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Abstract: Machined devices made of titanium or titanium alloys are widely used in biomedical
applications. Recently, additive manufacturing technologies (AM) were proposed to reduce the cost
of parts and customise their shape. While several researchers have studied the characterisation of the
machined surfaces of AM products, less attention has been focused on the study of the surfaces of
as-produced parts. The aim of this study was to compare the surface and bulk properties of Ti-6Al-4V
alloy products obtained using two types of AM—i.e., electron beam melting and direct metal laser
sintering—in comparison to the wrought material and analyse their metallographic, crystallographic,
topographic, and electrochemical properties. The metallographic and crystallographic, as well as
topographic, analysis showed different microstructures and surface area extensions between the tested
specimens. Potentiodynamic polarisation tests highlighted the complex electrochemical behaviour
of additively manufactured parts if compared to that of the traditionally fabricated ones. The tests
performed on mechanically polished parts underlined similar electrochemical performance between
them, even if the additive manufactured ones exhibited a certain instability. Although the as-produced
additive manufactured parts present exciting surface shapes, useful in the biomedical field, significant
drawbacks remain. A more in-depth study of the device surface modifications, to improve their
electrochemical behaviour, is needed.

Keywords: Ti-6Al-4V; additive manufacturing; biomaterials; roughness; corrosion; EBM; DMLS

1. Introduction

Additive manufacturing (AM) processes to realise metallic bio-devices have gained significant
attention due to their potential for producing complex-shaped and customised parts. The AM process
is a layer-wise material addition technique that involves, in summary, four fundamental steps: (i) the
creation of a 3D model of the object using computer-aided design software (CAD), (ii) spreading
the powder, (iii) pre-heating, and (iv) the melting of the powder [1]. In particular, starting from the
digital model, the product is fabricated by spreading the metal powder over the build platform at a
given thickness. The powders are pre-heated at moderately low beam power to sinter lightly and,
then, are selectively melted through an energy source supplied by a focused and computer-controlled
beam at higher power [2]. The latter step results in the formation of a molten pool followed by rapid
solidification into solid parts. Subsequently, the build platform is lowered and a new layer of powder
is spread to continue fabricating the tri-dimensional product. The AM process requires the adjustment
of several parameters such as the environment of the building system, temperature, beam nature and
power, average size of the powder, and others [3]. The leading rapid prototyping technologies such as
direct metal laser sintering (DMLS) and electron beam melting (EBM) use lasers or electron beams
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as an energy source, respectively. The advantages of AM technologies are the possibility to obtain
near-net-shape parts, create complex shapes, tailor porosity, and produce customised parts. Recently,
these technologies have been considered to lower the production cost of titanium products when
complex-shaped or customised parts are required.

Several scientific studies have described rapid prototyping techniques for fabricating titanium
alloy objects for aerospace as well as biomedical applications [4-8]. However, most efforts have
been focused on the study of the mechanical properties of the AM-produced parts; few papers
have investigated both mechanical and corrosion properties [9,10], while the investigation of their
electrochemical behaviour according to specimen topography has not been extensively considered in
existing literature. De Damborenea et al. (2017) [11] have characterised Ti-6Al-4V surgical pins using a
DMLS technique and highlighted the formation of voluminous oxides that lead to serious drawbacks
related to the corrosion resistance of the parts.

Bai et al. (2017) and Gai et al. (2018) [12,13] have investigated the electrochemical behaviour of
Ti-6Al-4V fabricated by an EBM technique, revealing a better corrosion resistance of the EBM-produced
specimen compared to that of wrought Ti-6Al-4V. The reasons were deemed to be a large fraction of 3
phase and refined lamellar /(3 phases and, also, the formation of a thinner and more compact passive
film than traditionally produced specimens. A bibliographic analysis has revealed that numerous
papers have highlighted conflicting results and that neither the production technique nor the particle
size and power used can be used as a distinguishing factor to determine the electrochemical response
of the material [14-16]. The aforementioned studies have investigated the electrochemical properties of
AM specimens after mechanical polishing, which removes the specimen’s upper layer created during
the production processes. A comparison of electrochemical properties between DMLS-produced,
EBM-produced, and conventionally produced objects, considering the “as-fabricated” surface, is
lacking in the literature. It is well known that although the AM process presents several advantages
over the traditional process, there are still limitations.

