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The titanium alloy Ti-6Al-4 V is widely used in medical applications due to its favourable mechanical properties,
biocompatibility, and excellent corrosion resistance. This study aims to study the composition, structure and
electrochemical behaviour of additively manufactured Ti-6Al-4 V alloy produced by a directed-energy deposi-
tion of powder using a laser beam (DED-LB) and compare it to wrought alloy produced by conventional met-
allurgy. The surface morphology and composition of the chemo-mechanically polished wrought and DED-LB
samples were analysed by X-ray diffraction, scanning electron microscopy coupled with energy-dispersive X-ray
spectroscopy, atomic force microscopy coupled with scanning Kelvin probe force microscopy and X-ray photo-
electron spectroscopy. The electrochemical behaviour was assessed using potentiodynamic polarisation and
electrochemical impedance spectroscopy in three simulated physiological solutions (Hanks’ balanced salt solu-
tion, NaCl, and artificial saliva) at 37 °C. Both alloys show highly protective corrosion behaviour in the tested
media, confirming that DED-LB Ti-6A1-4 V is a promising alternative to conventional manufacturing methods for
advanced metallurgical engineering applications. The alloys exhibit similar general chemical composition but
different microstructure, with a lamellar o’-martensitic phase in the DED-LB fabricated alloy surrounded by prior
p grains contrasting equiaxed o+ p structure of the wrought alloy. Differences in microstructure are related to
differences in local chemical composition, which affect the course of the corrosion when polarised to high
positive potentials of 6 Vag/agcl-

Corrosion
Simulated physiological solution

1. Introduction Furthermore, its mechanical properties ensure it can endure the dy-
namic loads and stresses encountered during normal physiological ac-
tivities [2,3].

Conventional manufacturing methods, such as forging, casting, and

Ti-6Al-4 V, known as titanium grade 5, is an alpha-beta titanium
alloy composed of 90 wt% titanium, 6 wt% aluminium, and 4 wt% va-

nadium. Due to its excellent strength-to-weight ratio [1], corrosion
resistance, and biocompatibility [2-9], Ti-6Al-4 V alloy is a desirable
material in various industries, including aerospace and, most notably,
the medical sector [3,6]. Its application in medical implants and pros-
thetic devices is well-established due to its mechanical properties, which
match those of human bone, thereby minimising the risk of stress
shielding and enhancing implant longevity [5,6]. In the medical field,
the alloy’s ability to resist corrosion [2] and integrate well with bio-
logical tissues has made it the material of choice for permanent implants
that must withstand the harsh environment of the human body [3,6].

machining, have long been used to produce Ti-6Al-4 V components [10,
11]. Depending on the thermal treatment, these processes result in
well-characterised microstructures and predictable mechanical proper-
ties. On the other hand, the rise of additive manufacturing (AM) [12-14]
has revolutionised the production of metal components, offering un-
precedented design flexibility [13,15] and the ability to create complex
geometries [15] that were previously unattainable with conventional
methods [12,16].

AM fabricate components layer-by-layer [17], enabling the custom-
isation of implants to suit individual patient needs and optimising
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component designs to enhance performance [10,18]. Despite these ad-
vantages, the transition to AM introduces new challenges, particularly in
terms of controlling the microstructure [14,17,19] and mechanical
properties of the alloy [14,20,21], which can differ significantly from
those produced by conventional metallurgical methods due to the
unique thermal conditions and rapid solidification involved in the
printing process [12,13,22].

The microstructural differences between wrought and additively
manufactured Ti-6Al-4 V are critical to understanding their mechanical
[10,20] and corrosion properties [4,21,23]. Metallurgical processes
typically result in uniform microstructures characterised by the presence
of alpha (a-phase is the hexagonal close-packed (hcp)) and beta (f-phase
is the body-centred cubic (bcc)) phases [11,19,24]. The a-phase is stable
at lower temperatures, while the p-phase, V-rich phase, is stable at
higher temperatures, and their combination contributes to the alloy’s
mechanical properties [11,25]. In contrast, AM processes can produce
finer grains, non-equilibrium phases, and residual stresses due to rapid
cooling and layer-by-layer deposition [12,13], resulting in unique
microstructural features that can impact the alloy’s properties [12,14,
191.

