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Abstract

The influence of electron beam melting (EBM) scan speed on the corrosion, nano-
biotribological, and cellular adhesion properties of Ti-6Al-4V-ELI (extra low interstitials)
was systematically investigated. Specimens were fabricated using five different scanning
speeds, and tribological performance was assessed via reciprocating dry wear tests, while
corrosion behaviour was evaluated through monitoring the open circuit potential and
anodic potentiodynamic polarization tests in Ringer’s solution. Human fibroblasts from
the FN1 cell line were used to assess cell adhesion. Specimens produced using scanning
speeds of 4530 mm-s~! and 4983 mm-s~! exhibited increased passive current densities,
indicating reduced corrosion protection, although all surfaces maintained the passive film
characteristic. Tribological behaviour was strongly dependent on scan speed, with wear
rate and penetration depth increasing at higher speeds; notably, an intermediate scan speed
produced a surface with minimal wear and penetration depth despite a wide wear track,
suggesting enhanced resistance to tribological degradation. Fibroblast cultures demon-
strated robust adhesion and spindle-shaped morphology across all samples, with the disk
produced using a scanning speed of 4983 mm-s~! showing the highest surface coverage,
highlighting the role of EBM process parameters in modulating surface properties relevant
to cell-biomaterial interactions. These findings underscore the critical influence of scan
speed on the multifunctional performance of Ti-6Al-4V-ELI for biomedical applications.

Keywords: Ti-6Al-4V-ELI; nanotribology; corrosion; electron beam melting; biomaterials;
scanning speed

1. Introduction

Metallic biomaterials are widely used in medical implants and devices due to their
excellent mechanical properties, biocompatibility, and corrosion resistance [1-5]. These ma-
terials, such as stainless steel, titanium alloys, and cobalt-chromium alloys, are commonly
used for applications like orthopaedic implants, dental implants, and cardiovascular stents.
Despite their advantageous properties, they face challenges such as corrosion, wear, and
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mechanical failures during prolonged use in the human body [6-9]. Understanding these
challenges is critical to ensuring the long-term performance and safety of these biomaterials.

Currently, 3D printing techniques, such as electron beam melting (EBM) and selective
laser melting (SLM), are widely used for manufacturing implant devices. Both EBM and
SLM processes can modify the microstructure and surface finishing of the material, which
affects its tribological properties. EBM uses an electron beam to melt and solidify the
metallic powder, creating a dense microstructure with fine grain boundaries. SLM, a laser-
based process, uses a high-power laser to melt the metal powder layer by layer, resulting in
a more complex surface finishing with different roughness. These differences necessitate
detailed tribological and electrochemical testing to understand the material’s performance
under in vivo conditions.

Corrosion is a major concern for metallic biomaterials, as it affects their durability,
mechanical integrity, and biocompatibility [10-13]. In the body’s physiological environ-
ment, metallic biomaterials are exposed to highly corrosive body fluids that can lead to the
degradation of the material.

Alloys like ASTM F139 stainless steel, Ti-6Al-4V, and Co-Cr-Mo form a protective
oxide layer that shields the underlying metal from corrosion [4,12]. Any disruption of
this oxide layer, due to mechanical damage or chemical exposure, can lead to corrosion.
Additionally, the pH, chloride concentration, and oxygen levels in body fluids affect the
material’s corrosion rate. The presence of chloride ions is particularly damaging as it can
lead to pitting corrosion or crevice corrosion [14,15].

Wear is the process by which material is gradually removed from the surface of metallic
biomaterials due to frictional forces during mechanical contact. In the case of implants such
as artificial joints or dental implants, wear is an inevitable process, and wear particles can
influence the surrounding tissues. Wear can cause surface roughening, which can accelerate
corrosion and affect the overall biocompatibility of the material, generating debris that
can lead to inflammation, fibrosis, and osteolysis (bone resorption) in the surrounding
tissues [16,17].

