
KClsilver/silver chloride (Ag/AgCl3M KCl) of double junc-
tion (EDT direct ion Ltd). The counter-working electrode
was a platinum wire of 0.7 mm diameter (Heimerle+Meule
Group). The working electrodes were the samples. The elec-
trochemical trials were conducted in simulated body fluid
(SBF) at 310 K and 7.4 pH (Table 2 [14-16]). The tem-
perature was maintained using a hotplate (Stuart, SB162
provided by BioCote). pH was measured with a pHmeter
(Jenway 350pH Meter supplied by Scientific Laboratory
Supplies) and adjusted with 1 M HCl and 1 M NaOH. All
chemical agents were provided by Merck-Sigma-Aldrich.

@ Springer



Progress in Additive Manufacturing

Table 2 Chemical composition of SBF in g/L [14-16]
Quantity (g/L distilled water)

Chemical compound

NaCl 8.035
NaHCO, 0.355
KCl 0.225
K,HPO, 3H,0 0.231
MgCl,-H,0 0311
CaCl,"H,0 0.292
Na,SO, 0.072
(CH,OH),(CNH,) 6.118
pH 7.4

Prior to and after the corrosion testing, the samples were
cleaned using commercial detergent and fresh water, then
distilled water soaking, and finally, isopropanol spraying.
The exposed area of the samples (working electrode) was
set with a hole generator on an electrical insulation tape.
The rims of the hole were sealed with epoxy resin to avoid
crevices and leaks. The consumables and tools were pro-
vided by RS components.

The electrochemical trials were asymmetric electro-
chemical noise (AEN), potentiodynamic polarisation curve
(PPC), and electrochemical impedance spectroscopy (EIS).
AEN combined open circuit potential (OCP) with zero resis-
tance ammeter (ZRA) techniques at the same time. AENs
were conducted for 3600 s with 0.05 s of the acquisition
time, resulting in a total of 72,000 measurements. PPC test-
ing was carried out with an initial potential of — 0.3 V versus
OCP after 1 h immersion in SBF at 310 K and 7.4 pH, with
a voltage scan rate of 0.167 mV s, the inverting current
was 500 pAcm 2, and the inverting potential was 3 V versus
Ag/AgCl 3M KCIL. EIS were set at 10 mV root mean square
potential amplitude, frequency range from 107 to 10° Hz
with 10 points per frequency decade. EIS studies were con-
ducted at 1 h of immersion time in SBF to analyse the cor-
rosion mechanisms.

Noteworthy that all electrochemical testing was repeated
at least three times to confirm the veracity of the results.

2.4 Material characterisation

The pre- and post-corroded (after PPC) surface, as well as
the cross-section of the samples, were examined using a
scanning electron microscope (SEM) (TM4000 Plus Table-
top SEM series, Hitachi), working with backscattered elec-
trons (BSE), 15 kV potential acceleration, 70 pA current
tension, and 2 um spot size. The cross-section preparation
followed a metallographic process involving a polishing
process and a subsequent etching. The cross-sections were
initially polished with SiC abrasive papers of P400 grit and
P2400 grit, followed by a final mirror-to-polishing with a
50% in volume of distilled water colloidal silica gel dissolu-
tion with 40 nm of grain size. The polishing consumables

@ Springer

and equipment were provided by Struer Ltd. For etching,
the cross-sections of the samples were treated with a disso-
lution consisting of 93% distilled water, 6% HNO;, and 1%
HF by volume for 30 s. All chemical agents were supplied
by Merck-Sigma-Aldrich. The chemical composition of the
pre- and post-corroded samples was assessed using energy
dispersive spectroscopy (EDS) mapping and was identical
to that used for SEM, except for a 3 um spot size. S, of the
samples were measured with a digital optical microscope
(VHX-X1, Keyence) using 500X magnification with coax-
ial light and 1 pm pitch. Measurements were processed with
a Gaussian filter.

3 Results and discussion
3.1 Materials analysis

Figure 1 presents the surface and cross-sectional morpholo-
gies of the Ti—-6Al-4V samples produced by EB-PBF and
LB-PBF, before and after nanosecond laser polishing. The
as-built surfaces (Fig. 1a, ¢) exhibit the characteristic spher-
ical partially melted powder particles commonly reported
in powder bed fusion systems [27, 28]. Their presence
reflects both the layer-wise process and the incomplete con-
solidation of peripheral powder. Consistent with the particle
size distributions of the feedstock materials, the electron
beam surfaces contain noticeably larger adhered particles
(45-100 pm), whereas laser beam surfaces display finer
particles (20—80 pum). It should be noted that the as-built
surfaces were not subjected to any pre-treatment, including
additional polishing.