Among various AM techniques [12,13,26], both power bed fusion
(PBF) and directed-energy deposition (DED) methods [15,17,21,27-29]
have emerged as suitable methods for producing Ti-6Al-4 V compo-
nents. Among PBF methods [4,12,13,19,30], selective laser melting
(SLM) or electron beam melting (EBM), the thermal energy of the laser
beam or electron beam is used to melt a thin layer of a metal powder
selectively. The component is fabricated layer-by-layer by spreading and
selectively melting additional layers. Among DED methods, again, either
a laser or an electron beam is applied to melt the locally fed metal
powder and fuse it with the previously deposited layer. Compared to the
PBF processes, laser-beam (LB) based DED (DED-LB) of metal powder
enables the fabrication of components with complex geometries and
tailored properties on a larger scale. [15,27,28]. Additionally, it enables
in-situ repairs and cladding of 3D elements and the production of
functionally graded materials and alloys by adjusting powder compo-
sition and deposition parameters in real-time [31-33]. DED-LB offers
significant advantages, such as material versatility and high deposition
rates [32,33]. However, it also presents challenges, including the need
for precise process stability control to avoid defects like porosity [27]
and residual stresses [34], which can adversely affect the performance of
the final component [12].

Several advanced characterisation techniques have been employed
to investigate the microstructural variations, such as X-ray diffraction
(XRD) [35], to identify and quantify phases, offering insights into the
crystallographic structure and phase transformations resulting from the
AM process [12]. Scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) provides high-resolution
images and elemental composition maps, revealing surface
morphology, grain structure, and potential defects such as porosity.
Atomic force microscopy (AFM) creates detailed topographical and
potential maps, crucial for understanding surface roughness and its in-
fluence on corrosion behaviour [4,16,21,23]. In the literature, several
studies have compared the properties of metallurgically and additively
manufactured Ti-6Al-4 V alloys [10,21,24,36-48]. It was established
that the microstructure was different (equiaxed grain for metallurgical
alloy and lamellar for AM alloy) and that the AM samples usually exhibit
reduced corrosion resistance in chloride-containing solution, ascribed to
the difference in microstructure and the presence of pores and defects
[36-38,41-43]. Most studies dealt with Ti-6Al-4 V prepared by the PBF
process, SLM or EBM [10,36-38,40,41-44,46,47,48]. In fewer studies,
DED-LB processes were exploited [15,17,27,28,45,49,50]. Furthermore,
the corrosion resistance of alloys manufactured by DED-LB has been
addressed less extensively [49]. Therefore, there is a lack of comparison
between  conventional,  metallurgically = manufactured, and
DED-LB-manufactured titanium alloys.

Corrosion resistance is vital for the biocompatibility of titanium
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alloys in medical applications [51-53], where the material is exposed to
various body fluids [2,16,23]. It was studied using electrochemical
measurements in simulated physiological environments, including NaCl
solution [54], Hanks’ balanced salt solution (HBSS) [7], and artificial
saliva (AS) [8]. NaCl solution, mimicking saline conditions within the
body, is crucial for evaluating resistance to chloride-induced pitting.
HBSS simulates human blood plasma’s ionic composition, assessing
general corrosion resistance, whereas AS reflects corrosion behaviour in
the oral environment, which is relevant for dental applications.

This study compares the microstructural and corrosion properties of
wrought metallurgically and DED-LB-manufactured Ti-6Al-4 V alloys.
Surface analysis was conducted using XRD, 3D profilometry and X-ray
photoelectron spectroscopy (XPS) coupled with advanced SEM/EDS/
AFM microscopy and scanning Kelvin probe force microscopy (SKPFM).
This study continues our recent study [55], which can be taken as a
benchmark for the metallographic preparation and characterisation of
the wrought Ti-6Al-4 V alloy and further comparison with the DED-LB
fabricated alloy.