Failures in metallic biomaterials can occur due to a combination of corrosion, wear, and
mechanical overload. These failures can significantly affect the performance of implants and
lead to complications such as implant loosening, infection, or even device failure. Repeated
loading can induce fatigue cracks in metallic biomaterials, particularly in areas where stress
concentrations exist, such as at the interface of the implant and bone. The presence of
tensile stresses and corrosive ions, especially chloride, can lead to stress corrosion cracking,
particularly in stainless steels and titanium alloys [18-22].

When produced by additive manufacturing (AM), the properties of Ti-6Al-4V ELI
alloys can differ from conventionally manufactured materials due to the nature of the AM
process, which involves layer-by-layer deposition of material. The microstructure, surface
roughness, and porosity of AM-produced alloys can influence their tribological behaviour
(friction, wear, and lubrication).

Sharma et al. [23] studied the dry sliding wear behaviour of Ti-6Al4V alloy com-
ponents produced by EBM, comparing heat-treated samples with as-built ones. Water-
quenched samples exhibited the least wear loss, while furnace-cooled samples showed the
highest wear loss and the lowest microhardness. Most samples experienced material loss
due to abrasion.

Gayathri et al. [24] assessed the biocorrosion resistance of SLM Ti-6Al-4V alloy, finding
a corrosion rate of 9 x 10~* mm/year in simulated body fluid. The analysis showed the
formation of calcium hydroxyapatite, similar to human bone material, indicating good
biocompatibility for implant use.
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The tribocorrosion behaviour of Ti6Al4V samples produced via selective laser melting
was studied by Toptan et al. [25] in comparison with their hot-pressed (HP) and com-
mercial counterparts in 9 g/L NaCl solution at body temperature. The results indicated
that tribocorrosion did not show any statistically significant difference in total volume
loss or volume loss due to mechanical wear and wear-accelerated corrosion among the
processing routes.

There is limited information in the literature regarding the corrosion and biotribologi-
cal performance of Ti-6Al-4V alloy produced by EBM, as well as the influence of process
parameters, such as scanning speed, on this behaviour, focusing on topics at the interface
of the biomedical sciences and materials engineering.

This research aimed to investigate the effect of the scanning speed on the tribological
performance of EBM-manufactured Ti-6Al-4V-ELI for biomedical applications, with an
emphasis on friction, wear, and electrochemical behaviour. Additionally, the influence of
scanning speed on cellular adhesion to the Ti-6Al-4V-ELI disk surfaces was evaluated.

2. Materials and Methods
2.1. Material and Sample Preparation

The Ti-6Al-4V-ELI (extra low interstitials) powder, purchased from AP&C Inc., Bois-
briand, QC, Canada, was used to obtain five samples in disk format with 15 mm in diameter,
and 3 mm in high, by EBM technique, at 5 different scanning speed parameters: (1) 4077,
(2) 4300, (3) 4530, (4) 4757, (5) 4983 [mm-s~!]. This numeric sample code will be used
throughout the whole text. The purpose of changing the scanning speed parameter is to
produce implantable devices faster, without energy loss, with lower operator costs, and less
time using the equipment. The powder chemical composition, particle size distribution,
flow rate, and apparent and tap densities are shown in Table 1. The equipment used was
an Arcam Q10 plus EBM 3D printer machine (Arcam, Molndal, Sweden), with print space
dimensions: 200 mm x 200 mm X 180 mm, electron beam with a spot size of 100 um
generated at a voltage of 60 kV, and a beam power of 6.2 W. The layer thickness was set
to 50 pm, and the build plate was preheated to 554 °C. Hardness measurements for all
samples yielded values of 353 £ 25 HV. Surface preparation of all specimens involved
sequential mechanical grinding up to 2400 grit using silicon carbide (5iC) waterproof
abrasive papers, followed by polishing with 3 pm Al,O3 suspension. The samples were
subsequently cleaned in an ultrasonic bath with deionized water for 5 min and air-dried
under ambient conditions. The polished specimens were chemically etched using Kroll
reagent by applying a cotton swab saturated with a solution composed of 5 mL HF, 30 mL
HNO3, and 65 mL HyO. The etchant was manually rubbed onto the polished surface for
approximately 20-30 s to reveal the microstructural features.