After laser polishing, these adhered spheres are fully
removed (Fig. 1b, d), confirming that the pulsed laser pro-
cess effectively melts and redistributes the superficial asper-
ities, as also observed in prior studies [7, 12, 29, 30]. Small
depressions observed on the polished surfaces correspond
to opened subsurface pores. Their formation is attributed
to melt-pool hydrodynamics: when the top layer is locally
melted, internal pore pressure drives liquid displacement
outward, causing pore exposure upon resolidification [12,
30]. This mechanism is typical when nanosecond pulses
reshape the surface via rapid local melting—solidification
cycles. Localised ablations can be as a result of the inher-
ent material removal mechanisms associated with the laser—
material interaction.

The cross-sectional images further reveal distinct micro-
structures associated with each AM process. EB-PBF
samples exhibit the expected o/a’ lamellar morphology
with retained [ between lamellae. This is consistent with
the high build-plate temperatures and lower thermal gradi-
ents characteristic of EB-PBF, which promote diffusion and
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Surface

Cross-section

Fig. 1 SEM (BSE) images showing surface and cross-sectional morphology of Ti-6A1-4V fabricated by a EB-PBF, b EB-PBF +laser polishing,

¢ LB-PBF, and d LB-PBF +laser polishing

lamellar coarsening [17]. In contrast, LB-PBF contain pre-
dominantly o martensite, formed due to the extremely high
cooling rates (>10 K/s) characteristic of laser-based pro-
cesses [31]. These observations align with the established
process—microstructure relationships for Ti-6Al-4V across
PBF methods [12, 27, 28].

Laser polishing produces different microstructural
responses depending on the initial surface condition. For
EB-PBF, a refinement of the near-surface microstructure is
observed. EB-PBF surfaces are considerably rougher, caus-
ing multiple reflections and backscattering of the incident
laser beam [22, 32]. This effectively enlarges the melt-pool
diameter, increasing the total resolidification time. Since o/f3
phase morphology strongly depends on thermal gradients
and cooling rates, the extended resolidification time results
in partial refinement of the o/a’ lamellae [23, 33, 34]. By
contrast, LB-PBF surfaces, which begin with lower rough-
ness, do not produce the same degree of beam spreading;
therefore, their polished microstructure remains largely
a'-dominated and resembles the as-built condition.

It is noteworthy that the melt depth was comparable for
both additively manufactured samples (10+1 pm), which is
attributed to the use of a nanosecond pulsed laser. In short-
pulse laser processing, the thermal diffusion length is pri-
marily governed by the pulse duration [35, 36]. Based on
the measured melt depth and the observed localised ablation
features, the laser polishing process in the present study can
be classified as surface over melting (SOM) [37, 38].

Grain orientation mapping (Fig. 2) highlights further dif-
ferences in solidification behaviour between the two AM
processes. EB-PBF samples (Fig. 2a) show large, domain-
like regions with consistent grain orientation, indicative of
low cooling rates and spatially heterogeneous thermal fields
[39]. LB-PBF samples (Fig. 2b) instead display more homo-
geneous grain distributions, consistent with rapid and direc-
tionally uniform heat extraction during laser melting [40].
Laser polishing modifies the grain orientations only locally;
while some refinement is observed, the underlying texture
remains dominant. As a result, EB-PBF +polished samples
(Fig. 2c¢) retain their more heterogeneous grain orientation
patterns, whereas LB-PBF +polished samples (Fig. 2d)
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250 Km 0001

Fig. 2 EBSD inverse pole figure (IPF-Z) maps of cross-sections for
Ti-6Al-4V manufactured by a EB-PBF, b EB-PBF +laser polishing, ¢
LB-PBF, and d LB-PBF +laser polishing. EB-PBF samples show het-
erogeneous grain orientation domains caused by lower cooling rates

maintain a stronger<0001>preferential orientation. These
trends confirm that single-pass nanosecond polishing does
not induce full recrystallisation but rather affects only the
superficial thermally cycled material.

As-built surfaces exhibit partially melted powder par-
ticles characteristic of PBF processes, with larger adhered
particles in EB-PBF due to its coarser feedstock. Laser
polishing removes these adhered particles and exposes
sub-surface pores through melt reflow. Cross-sectional
images reveal the o/a’ lamellar microstructure for EB-PBF
samples and o' martensitic structure for LB-PBF samples,
with local refinement in EB-PBF samples after polishing
due to extended resolidification times. In particular, cross-
sectional EBSD analysis reveals the presence of a remelted
surface layer with an estimated thickness of~ 10 um, within
which a localised refinement of the /o’ lamellar structure
is observed in EB-PBF samples. An increased density of
surface-connected defects and pore exposure is evident fol-
lowing laser polishing. These microstructural modifications
are expected to influence corrosion behaviour by: Promot-
ing a more homogeneous passive film formation within the
refined layer, reducing localised stress concentration sites,
and altering diffusion pathways at the surface.

EBSD cross-sections represent a highly localised 2D sec-
tion of the material and may not capture the full three-dimen-
sional pore distribution, particularly for small or subsurface
porosity typical of additively manufactured Ti—6Al-4V.
Therefore, the apparent low pore density in Fig. 2 does not
necessarily indicate the absence of internal pores.