2. Experimental
2.1. DED-LB setup and samples

Using the DED-LB experimental setup schematically shown in
Fig. 1a, the Ti-6Al-4 V (Grade 23) samples in the shape of thin walls
were fabricated from the TEKMAT™ Ti64-105/45, plasma atomised
powder, Sherbrooke, Canada, with particle size between 30 and
160 um). In the setup, an annular laser beam DED head with axial
powder delivery was used [56]. A fibre laser with a wavelength of
1080 nm and a maximum laser beam power of 2.5 kW was applied as the
energy source. The DED-LB process was performed in a build chamber
with a controlled argon (inert) atmosphere to avoid powder and
deposited layer oxidation. During the process, the presence of oxygen
was monitored using a sensor with a resolution of 0.1 % to keep more
than 99.6 % inert atmosphere. An IR camera (Optris PI 640), which
records the thermal radiation emitted by the side of the wall with a
frequency of 10 Hz, was used to characterise the DED-LB fabrication of a
thin wall.

With the presented DED-LB setup, thin-wall samples with dimensions
of length x height x width = 70 mm x 3 mm x 20 mm were fabricated
with a unidirectional deposition of 20 layers. The powder mass flow rate
was 6 g/min, and the substrate feeding rate was 5 mm/s. The fabrication
of the thin wall started with an initial laser beam power of 1150 W,
which was reduced by 10 W per deposited layer. A dwell time of 5 s was
used between the successive layers. The 3 mm-thick walls produced with
DED-LB were machined from both sides by milling to a uniform thick-
ness of 2 mm. Three disc samples with a diameter of 15 mm were then
cut from the milled wall (left, centre and right), Fig. 1b. The charac-
terisation and analysis were performed on the sample from the centre of
the manufactured wall unless otherwise stated.

For the comparison, the metallurgically produced wrought titanium
alloy Ti-6Al-4 V (Grade 5), a 2 mm thick sheet, was supplied from
GoodFellow, Cambridge, England. The sheets were cut into discs with a
diameter of 15 mm.

Wrought and DED-LB samples were metallographically prepared in
three mechanical and chemo-mechanical steps: (i) water-grinding using
MD Mezzo 220, (ii) polishing using MD Largo-+DiaPro, 9 ym and (iii)
chemo-mechanical polishing using MD Chem+OP-S (SiO3, 0.25 pm +
10 % v/v Hy03) [55]. All polishing cloths and lubricants were distrib-
uted by Struers (Ballerup, Denmark).

2.2. Microstructure and surface characterisation
The alloys’ microstructure was examined using an optical micro-

scope (ZEISS Axio Imager Z1) at magnifications between 100 x and
1000 x . Before optical microscopy, the sample’s surface was chemo-
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Fig. 1. a) The scheme of the DED-LB system and process, and b) the scheme of the printed wall after machining from which the disc samples were cut.

mechanically polished as described above and then etched for 40 s using
Kroll’s solution comprising 100 mL water, 4 mL nitric acid (HNOg), and
2 mL hydrofluoric acid (HF).

The XRD characterisation was performed on a 1 cm? sample area on
an X-ray powder diffractometer (PANalytical X'Pert PRO) with Cu Ka
radiation in the range from 30 ° to 90 ° 20 with a step of 0.0033° 20 and
100 s per step. The qualitative and quantitative analyses were done by
the X'Pert HighScore 4.9 program (Malvern Analytical B.V., Almelo, The
Netherlands).

SEM analysis was conducted using a FEI Helios 650 Nanolab in-
strument (Thermo Fisher Scientific), operating at a beam acceleration
voltage of 10 kV. Imaging was performed with a circular back-scattered
(CBS) detector for back-scattered electrons (BSE) to obtain composi-
tional information, as they provided a contrast between areas with
different chemical compositions. Some images were recorded using a
high-performance ion conversion and electron (ICE) detector for sec-
ondary ions (SI) and electrons (SE). In addition to SEM analysis, EDS was
conducted using an Oxford Instruments AZtec system with an X-max
SDD (50 mm?) detector at 10 kV. The SEM characterisation was con-
ducted in 90 pm x 16 um area (5000 x magnification) or 3 um x 2 pm
area (20,000 x magnification).

SKPFM and AFM topography measurements were conducted using
an AFM LiteScope (NenoVision) integrated within a Versa SEM (FEI,
Hillsboro, Oregon, USA). During SEM imaging, the BSE signal was
simultaneously captured using a CBS detector to enhance material
contrast.