During fabrication, the process settings can induce effects such as molten material sputtering
and the partial melting of powder in the peripheral region of the beam spot (satellite formation) or
cause the sticking of remelted powders on the melted surface. These effects, along with the “stair-step”
phenomenon, resulting from the orientation of the building direction and from the layer thickness used,
can lead to the formation of a very rough texture [17,18]. In addition, due to the layer-wise building,
the additively manufactured parts present an anisotropy of the surface roughness, highlighted when
the upward, downward, or sideward surfaces are compared, as reported in [19], or the building
direction is changed. When corrosion studies are performed, a large area should be considered and the
side investigated has to be specified. However, “poor” surface quality can be useful in biomedical
applications due to the increase in the surface area and the “picks” and “valleys” distribution on the
surface if powders of an appropriate grain size distribution are used.

Indeed, biomedical devices such as sacral vertebral fusion cages, spinal cages, hip implants, ankle
implants, and cervical vertebral cages made of Ti-6Al-4V ELI (extra low interstitial) using selective
electron beam melting (SEBM) have been approved by the China Food and Drug Administration
(CFDA) and used in the human body [20]. Surprisingly, “no surface treatment was applied to the
as-built part before implantation. The patient recovered well after the surgery and walks normally
today 2 years after implantation” (pg. 243). No more details were found in the cited book regarding
material characterisation.

A rough surface allows the improvement of the integration process at the implant/tissue interface,
as well as cell attachment and proliferation [21,22]. Thomsen et al. (2009) [23] studied and compared
the biological response of machined and as-produced Ti-6Al-4V AM specimens with that shown
by a wrought Ti-6Al-4V implant, highlighting the bone’s growth around the irregularities of the
as-produced implant surface. Additionally, a high roughness leads to an increase in the interlocking
area between the tissues and implant and intensification of the torsional strength, as reported by
Ruppert et al. (2018) [24]. They evaluated the osseointegration strength, using mechanical testing,
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of two kinds of titanium implants made by EBM and DMLS. Therefore, the electrochemical and
topographic characterisation of these materials is fundamental for their development and applications
in biomedical as well as other domains.

To the best of the authors” knowledge, there are only two relevant papers, to date, comparing
the electrochemical behaviour of Ti-6Al-4V specimens obtained using laser beam-based and electron
beam-based technologies in physiological media. Zhao et al. (2017) [16] demonstrated that the selective
laser melted (SLM) specimen showed a higher corrosion resistance than the EBM specimen, due to the
different microstructure generated during the cooling step. However, Koike et al. (2011) [4] found no
differences in the corrosion resistance between EBM and SLM-fabricated parts. Without considering
the conflicting results obtained by the aforementioned authors, it is noteworthy that, in these studies,
both authors have not considered the influence of the specimen’s topography or, in other words, the
effect of the actual extension of the investigated area on the electrochemical response exhibited by
the specimens. In this paper, the metallographic, crystallographic, topographic, and electrochemical
properties of Ti-6Al-4V parts, fabricated via DMLS or EBM processes, have been compared to those
exhibited by the same type of wrought titanium alloy, to highlight the errors occurring as a result of
neglecting the actual extension.

2. Material and Methods

Ti-6Al-4V AM specimens were separately printed by DMLS (EOS M280, Krailling, Germany) and
EBM technologies (Arcam Q20, Mélnlycke, Sweden). As usual, the DMLS specimens were heat treated
(at 650 °C for 3 h) to stress relieve. The parameters of each process are reported in Table 1.