Surface chemical analysis (Fig. 3) also shows that ele-
mental distributions remain largely unchanged after pol-
ishing, demonstrating that the process does not introduce
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and non-uniform thermal gradients, while LB-PBF samples exhibit
more homogeneous grain orientation with a preferred <0001>texture.
Laser polishing induces only superficial refinement, with the bulk
solidification texture largely preserved in both manufacturing routes

significant chemical modification. The argon shielding
atmosphere effectively minimises thermal oxidation during
pulsed laser exposure [27, 28]. The oxygen detected origi-
nates from passive TiO, film formation, which naturally
develops upon exposure to air. Localised aluminium-rich
regions are observed on both polished and unpolished sur-
faces. This observation can be attributed to the considerably
lower boiling point of aluminium (2470 K) relative to Ti
(3560 K) and V (3407 K). Under transient high-temperature
conditions during AM or polishing, selective Al evaporation
occurs; once condensed, Al can redeposit on the surface.

EB-PBF samples display substantially higher S, values
than LB-PBF samples (Fig. 4), consistent with the larger
feedstock particle size, thicker layers, and higher preheat
temperatures used in EB-PBF. Following polishing, S,
reduces markedly for both manufacturing routes. This reduc-
tion results from melt-pool reflow, remelting of adhered
powder, and sealing of small surface pores, all characteris-
tic of nanosecond pulsed laser polishing [12, 29, 30]. While
surface roughness is often linked to improved osseointegra-
tion, excessive roughness increases bacterial adhesion and
significantly reduces corrosion resistance [41]. Therefore,
achieving controlled roughness reduction through laser pol-
ishing is particularly attractive for biomedical applications,
balancing biocompatibility requirements with electrochemi-
cal stability.

As previously mentioned, the additively manufactured
samples presented high roughness values. In EB-PBF, a
larger mean particle size as well as higher layer thickness
leads to higher S, values, when compared to the LB-PBF
samples. For the polished samples, the nanosecond pulse
laser process reduced S, for both conditions (Fig. 4), as an
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Fig. 3 EDS mapping analyses of the a EB-PBF, b EB-PBF +laser polishing, ¢ LB-PBF, and d LB-PBF +laser polishing

effect of powder remelting and pores sealing [12, 29, 30].
In biomedical applications, roughness plays an important
role in cell adhesion, proliferation, and differentiation [42],
as well as in bacterial adhesion [41]. In this regard, laser
polishing can be a notorious tool for roughness modifica-
tion of biomedical parts. The laser-polished samples exhib-
ited Sa values of 2442 pm (EB-PBF +laser polishing) and
10+1 pm (LB-PBF+laser polishing), both of which lie
within the optimal range for osseointegration applications
[43].

3.2 Electrochemical analyses
3.2.1 AEN analyses

The electrochemical behaviour of the samples in SBF was
first assessed through asymmetric electrochemical noise
(AEN), which provides insight into metastable corrosion
activity without externally perturbing the system. The
potential and current density temporal evolution (Fig. 5)
shows that all samples exhibited fluctuations around rela-
tively steady baseline values. Such fluctuations are charac-
teristic of passive metals undergoing local breakdown and
rapid repassivation, and are consistent with the passive film

dynamics expected for Ti-6A1-4V in chloride-containing
physiological environments. The fluctuations arise from
metastable micropitting, where chloride ions locally pen-
etrate the passive TiO, layer, producing momentary depas-
sivation. This causes a rapid increase in current density
(Fig. 5b) and a corresponding drop in potential (Fig. 5a).
As the underlying Ti oxidises, the passive film is restored
and both potential and current stabilise again [44, 45].
Although this behaviour occurs in all samples, its magni-
tude and frequency differ according to surface condition
and manufacturing route, reflecting the microstructural and
topographical differences described in Sect. 3.1.

The quantitative corrosion parameters derived from AEN
(OCP and ZRA) (Table 3) further illustrate the influence of
AM route and laser polishing on corrosion kinetics. The
noise-derived corrosion rate (C.R. zy) [46] and the noise
resistance (R zy) [47, 48] were calculated using established
expressions. These parameters quantify the corrosion kinet-
ics of the passive film.