Table 1. Ti-6Al-4V-ELI (ASTM F30001) powder characteristics.

Chemical Composition [wt%]

Ti Al A%
Bal. 6.34 £ 0.05 3.98 & 0.02
Particle size distribution (ASTM B822)
D10 [mm] D50 [mm)] D90 [mm]
51.0 £ 0.03 69.0 £ 0.04 96.2 £ 0.03
Flow rate [50 g-s '] Apparent density [g-cm 3] Tap density [g-cm 3]

25.0 £ 0.03 2.6 £0.01 2.8 +£0.03
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Several statistical parameters can be derived from a particle size distribution (D).
Among the most important parameters are certainly the percentiles. These indicate in each
case the size below which a certain quantity of the sample lies. The particle size distribution
of powders is typically expressed by these three values, i.e., D10, D50, and D90.

2.2. Tribological and Electrochemical Tests

The electrochemical experiments were conducted in a potentiostat/galvanostat (Ivi-
umn n-Stat, Eindhoven, The Netherlands). A conventional three-electrode cell arrangement
was used: the metallic disk as the working electrode, a platinum wire as the counter-
electrode, and an Ag/AgCl (KCl, 3 M) electrode as the reference. The electrolyte was
Ringer’s physiological solution, pH 7.4, at 25 °C, containing 8.6 g-L’1 NadCl, 0.3 g~L’1 KCl,
and 0.33 g-L~! CaCl,. The open circuit potential vs. time was monitored for 15 min (900 s),
and then the linear potentiodynamic polarization (LP) measurement was performed at
a scan rate of 1.0 mV-s~1. All the electrochemical tests were repeated six times (n = 6) in
order to confirm their reproducibility.

The tribological trials were assessed by reciprocating dry wear tests conducted in
a nanotribometer (Anton Paar—model NTR?, Graz, Austria), performed in the air, at 25 °C,
with counter-body of chrome steel 52-100 rotating ball shape, 825 HV in hardness, 2 mm in
diameter, for 10 min, with normal force of 100 mN, sliding distance equivalent to 2.4 m,
and scan speed of 4.0 cm-s~!. The surfaces were all electrolytically polished in a solution of
perchloric acid and ethanol before testing. All tracks were made in the same region of the
sample that was subjected to the polarization tests. To confirm its reproducibility, six wear
tracks were made on each surface.

2.3. Surface Morphology

A LEXT OLS4100 (Olympus™, Tokyo, Japan) confocal laser scanning microscope
(CLSM) was used to acquire topographical images of the EBM Ti-6Al-4V-ELI samples. Line-
profile roughness measurements were obtained using a 50 x objective and processed using
the analysis modules provided in the LEXT software (https://www.olympus-ims.com,
accessed on 10 October 2023).

The surface characterization was conducted using a scanning electron microscope
(SEM-EDX), model TM3000 (Hitachi, Tokyo, Japan), and a scanning electron microscope
(SEM-EDS) JSM-IT700HR (Jeol, Tokyo, Japan).

2.4. Cell Culture and Adhesion on Ti-6Al-4V-ELI Disks

Normal human fibroblast cells (FN1) were isolated from a patient, characterized, and
cultivated by Prof. Dr Durvanei A. Maria at the Butantan Institute in Sao Paulo, Brazil.
These cells represent a typical fibroblast morphology and a duplication time of approx-
imately 24 h. The cell line is registered at the Clinical Hospital of the Medical School,
University of Sao Paulo (HCFMUSP n° 921/06).