Table 1. Parameters used in the direct metal laser sintering (DMLS) and electron beam melting

(EBM) processes.
Parameters EOS M280 (DMLS) ARCAM Q20 (EBM)

Power 170 W -
Voltage - 60 kV
Min. Beam size 100 um 180 um
Environment Argon Vacuum
Layer thickness 30 um 90 um
Scan speed 1250 mm/s 1500 mm/s
Hatching distance 100 um 100 um

Titanium powders, whose chemical composition is displayed in Table 2, were provided by the
machine suppliers. The average size of the particles was in the ranges of 20-60 um (EOS) and 45-105 pm
(Arcam), respectively.

Table 2. Chemical composition of Ti-6A1-4V powders used in the EBM and DMLS processes.

Technologies Aluminium  Vanadium Iron Oxygen Nitrogen Hydrogen Carbon  Titanium
8 (AD) V) F) (O N) (H) © (Ti)
EBM
Arcam Q20 6.35% 3.98% 0.18% 0.13% 0.01% 0.002% 0.02% Balance
Ti-6Al-4V
DMLS

EOS M280 6.02% 3.82% 0.17% 0.11% 0.01% <0.0019% 0.01% Balance
Ti-6Al-4V

The tested specimens (400 mm X 5 mm X 400 mm) have been named throughout the paper as
shown in Table 3:
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Table 3. Acronyms used to identify the specimens.

Set Specimen Acronym

Ti-6Al-4V produced by EBM technology and characterised
as produced

as-produced EBM

Surface
Ti-6Al-4V produced by DMLS technology, heat treated, as-produced DMLS
and characterised as-produced P
Ti-6Al-4V produced by EBM technology, mechanically EBM-MP
polished, and stored in air
Bulk
Ti-6Al-4V produced by DMLS technology, mechanically DMLS-MP

polished, and stored in air
Benchmark Ti-6Al-4V rolled, mechanically polished, and stored in air ~ Ti-6Al1-4V Wr

The specimen set named “surface” consists of AM specimens that have been characterised as
received. The specimen set named “bulk” consists of the specimens analysed after mechanical polishing
using P-400, P-800, and P-1200 SiC papers (in sequence) and being kept in air.

The Ti6Al4V titanium alloy traditionally produced specimen (Ti-6Al-4V Wr) was used for
comparison. It was mechanically polished using P-400, P-800, and P-1200 SiC papers and then exposed
to air to form a natural oxide layer on its surface.

In order to study the microstructures of the specimens, they were cut along the main planes
(xy, xz, and yz), orthogonal to each other, as illustrated in Figure 1, where the z-direction is the
building direction.

Figure 1. Reference system assigned to the specimens to conduct the analysis of the microstructure.

The samples were embedded in a conductive resin and then mechanically polished by first using
SiC papers up to 1200 grit and finally colloidal silica (0.05 um). Subsequently, the samples were etched
using a Kroll solution (2 mL hydrofluoric acid, 5 mL nitric acid, and 100 mL distilled water) at room
temperature for 15-20 s. The samples were analysed using an incident light microscope (Zeiss, Milan,
Italy) and a scanning electron microscope (Supra 40 VP FESEM, Zeiss, Italy) for topographic and
metallographic analysis. The 3D optical profiler S neox (Schaefer, Rovigo, Italy) was employed to
perform roughness measurements, according to ISO standard ISO 4287-1:1997 [25] and ISO 25178-2 [26].
X-ray diffraction (XRD, PANalytical X'Pert PRO, Milan, Italy) analysis was performed to identify
the phase composition of the specimens, using CuK« radiation with 26 ranging from 5° to 80°
at room temperature. The obtained diffraction peaks were attributed using Joint Committee on
Powder Diffraction Standards JCPDS data. The electrochemical properties were investigated by
potentiodynamic polarisation tests, following ISO 17475:2005 [27], on both specimen sets reported
in Table 3. The tests were performed in naturally aerated Hank’s solution (Carlo Erba Reagents,
Cornadero, Italy) at 37 °C (the chemical composition is reported elsewhere [28,29]), to consider
potential applications in the biomedical domain. The Gamry Interface 1000 (Gamry Instruments,
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Milan, Italy), connected to an electrochemical cell using the classical three-electrode system, was used as
a potentiostat. A KCl-saturated calomel electrode (SCE), a platinum electrode, and the tested specimens
were used as a reference electrode, counter electrode, and working electrode, respectively. The exposed
geometric area of the specimens was selected in the YZ plane and was 2.8 cm?. Before conducting
the electrochemical tests, the specimens were immersed in the test solution to achieve a stable open
circuit potential value (OCP) (approximately 15 min). The potentiodynamic polarisation tests were
conducted from —0.01 V to +3 V vs. OCP, applying a scanning rate of 0.166 mV/s. All measurements
were carried out three times to ensure repeatability, and good reproducibility was noted.