Ip.ars X M

CR.apn = nx Fxd

2

g
Rapy = ?]j 3)
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Fig. 4 S, of the additively manufactured Ti-6Al-4V alloy as-built and laser-polished samples
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Fig. 5 Asymmetric electrochemical noise data for Ti-6Al1-4V in SBF (310 K, pH 7.4): a OCP showing metastable passivity breakdown events; b
ZRA current showing transient pit initiation and repassivation
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Table 3 Corrosion parameters derived from AEN

Sample LiysAem™) (107) o, (Aecm™®) (107)  CR oy (umyear) LI o (mV) R ey (kQ cm?)
EB-PBF 1.771£0.005 5.102+0.004 1.575+0.005 2.88+0.02  5.590+0.002  10.956+0.007
EB-PBF +laser polishing ~ 6.023+0.007 0.196+0.003 5.357+0.007 0.03+£0.01  7.212+0.004 368.335+0.009
LB-PBF 2.728+0.003 1.677+0.008 2.426+0.006 0.61+£0.05 5.219+0.003  31.121+0.003
LB-PBF +laser polishing  9.655+0.006 3.798+0.005 8.587+0.009 0.39+0.03  9.887+0.009  26.030+0.007

Here, I ), ¢ is the current density root mean square, M is the
molar mass of the titanium (47.9 g mol '), n electron num-
ber transferred in the corrosion reaction (4), F is the Fara-
day constant (96,500 C mol "), d is the Ti-6Al-4V density
(4.4 g ecm), o, and o, were the standard deviation of the
potential and current density. I ,,5, 05 and o; were calcu-
lated utilising Egs. (4), (5), and (6), respectively.

“)
N -2
o — % 5)
—2
S ZN:OJ\(fE1E) ©6)

Here, N is the number of the measurements, /; and E; are the
values of each current density and potential measurements,
respectively, I and £ are the average values of the current
density and potential, correlatively.

All samples showed very low C.R. sy values (pm year
scale), confirming that Ti—-6A1-4V maintains excellent cor-
rosion resistance under physiological conditions. How-
ever, trends reflect clear structure—property relationships:
(i) EB-PBF samples exhibited the highest noise activity
(lower R ;y), consistent with their rough surface and par-
tially fused particles, and (ii) EB-PBF+Laser polishing
samples showed a dramatic increase in R 5, demonstrating
a more stable passive film after polishing. LB-PBF samples
showed less drastic changes, consistent with their lower
initial roughness. Thus, laser polishing enhances corrosion
stability chiefly through surface smoothening and removal
of defect sites.

Localised Corrosion Index (L.1.) derived from ZRA data
and Eq. (7) [47], provides insight into whether corrosion is
predominantly uniform or localised.

1

gr
LI =
Ir.ars

(7

Most samples exhibited L./. values between 0.4 and 0.7,
indicating a mixed corrosion mode-uniform dissolution

punctuated by metastable pitting. The exception was the
EB-PBF sample, which presented: L./.=2.88 to strongly
localised corrosion. This behaviour aligns with the mor-
phological features described earlier: high roughness, inter-
particle voids and crevice-like features enhance localised
attack [49]. Laser polishing reduced L.I. to nearly zero, con-
firming that surface modification directly mitigates rough-
ness-driven localised corrosion. These findings provide a
systematic identification of the corrosion mechanisms and
properties of laser non-polished and polished additively
manufactured Ti6Al4V (EB-PBF and LB-PBF) under non-
perturbative conditions.

When combined with the microstructural and topograph-
ical observations from Sect. 3.1, the AEN results clearly
demonstrate the governing role of surface condition and
melt-pool-driven microstructural features on the corro-
sion behaviour of AM Ti—6Al-4V. EB-PBF samples, char-
acterised by larger powder particles, a coarse o/a’ lamellar
microstructure, and significantly higher roughness, showed
the most pronounced corrosion activity and the highest ten-
dency towards localised attack. The abundance of partially
fused particles and open pore features provides favourable
sites for chloride-induced passive film rupture, explaining
the elevated fluctuation amplitudes of the signals and the
high L. value observed. Application of nanosecond pulsed
laser polishing markedly stabilised the corrosion response,
primarily through the removal of loosely bonded particles,
reduction of asperities, and modification or sealing of sur-
face-connected porosity. For the electron beam, the rougher
initial surface also promoted greater beam scattering and
larger effective melt-pool dimensions, leading to slower
cooling and refining of the near-surface microstructure, fur-
ther contributing to improved passivity.

In contrast, LB-PBF samples, which naturally exhibit
smoother surfaces and finer o’ martensitic structures due to
higher cooling rates during fabrication, displayed intrinsi-
cally better passive film stability. Nevertheless, laser pol-
ishing still produced modest improvements in AEN-derived
parameters, indicating subtle enhancements in passive film
uniformity and reduction of metastable breakdown events.
Collectively, the electrochemical and microstructural evi-
dence confirms that early-stage corrosion behaviour in sim-
ulated body fluid is dominated by the surface state, and that
nanosecond pulsed laser polishing provides an effective and
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non-contact route to enhance the electrochemical stability
of both EB-PBF and LB-PBF Ti—6Al-4V.