Human fibroblasts from the FN1 cell line were maintained under cell culture conditions
until reaching confluence. An aliquot of 50 uL (2.0 x 10* cells/uL) was placed at the centre
of the Ti-6Al-4V-ELI disks and kept under cell culture conditions for approximately 3 h to
allow for cell adhesion. After this period, 3 mL of culture medium was added to the wells
of a 6-well plate in which the disks were placed, and the setup was maintained for 48 h in
an incubator at 37 °C. Following the incubation period, the disks were gently washed with
buffer solution and immersed in a 4% paraformaldehyde solution for 30 min to fix the cells.

Standardized images from different regions of each disk were captured using a po-
larized light microscope (Leica DMLP, Buffalo Grove, IL, USA). To analyze the percentage
of surface area covered by cells on each disk, Image] software (https://imagej.nih.gov,
accessed on 20 May 2025) was used with the “Analyze Particles” plugin.
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Data normality was assessed using the Shapiro-Wilk test, and homogeneity of vari-
ances was evaluated with Levene’s test in OriginPro 2018. Comparisons among disks were
performed using one-way ANOVA followed by Tukey’s post hoc test. Differences were
considered statistically significant at p < 0.05 [26,27].

3. Results and Discussion
3.1. Topographical Characterization

Figure 1a—f presents scanning electron microscopy (SEM) micrographs of Ti-6Al-4V-
ELI specimens fabricated under varying scanning speed parameters, presenting both
polished and chemically etched surfaces to reveal the microstructural features. Figure 1f
is a higher-magnification view of sample 4, showing alpha and beta phases and their
distribution on the consolidated samples.

‘> W
SED  15.0kY WD 69mm
STD 8117  May 30 2025

SED  15.0kV
STD 8121

(b) Sample 2.

Figure 1. Cont.
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Figure 1. Cont.
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(f) Magnification of sample 4.

Figure 1. Scanning electron microscopy (SEM) images of Ti-6A1-4V ELI specimens fabricated via
electron beam melting (EBM) under different beam scanning speeds, following chemical etching to
expose the underlying microstructural features. (a) 4077 mm-s~L, (b) 4300 mm-s 1, (c) 4530 mm-s~ 1,
(d) 4757 mm-s~1, (e) 4983 mm-s~ !, and (f) higher-magnification view of the microstructure shown

in (d).

The microstructural heterogeneities observed in Figure 1a—f, including variations in
grain size and crystallographic orientation, are attributed to the steep thermal gradients and
rapid cooling rates characteristic of the EBM process. Figure 1a—e illustrate the topographi-
cal variations observed in the specimens fabricated under different electron-beam scanning
speeds. The resulting microstructural diversity originates from non-uniform heat dissipa-
tion associated with directional solidification during layer-by-layer processing [28]. The
microstructure of Ti-6Al-4V ELI fabricated via EBM is characterized by elongated, columnar
prior-p grains oriented along the build direction, containing a fine « + § Widmanstétten
morphology. The « phase primarily forms as thin lamellae within a retained 3 matrix,
reflecting the solidification and repeated thermal cycling inherent to the layer-by-layer
fabrication process, which also contributes to pronounced microstructural anisotropy [28].
At the higher-magnification view shown in Figure 1f, the microstructure reveals a light-grey
a-phase matrix containing elongated, parallel « lamellae arranged in a well-developed
Widmanstatten morphology. Narrow dark-grey interlamellar films correspond to retained
B. Columnar features aligned with the build direction are also evident, indicative of epitax-
ial B-grain growth during solidification. In EBM processing, the scanning speed governs
the energy input to the powder bed and consequently exerts a strong influence on the
resulting surface roughness.

Roughness parameters of each surface type are specified in Table 2. The scanning
electron micrographic image of a ground specimen tested in this study can be observed in
Figure 2.