3. Results and Discussion

3.1. Metallographic Characterisation

The SEM micrograph of the Ti-6Al-4V Wr specimen, reported in Figure 2a, reveals a typical
microstructure made up of a mixed o/} equiaxed phase structure. The DMLS process led to a
martensitic microstructure, originating from the prior 3 grain boundaries (Figure 2b), while the EBM
specimen (Figure 2c) shows a “a + 3 basketweave” microstructure, with the formation of « platelet
colonies within the columnar grains.

Figure 2. SEM observations in the XZ plane of (a) Ti-6Al-4V Wr, (b) EBM-MP and (c¢) DMLS-MP specimens.

It is known that the AM process affects the microstructure due to the different cooling rate, which
is higher in the DMLS process than in EBM [30,31]. The DMLS process involves rapid heating and
cooling, so that f<o’ phase transformation is promoted. Indeed, the rapid cooling rate achieved
during the DMLS process is higher than the critical cooling rate of 410 °C/s required for the martensitic
transformation B« for Ti-6Al-4V [30,32]. Due to the complex thermal history involved during the
process, generally, a subsequent heat treatment is applied to relieve the internal stresses. When a heat
treatment was carried out at a temperature above the martensitic start temperature (650 °C for
Ti-6Al-4V), followed by slow cooling in the furnace, the o’ martensitic phase was transformed into
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a fully lamellar o+ microstructure within the columnar prior 3 grain boundaries, highlighted in
Figure 3. The heat treatment of the “as-produced” DMLS specimens was performed at 650 °C for 2 h,
so that the o/ martensitic phase remained unchanged. During the EBM process, the build chamber
generally was maintained at 650-700 °C, and after the process, the temperature decreased to room
temperature [4,5]. The slow cooling resulted in the formation of « platelets in the centre of the grains,
forming the classical Widmanstétten morphology [32,33].

Figure 3. Optical pictures captured along the building directions for (a) EBM-MP and (b) DMLS-MP samples.

3.2. Morphological Analysis

As reported earlier, an important drawback of AM technologies is the “poor” surface quality of
the produced parts, due to the complex nature of the process [34]. In Figure 4, the surface appearance
of both the “as-produced” EBM and DMLS manufactured specimens is shown. The difference between
the specimens is clearly visible. The EBM specimen (Figure 4a) presents a complex texture, which is
difficult to capture using an optical microscope, due to the presence of high peaks and deep valleys. It is
characterised by a coarse particulate attached to the underlying melted surface, interrupted by clear
electron beam scan tracks and wide and deep valleys or pores. The DMLS specimen (Figure 4b), instead,
presents a finer texture than the EBM specimen. It exhibits a multi-directional particulate texture,
interrupted by a few valleys and pores developed in random directions, and clear laser beam scan tracks.
The Ti6Al4V Wr specimens presented a nearly mirror-like surface after the mechanical polishing [31],
without features interesting for the scope of this paper; therefore, their pictures were omitted.

a) b)