XPS analysis was conducted using a TFA Physical Electronics Inc.

spectrometer featuring a hemispherical analyser. The analysis was car-
ried out under a vacuum of approximately 10 ° bar. All spectra were
recorded using a monochromatic Al Ka X-ray source (1486.6 eV) with a
400 um diameter analysis area. Survey scans were performed at a pass
energy of 187.9 eV, while core-level peaks were measured at 29.4 eV
with a 0.1 eV energy step. The emission angle relative to the sample
surface was 45°. Binding energies (Ep) were calibrated by referencing
the C 1 s peak at 284.8 eV. Chemical composition was quantified using
MultiPak software (Version 8.1).

Depth profiles of the oxide layers were obtained at a sputtering rate
of 1.0 nm/min, calculated using an Al;O3 layer of known thickness
deposited by atomic layer deposition. The oxide layer thickness was
determined from the depth profile by two methods: the thickness related
to the time at the intersection of the Ti 2p and O 1 s curves and the
thickness related to the time at the intersection of the Ti 2p metal and Ti
2p oxide curves. The Linear Least Squares (LLS) fitting tool in MultiPak
determined the latter. This tool decomposes the Ti 2p spectra into Ti-
oxide and Ti-metal components, and the oxide layer thickness is deter-
mined at the intersection.

2.3. Electrochemical characterisation

Electrochemical measurements were conducted using a custom-built
polymethylmethacrylate three-electrode cell with a volume of 250 mL
and a thermostatic jacket to maintain the cell temperature at 37
+ 0.1 °C during the measurements. The sample (wrought and DED-LB
fabricated), with an exposed surface area of 1 cm? was the working



1. Milosev et al.

electrode placed in the cell at the bottom using a holder. A saturated
silver/silver chloride (Ag/AgCl) electrode with a potential of 0.197 V vs.
the standard hydrogen electrode was used as the reference electrode,
while a 5 mm diameter graphite rod functioned as the counter electrode.
All electrochemical tests were performed using a multipotentiostat/
galvanostat Autolab PGSTAT M204 (Metrohm Autolab, Nova software
2.1.6, Utrecht, The Netherlands).

The sample was first stabilised at open-circuit potential (OCP) for
1.5h. The electrochemical impedance spectroscopy (EIS) was then
conducted in the frequency range from 100 kHz to 10 mHz with a 10 mV
amplitude (rms) signal. After completion of the EIS step, the potentio-
dynamic polarisation curve (PDP) was recorded at a scan rate of
1 mV s, starting from —0.15 V vs. OCP and progressing up to 6.0 V.
Electrochemical parameters, including corrosion potential (Ecor) and
corrosion current density (jeorr), Were extracted from the PDP curves
using Nova 2.1.6 software. Representative measurements were chosen
to plot them in the graph, and mean values of electrochemical param-
eters with standard deviations were provided in tables.

Electrochemical measurements were conducted in three simulated
physiological environments (Table 1): (1) 0.9 wt% NaCl solution
(neutral pH), (2) Hanks’ balanced salt solution (HBSS) [7], and (3)
artificial saliva (AS) [8]. All chemicals were analytically pure and
distributed by Sigma Aldrich.

3. Results and discussion
3.1. DED-LB fabrication of Ti-6Al-4 V samples

Fig. 2 illustrates the steps from raw powder material (Ti-6Al-4V
TEKMAT™ Ti64-105/45) to the thin wall samples produced by the
DED-LB process (Fig. 2a). The composition of powder particles of Ti
89.0 wt%, Al 6.5 wt% and V 4.5 wt% was determined by EDS (inset in
Fig. 2a). The powder of spherical morphology exhibits a Gaussian-like
particle equivalent diameter distribution in the range between 30 pm
and 160 pm with a mean and standard deviation of 88.6 pm and
21.3 pm, respectively (Fig. 2b). The particle shape and size distribution
ensure consistent flowability needed for successful powder feeding and
deposition.

Fig. 2c and d show the top and side views of a Ti-6Al-4 V thin wall of
dimensions 70 mm x 20 mm x 3 mm deposited on a Ti-6Al-4V sub-
strate of dimensions 90 mm x 15 mm x 3 mm. The images highlight the
well-defined rectangular shape of the wall (Fig. 2d) with uniform wall
thickness (Fig. 2c), which indicates a high process stability. After DED-
LB fabrication and post-processing by milling, three discs were cut from
the fabricated wall at three positions (left, centre and right regions) as
indicated in Fig. 2d for further microstructure, compositional and
electrochemical analyses.