As shown in Figure 2, smooth titanium alloy surfaces presented low undulations,
which are typical of the grinding process with SiC papers. All five evaluated surfaces
showed similar morphology. The surface finishing has been standardized for all samples.
Although roughness is nearly similar for all analyzed conditions, it remains a considerable
factor that leads to variations in nanotribological behaviour.
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Table 2. Roughness parameters of EBM Ti-6Al-4V-ELI specimens measured by CLSM.

Surface Ra [um] Rq [pm]
1 0.303 + 0.172 0.425 + 0.412
2 0.320 + 0.175 0.440 + 0.413
3 0.326 + 0.115 0.518 4+ 0.308
4 0.618 £+ 0.181 0.711 £ 0.199
5 0.501 + 0.173 0.587 £+ 0.323

D93 400 200 um

Figure 2. SEM micrograph of the EBM Ti-6Al-V4-ELI specimen after SiC paper grit, without
etching. The topography is relatively smooth with some pores (indicated by arrows) due to
non-melted powders.

The roughness parameters presented in Table 2 are: Ra (arithmetic mean of the abso-
lute departures of the roughness profile from the mean line), and Rq (root mean square
parameter corresponding to Ra). All the obtained values are in accordance with those
reported in the literature for titanium alloys used for biomedical applications [29]. The
lowest Ra value was obtained for samples 1 and 2, whereas the highest ones were for
samples 4 and 5, respectively. Since the surface finish was the same for all samples, no
significant differences in terms of roughness were expected.

The surface roughness of Ti-6Al-4V-ELI, as measured by Ra and Rq, plays a pivotal
role in its tribological and biological performance. These results indicate that samples
with higher roughness (e.g., Sample 4) exhibited increased wear rates and penetration
depths, aligning with findings by Aswar et al. [30], who reported that surface roughness
significantly influences the wear behaviour of Ti-6Al-4V alloys. Their study demonstrated
that increased roughness leads to higher friction and wear rates, which aligns with the
findings of the present work.

Lower scanning speeds increase the energy input. Higher scanning speeds reduce the
energy input per unit length; the beam may not fully melt or bond the uppermost layer,
causing loose or semi-sintered particles to remain attached [30].

3.2. Electrochemical Tests

Electrochemical measurements are important to provide an estimate of the corrosion
susceptibility of biomaterials produced with different additive manufacturing parameters.
The passive film formed on the Ti-6Al-4V alloy plays a dominant role in the improvement
of corrosion resistance. When the alloy is in contact with a simulated body fluid, the
formation of a less defective and more homogeneous passive film is triggered [31,32].



Materials 2025, 18, 5367

9of 17

Initially, the open circuit potential (OCP) was monitored in Ringer’s solution during
900 s, as shown in Figure 3.

0.00
-0.05 4
-0.10

-0.15
—_—1

-0.20 2

——3

-0.25

E [V vs. Ag/AgCL)

—

-0.30 —5
-0.35

-0.40
0 100 200 300 400 500 600 700 800 900 1000

time [s]

Figure 3. Variation in the OCP with the immersion time in Ringer’s solution for all EBM-manufactured
Ti-6Al-4V ELI samples. Total time: 900 s (n = 6).

Following the immersion period of EBM Ti-6Al-4V-ELI in Ringer’s solution, an Eocp
shift towards a positive direction, suggesting a protective oxide layer begins to grow on
samples 1 and 2. Then, Eocp remains at a relatively stable potential of —0.14 V/ag /a1
and —0.18 V/ag/agc1, respectively, and then stabilizes. Sample 3 showed Eycp around
—0.32 V/ ag/agcr at the beginning of the monitoring period and then shifted to nobler
potentials. Sample 4 showed an Eqp decreasing tendency throughout the test, and sample
5 potentials remained reasonably stable during the test, at Eqp around —0.25 V/ag/agcr-

The OCP fluctuations are explained by the instantaneous competition between the
protective film formation and dissolution [33]. The passive film in these regions is still
uneven in the electrolyte, and the appearance of micro-pits leads to a decrease in the
potential, which may be attributed to the micron defects formed during the EBM process.
Conversely, the broken passive films are re-passivated quickly, indicating an increase in
the potential.