3.2.2 Potentiodynamic polarisation curve assessments

The potentiodynamic polarisation curves for all samples are
shown in Fig. 6. The cathodic branches were similar across
all conditions, displaying the characteristic sloped behav-
iour associated with activation-controlled oxygen reduction
in SBF, consistent with previous studies on Ti—6Al-4V in
chloride-containing environments [16, 50]. In the anodic
branches, all samples exhibited a nearly constant current
density with an increase in potential until a certain volt-
age, according to the type of sample. This behaviour is
indicative of the passive film presence, which is typical in
titanium alloys. The voltage region of the passive film fur-
ther displayed fluctuations in current density as the poten-
tial increased. These oscillations correspond to metastable
micropitting events, where chloride ions locally disrupt the
passive TiO,-based film, followed by rapid repassivation, as
previously described in Sect. 3.2.1 [16, 45, 51]. At higher
potentials, all curves showed a sharp rise in current den-
sity, marking the passive film breakdown potential (£,,), a
key indicator of the thermodynamic stability of the passive
layer [17, 50]. Importantly, the return scan for each condi-
tion rejoined the forward curve at potentials substantially
above corrosion potential (E,,,.), confirming that all sam-
ples retained the ability to spontaneously repassivate, even
after passive-film breakdown, an essential property for bio-
medical implant alloys.

The potentiodynamic response revealed distinct differ-
ences between the anodic behaviour of polished and unpol-
ished samples. For both EB-PBF and LB-PBF conditions,
the unpolished surfaces exhibited a gradually rising anodic
branch from E,,,, to E,,. This inclined profile reflects con-
tinuous passive-film evolution with increasing potential,
driven by the presence of surface asperities, partially fused
particles, and micro-crevices that promote localised chemi-
cal activation and passive-film transformation. In contrast,
the laser-polished samples showed an almost vertical anodic
branch, indicating a far more stable passive film across the
same potential range [52]. This stability is attributed to the
removal of adhered particles, the reduction or sealing of
micro-crevices, and the overall smoothing of the near-sur-
face microstructure. Additionally, the crystallographic tex-
ture plays a critical role: laser beam samples, which exhibit
a higher fraction of (0001) orientations, form passive films
with intrinsically lower electron-transfer rates and therefore
enhanced stability [53]. Collectively, these effects show that
laser polishing not only modifies surface topography but
also strengthens the thermodynamic robustness of the pas-
sive film.

Quantitative PPC parameters for all conditions are
summarised in Table 4. Although E, . values broadly fol-
lowed the same trends observed in the AEN analysis, the
passive film breakdown potential (£,,) provides a more
reliable indicator of thermodynamic stability for passive
alloys such as Ti—-6Al-4V [50]. Across both manufactur-
ing routes, laser polishing produced a clear increase in £,
demonstrating an improved ability of the surface oxide to
withstand higher anodic potentials before breakdown. The
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Table 4 Thermodynamic and kinetic characteristics of the samples in SBF at 310 K and 7.4 pH obtained using PPC

Sample Eorr (V) Eyp (V) Teorr Be Pa Lnass CR. s
(A cm™?) (Acm™?) (um
year 1)
EB-PBF —0.2394£0.002 1.661+0.004 1.451 107+0.005 107 0.049+0.002 0.066+0.005 8.090 10°+0.005 10° 72+1
EB-PBF+laser  —0.173+0.005 2.001£0.005 3.280 10°+0.003 10° 0.072+0.005 0.075+£0.006 1.198 10°+0.003 10° 11+1
polishing
LB-PBF —0.23840.008 1.800+0.005 1.966 108+0.006 10 0.015+£0.001 0.016+0.001 2.830 10°+0.008 10°® 25+2
LB-PBF+laser  —0.332+0.009 1.900+0.003 1.512107°+0.007 10° 0.020+0.002 0.031+0.002 1.690 10°+0.007 10°® 15+1
polishing

EB-PBF +polishing samples exhibited the most pronounced
improvement in £,,. This enhancement can be attributed to
several synergistic effects: (i) reduction of micropores and
crevices that would otherwise produce locally thin passive
films [54, 55], (ii) refinement of the near-surface micro-
structure caused by extended melt-pool solidification during
polishing [53], as discussed in Sect. 3.1, and (iii) homogeni-
sation of grain orientations, which promotes the formation
of passive film with more uniform thickness and composi-
tion [53]. Conversely, the smaller improvement observed for
LB-PBF +polishing aligns with their inherently smoother
as-built surfaces and limited microstructural modification
during polishing. Consequently, the thermodynamic benefit
of laser processing is largest where the surface initial condi-
tion is most heterogeneous [6, 55].

For passive alloys, the passive current density (/).
rather than the corrosion current density (Z,,,,), more accu-
rately reflects corrosion kinetics, as it represents the steady-
state current associated with passive-film dissolution and

repair [50]. The passive corrosion rate (C.R. ,,,) was calcu-
lated using Eq. (8) [46]:

Tpass x M
Cllpnse = 3 Fxd ®

where M is the molar mass of Ti (47.9 g mol™"), n=4 is
the number of electrons exchanged, F is Faraday’s constant
(96,500 C mol ™), and d is the density of Ti-6A1-4V (4.4 g
cm ).