Figure 4. Surface appearance of the “as-produced” additive manufacturing (AM) specimens obtained
by optical microscopy: (a) EBM and (b) DMLS.
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The SEM micrographs reported in Figure 5 confirm the observation inferred by the optical
measurements and emphasise the differences between the samples, due to both the dimensions of the
powders and the aforementioned effects. On both samples, it is possible to observe either unmelted or
partially melted particles stuck on the fully fused ones. As expected, the powder particles are bigger
on the as-produced EBM specimen, because the diameter of the powders used for producing the EBM
specimens was between 45 and 105 pm. The scan tracks are even more evident than in the optical
micrographs, and also, it is possible to detect the layer steps, which are higher than in the DMLS
specimen. The latter, which was fabricated using powders with a diameter between 20 and 60 um,
shows numerous powder particles distributed very close to each other.

Figure 5. The surface appearance of the as-produced EBM (on top) and the as-produced DMLS
(on bottom) specimens.

The complex profile created on the AM specimens is further highlighted in Figure 6, where optical
micrographs of the samples’ sections are reported. The DMLS sample (Figure 6b) shows a profile
characterised by a nearly uniform distribution of valleys and peaks. However, the EBM sample
(Figure 6a) exhibits a jagged profile, in which various re-entrant features with irregular shapes can be
observed [35], which, at some points, extend far inwards. It is easy to imagine that the presence of
these re-entrant features, especially with their complex shape, could give rise to possible stagnation
zones, triggering or quickening corrosion phenomena.

It is clear that the surface shape conferred by the two AM processes examined in this investigation
may substantially vary depending on the building parameters. In addition, it is evident that other
roughness parameters, such as the aerial roughness parameter (apart from the often-used R./S,),
are necessary to describe such surfaces.
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Figure 6. Morphological profile of (a) as-produced EBM and (b) as-produced DMLS samples.
3.3. Topography Analysis

The surface morphology analysis revealed the key topological differences conferred by the use
of the two types of additive technologies, as depicted in Figure 7. The picture of the Ti-6Al-4V Wr
specimen has not been reported for the aforementioned reasons. The morphology of the as-produced
EBM surface is characterised by large partially melted particles arising from the solidified bulk
material. The peaks appear to be uni-directionally oriented, and interrupted by deep and wide valleys.
The as-produced DMLS specimen surface shows peaks made of solidified pools on which a significant
number of unmelted or partially melted small particles are attached. The peaks are spaced out by
moderately deep randomly distributed valleys.

Figure 7. 3D topography of (a) as-produced EBM and (b) as-produced DMLS specimens (arrows
indicate the building direction).
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Generally, to characterise the “roughness” of a surface, the average roughness parameter R,,
or its areal extension S,, is considered. However, different morphologically structured surfaces can
assume the same value of average roughness R,, even if their topography is dissimilar, as discussed
elsewhere [36]. Hence, to evaluate the complex topography obtained in AM parts, it is strongly
recommended to consider other roughness parameters [37]. The characterisation of the surface shape,
in the present work, was carried out by analysing four areal texture parameters (reported in Table 4):
(i) the average roughness S;; (ii) the root mean square height Sq; (iii) the Kurtosis parameter Sy,
which relates the height distribution to a Gaussian distribution; and (iv) the skewness parameter Sg,
which provides an indication of the relative predominance of peaks or valleys. In addition, another
parameter Sy, (the developed interfacial area ratio) is considered to estimate the extension of the “real”
surface area contributed by the texture, as defined by the ISO 25178-2 and European Report EUR
15178N [38] standards.

Table 4. Roughness parameters of the Ti-6Al-4V Wr, as-produced EBM, and as-produced DMLS specimens.