Figure 4 shows the anodic linear potentiodynamic polarization curves of the EBM-
manufactured Ti-6Al-4V ELI samples after 15 min of immersion in Ringer’s solution. Low
corrosion current density (icorr) indicates low corrosion rate or high corrosion resistance [34,35].

E [Vvs. Ag/AgCL]
(=]
B

1x10* 1x10* 1x107 1x10°° 1x107° 1x10™ 1x1072
logi[Acm™?]

Figure 4. Linear potentiodynamic polarization curves of the EBM-manufactured Ti-6Al-4V ELI
samples after 15 min of immersion in Ringer’s solution (n = 6).
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Samples 1, 2, and 4 exhibited comparable polarization behaviour. In contrast, samples
3 and 5 demonstrated potential deviations at approximately 0.1 V/ag/agc1 and
0.5 V/ag/agal- All curves are characterized by a well-defined passive region. These
findings are consistent with the reported passive film for Ti-6Al-4V alloys, which is primar-
ily composed of TiO; and Al,O3 [36-38]. Considering that the surface finishing conditions
were similar, this suggests that the scanning speed used in the production of the sam-
ples influenced their electrochemical behaviour. The parameters used for samples 3 and
5 resulted in higher passive current densities, suggesting reduced protection.

Wear and corrosion processes are additional effects arising from the interaction be-
tween metallic biomaterials and the body tissues [39]. Metallic biomaterials’ properties
were evaluated by Okazaki [40] concerning the effect of friction on the electrochemical
anodic polarization. Metallic particles released from the corrosion process may move
passively, through tissue and/or circulatory system, or can be actively transported [41,42],
compromising the implant’s biocompatibility.

3.3. Tribological Behaviour

Tests in micro and nanotribometers are used to investigate small regions and thin
layers of different surfaces. The evolution of the coefficient of friction (COF), friction force,
wear rate, and penetration depth were evaluated by nanotribometer reciprocating dry
wear tests, as presented in Figures 5-8. A relationship between the wear rate and friction
coefficient was observed, i.e., the highest value of wear rate was related to the highest value
of the coefficient of friction. For the first period of evaluation, samples 5 and 4 presented
the highest COF values, respectively. In the case of sample 5, the COF decreases at around
580 s, reaching a stabilization period, then increasing and decreasing again, presenting
a stable behaviour up to the end of the test. Samples 1 and 2 remained stable throughout
the whole experiment, as the surfaces became less rough. Sample 3 presented stable values
from the start until about 800 s. Next, they increased and returned to the initial values at
about 1100 s.

Friction Force [mN]
w
o

N
o

=
o

o

0 200 400 600 800 1000 1200 1400
Time [s]

Figure 5. Friction force variation as a function of the sliding time for the EBM-manufactured Ti-6Al-4V
ELI samples, without lubrication (n = 6).

The COF variation as a function of the test time was studied by Huang et al. [43]. They
verified this effect on the tribological properties of Ti-6Al-4V alloys with and without laser
cladding coatings, for a running time of 3500 s in different rotation frequencies. At the end
of the tests, they verified that the COF for the coatings was always inferior to the substrate.
Typical oscillations of the COF during the steady-state regime of the metal-on-metal sliding
contacts are explained based on the third-body effect [44].
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Figure 6. COF as a function of time for the EBM-manufactured Ti-6Al-4V ELI samples, without
lubrication (n = 6).
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Figure 7. Wear rate [mm?] of the EBM-manufactured Ti-6Al-4V ELI samples, without lubrication
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Figure 8. Penetration depth [mm] of the EBM-manufactured Ti-6Al-4V ELI samples, subjected to
reciprocating wear tests, without lubrication (n = 6).