The kinetic trends further highlight the influence of man-
ufacturing route and surface condition: EB-PBF samples
exhibited the highest C.R. ., consistent with their rougher
surfaces, lamellar o/o’ microstructures, and less favourable
crystallographic texture. LB-PBF samples showed inher-
ently lower C.R. ,,, which s attributed to smoother surfaces,
finer microstructures, and the prevalence of (0001)-oriented
grains known to impede electron transfer across the passive
film—metal interface [56, 57]. Laser polishing significantly
decreased C.R.,, for both EB-PBF and LB-PBF samples.
This improvement stems from: (i) the reduction or elimi-
nation of crevices and pores that locally accelerate corro-
sion, (i) the decrease in true surface area exposed to the

electrolyte due to lower roughness, and (iii) a more uniform
passive film resulting from microstructural smoothing.
Notably, the EB-PBF +polishing sample showed the largest
decrease in C.R.,,, mirroring the substantial surface and
microstructural changes induced by the polishing process
(Sect. 3.1). This confirms that the benefit of nanosecond
laser polishing is greatest for samples with initially high
levels of surface heterogeneity. Notably, the C.R. ,,, trend
was inconsistent with the C.R. ;5 behaviour (Sect. 3.2.1),
reflecting inherent electrochemical differences between the
two techniques. These discrepancies can be attributed to
the AEN technique predominantly capturing features asso-
ciated with cathodic reactions, whereas PPC enables the
assessment of both anodic and cathodic processes [58, 59].
These findings provides the first systematic investigation
of the effect of laser polishing on the thermodynamic and
kinetic corrosion resistance of components manufactured by
EB-PBF and LB-PBF.

3.2.3 Electrochemical impedance spectroscopy evaluation

The corrosion behaviour of the samples was further
assessed using Electrochemical Impedance Spectroscopy
(EIS), presented as Nyquist and Bode plots in Fig. 7. All
samples showed broadly similar electrochemical responses,
characterised by an equivalent circuit containing four distin-
guishable time constants, indicating comparable corrosion
mechanisms across manufacturing and polishing conditions.

At high frequency (10*-10° Hz), the impedance modu-
lus exhibited a plateau, indicating a pure resistive response
associated with the solution or electrolyte resistance (Ry)
[60, 61]. As expected, R, was similar for all samples (=7-9
Q cm?), since this parameter depends primarily on solution
conductivity rather than surface condition [15, 51].

The second time constant was identified from the
depressed semicircle in the Nyquist plot and from a peak
in both modulus and phase angle in the medium-frequency
region (10>-10° Hz). This feature was modelled as a con-
stant phase element (CPE) in parallel with a resistance and
represents the electrochemical response of the passive oxide
film (CPEg,, and Ry,,) [33, 52, 62]. The CPE describes the
non-ideal capacitive behaviour associated with interfacial
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Fig. 7 Equivalent circuit, Bode and Nyquist plots of the samples at 1 h of immersion in SBF at 310 K and 7.4 pH

charge alignment on the oxide surface, while Ry, reflects
charge transfer resistance across the passive layer [61, 63—
66]. These elements were connected in series with R.

A third time constant appeared at lower frequencies
(107'-10" Hz) as a change in slope and angle phase peak
flattening in the Bode plots. This was represented by a sec-
ond CPE-R pair assigned to the exposed metallic substrate
beneath the passive film (CPE, .4 and Ry,..4) [55, 62]. This
contribution reflects metal oxidation and pit initiation sites.

At low frequencies, both the Bode and Nyquist plots
exhibited a linear tail, consistent with Warburg impedance
(W), indicating that mass transport and diffusion processes
play a role in corrosion behaviour [61, 65, 67, 68]. This ele-
ment was placed in series with Ry ,,.4. The diffusion process
is attributed to both (i) surface roughness, which restricts
electrolyte penetration, and (ii) defects in the passive film,
such as pores or microcracks [15-17, 62, 63].

@ Springer

The final equivalent circuit (Fig. 7) is consistent with cor-
rosion mechanisms reported for passive titanium alloys in
simulated body fluids [61].

Table 5 summarises the fitted circuit parameters. The
low %* values (=10 demonstrate excellent agreement
between the model and experimental data [51, 66, 69, 70].
The passive film capacitance (CPEg,,,) was similar across
all samples, suggesting oxide films of comparable thick-
ness, consistent with the proportional relationship between
capacitance and film thickness [15, 16, 51, 60]. The CPE
exponents (ng,,, and n,,,.4) ranged between 0.73 and 0.96,
confirming non-ideal capacitive behaviour associated with
surface roughness and oxide defects [71, 72].

Differences in Warburg impedance between polished
and unpolished samples indicated variation in mass-trans-
port processes. Notably, EB-PBF +laser polishing samples
exhibited a shorter diffusion time, suggesting a reduced dif-
fusion pathway length [68]. This improvement is attributed
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Table 5 Equivalent circuit characteristics of the samples in the immersion of SBF at 310 K and 7.4 pH

(107

RTota] (Q sz) X2

(10°)

(SSO.S Cm‘Z)
(107

Y

t(S”Z)

em™?) (107

Ngim Rbarc (Q sz) CpEbarc (S s" Dypare
(10°)

(Ss"cm?)