Roughness Parameters Ti6Al4V Wr As-Produced EBM  As-Produced DMLS
Sa (um) 0.62 49.97 14.54
Sq (um) 0.79 63.45 18.54
Siku 3.69 4.07 5.57
Ssk 0.12 0.11 -0.49
Sdr 22.79% 551.50% 92.50%

As expected, the Ti-6Al-4V Wr sample shows a low value of S,, while the Kurtosis parameter,
Sku, suggests a Gaussian surface; the skewness parameter, Sq, is positive; and the Sy, parameter
highlights a relatively small increase in the developed surface area compared to the projected area. More
interesting features were found by taking into consideration the additively manufactured specimens.
The as-produced EBM specimen presents a S, parameter that is approximately four-fold greater than
that of the DMLS specimen (49.97 and 14.54 pm, respectively). Both specimens present sharp peaks,
exhibiting values of the Sy, parameter greater than 3 [39]. It is interesting to highlight that the surface
distribution of “peaks and valleys”, too, depends on the formation technology used. The recorded
skewness parameter, S, in fact, shows a negative value (-0.49) for the as-produced DLMS specimen,
while it assumes a positive value (0.11) for the as-produced EBM specimen. Skewness is a measure
of the symmetry of the profile about the mean line with respect to which measurements are made.
This indicates whether the spikes are predominantly negative or positive or if the surface profile has
an even distribution of peaks and valleys. Therefore, it is possible to assume that the as-produced
DLMS specimen surface is characterised by the presence of “more” valleys than the as-produced
EBM specimen surface. In the same manner, considerable differences are found when comparing the
estimated extension of the specimen surfaces. The Sy, parameter assumes the value of 551.50% for the
as-produced EBM specimen, implying that the specimen surface area is approximately seven times
greater than the geometric surface area. The increase in the as-produced DLMS specimen surface area
is lower, but it means, roughly, that the specimen surface area is almost two times greater than the
geometric surface area. Hence, as the specimen geometrical area is 2.8 cm?, using the Sy, value to
estimate the extension of the area, the “actual” area of the Ti-6Al-4V Wr specimen has been estimated to
be 3.5 cm?, whereas the as-produced EBM and the as-produced DMLS specimens have been estimated
to possess an “actual” area equal to 18.43 and 5.44 cm?, respectively.

3.4. Crystallographic Analysis

XRD diffractograms obtained on “as-produced” specimens are reported in Figure 8 in comparison
to the pattern of the traditionally produced component. The Ti-6Al-4V Wr specimen presents hexagonal
peaks that are characteristic of the Ti hexagonal close-packed (hcp) structure, generally defined as «
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phase (black diamond), and only one peak related to the (3 phase (orange circle). The EBM specimen
presents the same peaks as the Ti-6Al-4V wrought specimen, but the peaks are weaker, shorter, and
broader. The presence of titanium oxides is observed in the DMLS specimens. In particular, the TiO,
(green square) detected on the DMLS specimens is in the rutile form. It is produced due to the heat
treatment carried out at 650 °C for 2 h under an Argon gas atmosphere to reduce internal stresses.
The lack of the 3 phase peak in the AM specimens could indicate a martensitic microstructure for the
as-produced DMLS specimens, or a wide presence of  phase, for the as-produced EBM.

2500
¢ o-Ti

B-Ti
2000 ﬂ ® TiO,

L

¢ .
1500 MM‘L/‘ J\,'._,..__._...,/\\. A ___JL_._,.W\._.../V\_ as-produced DMLS
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Figure 8. XRD spectrum of Ti-6Al-4V Wr (black line), as-produced EBM (blue line) and as-produced

DMLS (red line) specimens.

3.5. Electrochemical Test

When a new material or new process is proposed for biomedical applications, the part surface
characteristics are vital for proving the possibility of its use in the human body, and among them,
the corrosion resistance plays a crucial role. As reported earlier, surprisingly, even though the AM
technologies are rapidly spreading and several research efforts have addressed the electrochemical
characterisation of their bulk properties, few studies have considered the electrochemical properties of
the “as-produced” parts.

This aspect is significant for exploiting the peculiarities of the topography of “as-produced”
AM parts, to increase the osseointegration rate in bio-devices and, simultaneously, the amount of
bio-device/tissue adhesion by taking advantage of mechanical interlocking.

The experimental approach used in this work was the testing of the specimens using the
potentiodynamic polarisation technique in in vitro conditions, recorded during immersion in Hank’s
solution. The results obtained are reported in Figure 9.