The evolution of the wear rate during sliding of the EBM-manufactured Ti-6Al-4V ELI
specimens is shown in Figure 6. The wear rate values for all samples showed a practically
stable evolution during the test. It can be observed that for all the different processing
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scanning speeds, the wear rate attains the steady-state regime after a very short running-in
period. Similar results were found in tribocorrosion tests for the same Ti alloy, varying the
EBM scanning speed [45].

Samples 4 and 5 presented the highest values throughout the test, followed by samples
1 and 2. Sample 3 showed the lowest wear rate values. These results are interesting in
terms of the scan speed parameters used in the EBM process. As mentioned previously, the
intermediate scan speed value was employed on sample 3, while the other samples were
defined as a percentage of (—5% and 10% above and below the scanning speed of sample 3).
Hence, the intermediate scanning speed value (sample 3) presented the inferior wear rate.
Lower speeds (samples 1 and 2) showed higher wear rates, and higher parameters (samples
4 and 5) showed the highest values.

Figure 8 presents the penetration depth assessed on the tribological test. This value
is intended as a spot with the largest distance from the surface reached during the test.
The lowest values were found for sample 3, followed by samples 2 and 1, and finally,
samples 4 and 5. In terms of the scan speed parameter used on EBM manufacturing, it can
be inferred that the medium scan speed value produces samples with a lower penetration
depth, while the other conditions produce samples with higher penetration depth values.

Regarding the nanotribological mechanisms, the worn surfaces of all the EBM Ti-6Al-
4V ELI samples exhibited plastic deformation as a result of abrasive wear by the incidence
of grooves aligned along the sliding path. Similar results were found by Bartolomeu
et al. [46] on the wear behaviour of Ti-6Al-4V biomedical alloys processed by selective
laser melting, hot pressing, and conventional casting, which showed an influence of the
processing route on the microstructural constituents and consequent differences in hardness
and wear performance.

The wear tracks of EBM Ti-6Al-4V ELI disks formed after the reciprocating sliding
tests against chrome steel 52-100 balls, without lubrication, were analyzed by means of
CLSM, as shown in Figure 9a—e.

Figure 9. CLSM micrographs of the EBM-manufactured Ti-6Al-4V ELI samples, after electrochemical
tests, showing the wear tracks generated after reciprocating sliding tests. The scale bar represents
400 um: (a) 1; (b) 2; (c) 3; (d) 4; (e) 5.

The wear path generated on the surfaces after electrochemical tests under the same
nanotribometer configuration presented distinct dimensions, i.e., different width and
length, which is evident in these images, due to the tracks being generated in a different
direction from the EBM direction.

According to Figures 7 and 8, sample 3 exhibited the lowest wear rate and penetration
depth, despite having a wide wear track. The intermediate electron beam scan speed
produced a surface that is less prone to tribological degradation. Since this nanotribological



Materials 2025, 18, 5367

13 of 17

test is non-conformational, the minimal penetration into the surface and the widened
path indicate that the rotating solid sphere is more readily consumed than the surface
being tested.

The scanning speed employed during EBM processing critically governs the thermal
history of Ti-6Al-4V ELI, thereby modulating its microstructural, surface, and functional
properties. At lower scanning speeds, the prolonged interaction time between the electron
beam and powder bed promotes slower cooling rates, leading to coarser « lamellae and
increased residual stresses, which can locally enhance galvanic activity and reduce wear
resistance. Conversely, excessively high scanning speeds induce steep thermal gradients
and rapid solidification, generating finer « + 3 Widmanstatten structures but also increasing
porosity and microstructural heterogeneity, which can induce heterogeneity in the passive
oxide layer, leading to elevated corrosion current densities and concomitant alterations in
nanoscale tribological performance [9,38].