(107

Rﬁ]m (Q CPEﬁ]m

cm?)

R, (Q cm?)

Sample

1.708+0.006 3.22+0.06

4.630+0.007

1.980 102+9 107

1.060£0.004 0.96+0.05 3.869 104+9 1077

1.685+0.005 3.090+0.004 0.84+0.06
0.83+£0.06 2.419+0.007

0.86+0.05

3.600+0.009
7.480+0.006
2.070+0.005

169+5

7.482+0.009

EB-PBF

0.619+0.006 2.581+0.009 3.65+0.05

3.920+0.003

EB-PBF +laser polishing  9.361+£0.008 24+6

1.975+£0.008 5.89+0.08

0.83+£0.03 1.948+0.006 0.530£0.004 0.73+£0.06 1.120 102+7 107
1.532+0.008 7.010£0.009 0.86+0.05 oo

0.88+0.02

1107

8.924+0.007

LB-PBF

1.650+0.009 2.138+0.005 7.28+0.09

9.822+0.006 8+4 3.680+0.007

LB-PBF +laser polishing

to the reduction of pores and microcracks by the laser
process, which mitigates both geometric confinement of
electrolyte transport and chloride-assisted passive film
breakdown. For LB-PBF +laser polishing samples, an infi-
nite diffusion time was used to obtain optimal fitting, which
can reflect a more homogeneous surface and reduced mass
transport limitations. Overall, diffusion characteristics were
similar between manufacturing routes, with laser polishing
producing the most visible improvements.

The total resistance of the samples (R;,,,) was deter-
mined as the summation of the individual EIS resistances
(Ritm> Rpared» and 1/W), as detailed in Eq. (9) [66, 68].

RTotal = Rfilm + Rbared + W_l (9)

Ry of the samples were consistent with their C.R.
(Sect. 3.2.2), as this parameter is directly associated with
the passive film corrosion rate [66, 68].

It is noteworthy that these findigns delivers the first
systematic characterisation of the corrosion mechanism of
laser-polished EB-PBF and LB-PBF materials in the SBF
environment.

4 Surface analysis after corrosion (PPC) test

Post-corrosion surface analyses revealed clear evidence of
localised degradation mechanisms for all conditions, char-
acterised by porous, cracked, and roughened regions associ-
ated with corrosion pits (Fig. 8). These features arise from
the interaction between titanium oxides and aqueous ions,
leading to a sequence of hydration reactions that transform
amorphous TiO, into hydroxylated species [14, 66]:

TiOy + 2H50 « Ti(OH), " + OH~

TiO3 + 2H50 < TiO2(OH)™ + H307

The formation of H30" and O H ~ modifies local chemistry
within pits, generating acid—base gradients that destabilise
the oxide layer. Proton accumulation promotes hydrogen
absorption and embrittlement of the Ti-6Al-4V alloy, con-
tributing to brittle cracking [14, 66], whereas the formation
of titanium hydroxides results in a porous, less protective
surface morphology [66]. The presence of microcracks fur-
ther accelerates electrolyte ingress, facilitating continued
localised attack.

A second degradation pathway involves dissolution and
re-precipitation of passive film species. Aggressive anions,
predominantly chloride ions from SBF-react with titanium
oxides to form soluble intermediates [14, 55, 73]. Due to
their small ionic radius, chloride ions can diffuse through
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Fig. 8 SEM images with BSE of
the a EB-PBF, b EB-PBF +laser
polishing, ¢ LB-PBF, and d LB-
PBF +laser polishing corroded
(after PPC) surface in SBF at
308 K and 7.4 pH

the passive layer, where they induce internal dissolution,
pit nucleation, and porosity formation [55]. These mecha-
nisms are consistent with the metastable pitting behaviour
and current transients observed in AEN and PPC analyses
(Sects. 3.2.1 and 3.2.2).

Notably, the morphology of corroded regions varied sig-
nificantly between polished and unpolished samples. Laser-
polished surfaces (Fig. 8b, d) exhibited fewer pores and
cracks, and pits were more isolated and shallow compared
to those on unpolished surfaces (Fig. 8a, ¢). This improve-
ment reflects a more compact and defect-free passive film,

@ Springer

formed on surfaces where laser polishing had removed pow-
der agglomerates, reduced surface roughness, and altered
near-surface microstructure. These modifications reduce the
number of oxide vacancies and adsorption sites for chlo-
ride ions, thereby slowing their ingress and decreasing pit
propagation kinetics. This observation is consistent with the

higher £, lower /,,,,,, and reduced diffusion impedance (W)
observed for polished samples in PPC and EIS results.