The benchmark specimen Ti-6Al-4V Wr (Figure 9a, black curve) presents the well-known behaviour
exhibited by the alloy when immersed in Hank'’s solution, showing a large and steady range of passivity
(from —0.200 V to 2.5 V vs. SCE), low passive current density i, (1 X 107® A/cm?), corrosion potential
Ecorr = —0.480 V vs. SCE, and a pitting potential of approximately 2.5 V vs. SCE, in accordance with
the literature [9]. The shape of the polarisation curves obtained for the AM specimens is significantly
different from the curve for the Ti-6Al-4V specimen. Their corrosion potential is higher than that of the
wrought specimen and similar to each other. In addition, it may be noted that both the polarisation
curves of the as-produced AM specimens present a similar trend, showing a pseudo-passivity current
of approximately 3 x 107 A/cm?. The current density also remains constant for values of about
1x 107* A/cm?, even if the as-produced EBM specimen shows high scattering. This observation is
noteworthy as it shows that, although the two specimens were obtained using different experimental
conditions, the interface reactions are of the same type, thus determining currents of the same order of
magnitude in similar potential intervals. The extension of the latter, however, as well as the scattering
present in the data of the as-produced EBM specimens, can be correlated to the topographies of the
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two surfaces, which, as previously shown, are significantly different from each other. In particular,
the deep valleys (see Figures 6a and 7a) shown by the as-produced EBM specimen determine the
presence of zones in which the interface processes are significantly more active. A confirmation of
the interpretation of the experimental data is provided in the work of Burstein [40], who found a
relationship between the roughness of a passive 304 stainless steel and the number of transients caused
by the presence of metastable pits. In the same manner, the trans-passivity potential detected at 1.3 V
vs. SCE could be due to the surface shape [41].
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Figure 9. (a) Potentiodynamic polarisation curves obtained by considering the geometrical areas of
the as-produced EBM (blue curve) and as-produced DMLS (red curve) specimens, compared to the
Ti-6Al-4V Wr specimen (black curve); (b) Potentiodynamic polarisation curves obtained by considering
the estimated surface area by means of topographical measurements.

In Figure 9a, the data are shown considering the geometrical area of the specimens. It is clearly
observable that the recorded current for the AM specimens are higher than that exhibited by the
Ti-6Al-4V Wr specimen across the whole range of considered potentials. However, as shown in
Figure 9b, the scenario changes if the “estimated real surface area” of the specimens is considered.
In fact, due to the results obtained from the topographic characterisation of the specimens and shown in
Table 4, a shift to lower current density of all the potentiodynamic curves is recorded. The curve of the
Ti-6Al-4V Wr specimen is almost unchanged, due to the small variation in its actual area, whereas the
shift of the two curves of the AM-produced specimens determines a substantial difference in the current
densities. Hence, the pseudo-passivity current shown by the as-produced EBM specimen, measured
in the range 0.8-1.2 V vs. SCE, can be estimated to be 4 x 10~ A/cm?. This value is approximately
an order of magnitude lower than the data reported in the Figure 9a. The shift presented by the
as-produced DMLS current curve is lower due to the reduced increase in the “actual area” obtained
through the specimen topography analysis. This aspect, in our opinion, remains unclear and needs
further in-depth analysis, to determine the true corrosion resistance of AM-produced parts.

In conclusion, the presence of the spikes at approximately 1 V vs. SCE and after 1.5 V vs. SCE,
recorded for the “as-produced” EBM specimens, suggests that the titanium oxide formed on the
EBM specimens is more unstable than that on the DMLS specimens. The instability of the EBM
specimens can be related to their jagged (or indented) roughness profile (see Figure 6a). However,
the as-produced DMLS specimens present higher current density values and also a wrinkled surface
profile (see Figure 6b), and the polarisation curve is more stable. Both the as-produced DMLS and EBM
specimens show a positive Ecorr, but a real and wide range of passivity, comparable to the Ti-6Al-4V
Wr specimen, is missing.