The use of a nanotribometer to evaluate the tribological properties of EBM Ti-6Al-
4V-ELI is crucial for understanding the performance of these materials in biomedical
applications. These devices provide precise measurements of wear, friction, normal force,
coefficient of friction, and penetration depth, which are essential for predicting the durabil-
ity and functionality of implants. By leveraging such technologies and detailed scientific
studies, manufacturers can optimize Ti-6Al-4V ELI for use in implants, ensuring improved
patient outcomes and implant longevity.

3.4. Cell Adhesion Tests

Fibroblasts cultured on Ti-6Al-4V-ELI disks exhibited favourable adhesion, as ev-
idenced by their spread morphology and uniform distribution across the substrate
(Figure 10a—e). Light microscopy showed predominantly spindle-shaped cells, characteris-
tic of healthy fibroblasts, demonstrating robust cell-surface interactions and confirming the
material’s biocompatibility [47]. Furthermore, disk 5 exhibited the highest percentage of
covered area, with statistically significant differences compared to disks 1 and 2, as shown
in Figure 10f, indicating that variations in EBM scanning speed during manufacturing can
influence surface properties relevant to cell adhesion.

Surfaces exhibiting higher corrosion activity may release ions (Ti, Al, V), thereby
creating less favourable conditions for cell attachment or modifying local cellular responses.
Accordingly, improved electrochemical stability is generally associated with enhanced
cytocompatibility [45].

Wear testing provides insight into the surface’s resistance to mechanical interaction;
modest micro-roughness can promote cell adhesion by increasing available surface area
and enabling mechanical interlocking. In contrast, the generation of metallic or oxide wear
particles may elicit inflammatory reactions that indirectly diminish cell adhesion or viability.
Additionally, wear tracks that disrupt the passive film can expose fresh metal, altering the
surface chemistry. Thus, low wear rates combined with minimal debris formation support
the maintenance of a stable and biocompatible surface [48].

The microstructure and surface topography of EBM-fabricated Ti-6Al-4V ELI pro-
vide favourable sites for cell adhesion and proliferation. In addition, the hierarchical
microstructural features and surface characteristics significantly influence the material’s
electrochemical and nanotribological behaviour. Localized galvanic interactions arising
from microstructural heterogeneity modulate corrosion performance, while wear resistance
and other nanotribological properties are strongly governed by the interplay between phase
distribution and surface texture.
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Figure 10. Representative photomicrographs showing cell adhesion on Ti-6Al-4V ELI disks:
1 (a), 2 (b), 3 (c), 4 (d), and 5 (e). (f) Percentage of surface area covered by adhered cells.

4. Conclusions

The performance of Ti-6Al-4V-ELI fabricated via electron beam melting (EBM) is
strongly influenced by surface topography, which modulates both tribological and elec-
trochemical behaviour. Surfaces with slightly higher roughness may increase contact area
and local stress during dry wear, resulting in higher penetration depths and wear rates,
whereas smoother surfaces reduce frictional resistance and wear, as reflected by the lower
penetration depths observed for samples fabricated at an intermediate scanning speed.
These findings suggest that small variations can meaningfully affect surface interactions
and biomechanical durability at the nanoscale.

Electrochemical behaviour was also affected by EBM scanning speed, with samples
produced using scanning speeds of 4530 mm-s~! and 4983 mm-s~! exhibiting higher
passive current densities, suggesting reduced protective efficacy.

Fibroblast cultures on Ti-6Al-4V-ELI demonstrated robust adhesion and typical
spindle-shaped morphology, confirming the biocompatibility of the EBM-fabricated ma-
terial. Notably, the disk produced with a scanning speed of 4983 mm-s~! exhibited
significantly higher cell coverage compared to disks produced with 4077 mm-s~! and
4300 mm-s~!, indicating that variations in EBM scanning speed can modulate surface
features that influence cellular attachment. These results highlight that careful optimization
of EBM process parameters provides a viable strategy to enhance surface characteristics
and promote favourable cell-material interactions for biomedical applications.
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