EDS elemental mapping (Fig. 9) further supports these
interpretations. All samples showed a local depletion of

metallic elements (Ti, Al, V) within pits, accompanied by a
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Fig. 9 EDS mapping analyses of the a EB-PBF, b EB-PBF +laser polishing, ¢ LB-PBF, and d LB-PBF +laser polishing corroded (after PPC)
surface in SBF at 310 K and 7.4 pH. The pitting is indicated with a yellow square

corresponding increase in oxygen concentration, attributed
to repassivation of the exposed alloy surface. This agrees
with PPC results, where reverse scans demonstrated spon-
taneous restoration of passivity following breakdown. The
repassivated film is typically richer in hydroxylated species
and therefore exhibits higher oxygen content than the native
oxide [14, 66].

Interestingly, localised sulphur concentrations were
detected across all samples, suggesting incorporation into
the corrosion products during exposure. This phenomenon
can originate from adsorption of sulphate species present
in SBF, which can participate in passive film modification
and potentially promote biointegration [15]. The persistence
of sulphur after cleaning (Sect. 2.2) suggests strong surface
affinity or chemical incorporation, although further work
would be required to confirm its biological implications.

Overall, surface analyses after corrosion demonstrated
that the laser polishing process reduces pit severity by
enhancing passive film compactness and reducing defect
density, but does not eliminate corrosive degradation
entirely. These findings align with the electrochemical
behaviour observed in previous sections: lower metastable
activity (AEN), higher passive film breakdown potentials
(PPC), and reduced diffusion impedance and shorter diffu-
sion paths (EIS); confirming that the corrosion performance
of AM Ti—6Al-4V is strongly surface-state-dependent and

can be significantly improved through nanosecond laser
polishing.

5 Conclusions

This study investigated the influence of infrared nanosecond
pulsed laser polishing on the surface morphology and cor-
rosion behaviour of Ti-6Al-4V manufactured using elec-
tron beam (EB-PBF) and laser-based (LB-PBF) powder bed
fusion in simulated body fluid (SBF). The main findings are
summarised below:

(1) Laser polishing substantially reduced surface roughness
and removed surface defects from both AM processes.
The elimination of adhered particles and sealing/open-
ing of pores resulted in a measurable reduction in S,
for both materials, with EB-PBF showing the largest
improvement due to its initially higher roughness. Laser
polishing also altered crystallographic orientation, and
in EB-PBF, induced local microstructural refinement
attributable to longer remelting and re-solidification
times.

(2) Laser polishing significantly enhanced the thermody-
namic corrosion resistance of Ti—-6Al-4V. The passive
film breakdown potential (E,) increased from 1.661 V
to 2.001 V in EB-PBF (AE 0.340 V) and from 1.800
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V to 1.900 V in LB-PBF (AE 0.100 V), reflecting
improved passive film stability. These improvements
are attributed to (i) the reduction of surface asperities
and crevices, which reduces chemically active sites,
and (ii) more homogeneous grain orientations follow-
ing polishing. The EB-PBF +laser polishing condition
exhibited the highest £, indicating the strongest resis-
tance to passive film breakdown.

(3) Laser polishing process reduces the kinetic corrosion
rate (C.R. ) of Ti-6Al-4V by in 40% for LB-PBF
samples (from 25 pm year ! to 15 pm year ') and by
6.5fold for EB-PBF samples (72 pm year ! to 11 pm
year !). These improvements are linked to reduced true
surface area exposure, fewer localised activation sites,
and thicker, more uniform passive films.

(4) All samples exhibited the same corrosion mechanism,
comprising (i) dissolution resistance (R,), (ii) passive
film response (CPEg;,/Rgim), (iii) bared metal response
(CPEy red/Rpareq), and (iv) a diffusion impedance (W).
Laser-polished samples demonstrated reduced diffusion
impedance and shorter diffusion times, indicating less
hindered transport of species through surface features,
consistent with smoother surfaces and fewer micro-
structural defects.

(5) Post-corrosion surface analysis showed less severe
porosity and cracking in laser-polished samples, con-
firming that the improved electrochemical behaviour
corresponded to reduced pit propagation and increased
passivity recovery. Despite comparable oxide compo-
sitions, laser-polished samples exhibited fewer defect
sites available for chloride ion adsorption.

Overall, the nanosecond infrared laser polishing process has
been demonstrated to be an effective, non-contact surface
engineering method that improves both thermodynamic
and kinetic corrosion resistance of AM Ti—6A1-4V without
altering its alloy chemistry. This is particularly relevant for
biomedical applications, as the observed reduction in cor-
rosion rate for EB-PBF parts indicates potential extension
of implant service life and improved in-vivo reliability.
The process, therefore, offers a promising, scalable strategy
for enhancing the performance of additively manufactured
titanium components, especially those with complex geom-
etries where conventional finishing is not feasible.

Notably, a rigorous quantitative analysis of grain size
distribution and phase fraction is identified as an important
direction for future work. Such analysis would require a sys-
tematic investigation under controlled experimental condi-
tions, including targeted experimental design and advanced
microstructural characterisation, which is beyond the scope
of the present study.
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