Electrochemical investigations performed on the mechanically polished specimens revealed
important differences, as depicted in Figure 10, if compared to the data reported previously.
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Figure 10. (a) Potentiodynamic polarisation curves obtained by considering the geometrical area of the
EBM-MP (blue curve) and DMLS-MP (red curve) specimens, compared to the Ti-6Al-4V Wr specimen
(black curve); (b) Potentiodynamic polarisation curves obtained by considering the estimated surface
area by means of topographical measurements.

The AM specimens present corrosion potential that is slightly negative compared to the that of
the Ti-6Al-4V Wr specimen, as pictured in Figure 10a. The passive current density until 1.5 V vs. SCE
has the same value as that shown by the Ti-6Al-4V specimen (approximately 1 x 107® A/cm?) for both
EBM-MP and DMLS-MP specimens. Above this potential value, the potentiodynamic polarisation curves
of both the AM specimens present a “transition current zone”, correlated with the oxygen evolution
reaction [11,14,42]. In particular, the DMLS-MP specimens show a negligible transition current zone, in
which the current density increases and decreases until 1.8 V vs. SCE. However, the EBM-MP specimens
show a more pronounced transition current zone, suggesting a higher instability of the oxide layer
formed on this specimen. Some authors have observed a rapid increase in current density above 1.3 V
vs. SCE, which can be interpreted as the transpassivity potential value [10]. By increasing the range of
potential values, it is possible to see that the increase in current density is limited to a narrow range of
potentials, as confirmed by Chiu et al. (2018) [14]. It is possible to assume that the estimated “actual” area
of the mechanically polished additively manufactured specimen is comparable to that of the traditionally
produced one, since both were polished and stored in the same manner. As a result, the potentiodynamic
polarisation curves of the mechanically polished specimens related to the “actual area” present a shift
towards lower current density values, which is so small that it does not have a significant effect on the
passive current density i, as depicted in Figure 10b.

For clarity, the corrosion parameters of the potentiodynamic polarisation analysis are reported in Table 5.

Table 5. Summary of corrosion parameters of the potentiodynamic polarisation analysis.

Ip Ip

Specmen yyScp  mveescp  Geom A Real Ar
Ti-6Al-4V Wr —-0.480 -0.200 1 0.8
as-produced EBM 0.040 0.750 2.5 0.4
as-produced DMLS 0.003 0.300 25 24
EBM-MP -0.490 -0.200 1 0.8

DMLS-MP -0.505 -0.250 1 0.8
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The potentiodynamic polarisation results clearly highlight the influence and, therefore, the importance
of the surface morphology.

4. Conclusions

The effects of surface characteristics on the morphological and corrosion resistance of a titanium
alloy, Ti-6Al-4V, fabricated by DMLS and EBM processes for biomedical applications were investigated.
The microstructural analysis showed the expected martensitic or basket-wave structures for the
AM specimens. XRD revealed the presence of titanium dioxide on the DMLS specimen due to
the heat treatment carried out to relieve internal stresses. The topographical analysis allowed the
estimation of the actual area extension of the AM specimens. Potentiodynamic polarisation tests carried
out on the as-produced AM specimens revealed a significantly different electrochemical behaviour
when compared to that revealed for the traditionally produced specimen, showing the presence of
a pseudo-passivity range and higher current density in almost all the investigated potential ranges.
Attention was focused on considering the “actual surface extension” and evaluating the corrosion
resistance of the specimens. However, the electrochemical behaviour of the mechanically polished
specimens is similar to that of Ti-6Al-4V Wr, even if an instability zone is exhibited by the AM
specimens. In wider terms, the results showed that further studies are needed to comprehend the true
electrochemical behaviour and corrosion resistance of AM-produced parts. In addition, to allow their
safe use in biomedical applications, both in the case of as-produced devices and of those in which the
outermost layer has been removed, an ad-hoc surface treatment process is required.
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