Fig. 3 illustrates an example of the radiation temperature field of a

Table 1
The composition of simulated physiological solutions used in the study.

Simulated physiological
solution

Composition

Hanks’ balanced salt
solution (HBSS)

8 g/L sodium chloride (NaCl), 0.4 g/L potassium
chloride (KCl),

0.19 g/L calcium dichloride dihydrate (CaClax2 H,0),
0.06 g/L magnesium sulfate (MgSO4+x7 H,0), 0.40 g/L
magnesium chloride hexahydrate (MgCl,x6 H30),
0.35 g/L sodium hydrogen carbonate (NaHCOs), 1 g/L
glucose (D-Glucose), 0.25 g/L potassium dihydrogen
phosphate (NaH2PO4+xH50), 0.06 g/L disodium
hydrogen phosphate (NazHPO.+x 2 H;0); pH ~ 7.2-7.4.
9 g/kg NaCl (pH ~ 5.8)

0.40 g/L NaCl, 0.40 g/L KCl, 0.69 g/L

NaHzPO4x 2 H,0, 0.795 g/L CaClzx 2 H,0, 0.005 g/L
sodium sulphide nonahydrate (Na;Sx9 H,0) and

1.00 g/L urea (CO(NHz)2); pH ~ 6.8.

0.9 wt% NaCl solution
artificial saliva (AS)
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Ti-6Al-4 V wall captured during the DED-LB deposition process by the
IR camera. The colour scale on the right represents radiation tempera-
ture, which differs significantly from the absolute temperature mainly
due to emissivity dependence on the temperature, surface orientation
and surface properties. Nevertheless, the laser beam deposition point,
located at the top centre of the image, represents the hottest zone of the
melt pool with temperatures above the melting point of 1604 °C of the
Ti-6Al1-4 V alloy. Therefore, the radiation temperature field provides
qualitative information on the absolute temperature field. From there,
the temperature gradient can be observed by following the colour
change from orange through shades of violet and blue to the coldest area
in dark blue. By deposition along the layer and by deposition of further
layers, each location in the wall experiences fast cyclical cooling and
reheating with characteristic directions of the temperature gradient and
the resulting heat flow.

3.2. Microstructural and surface characterisation of DED-LB and wrought
Ti-6Al-4V samples

3.2.1. Mictrostructural analysis by optical microscopy

To compare the wrought and DED-LB Ti-6Al-4 V, first, a visual
overview of the surface appearance is presented in Fig. S1. Metallo-
graphic surface preparation through mechanical grinding and chemo-
mechanical polishing is highly effective on Ti-6Al-4 V due to the
inherent mechanical properties of this alloy. Ti-6Al-4 V exhibits a high
degree of toughness and wear resistance, but during polishing, the ma-
terial’s ductility allows for the deformation of surface asperities, as
described in our previous study, resulting in a uniform surface finish
(Fig. Sla) [55]. Subsequent chemo-mechanical polishing with an alka-
line reagent (silica and Hy05) enhances the surface finish by dissolving
microscopic irregularities and producing a smooth, mirror-like appear-
ance that mechanical polishing cannot fully achieve [55]. The
mirror-like appearance is achieved for both wrought and DED-LB sam-
ples (Fig. S1b). However, during grinding and polishing, some occa-
sional defects inherent to additively manufactured alloys were noticed
[57], such as lack of fusion and gas pores (Fig. S2).

Since polished samples cannot reveal microstructural differences
(Fig. S1), a more substantial comparison was performed after etching
with Kroll’s reagent [58] (a mixture of nitric acid, hydrofluoric acid, and
water). The nitric acid in the reagent oxidises the alloy surface. In
contrast, the hydrofluoric acid selectively removes the oxidised layers.
Conventionally manufactured Ti-6Al-4 V reveals the more refined,
uniform, equiaxed grain structure typical of well-controlled thermal and
mechanical processing (Fig. S1c).

In contrast, the DED-LB sample shows a lamellar structure, which
differs significantly from the wrought sample (Fig. S1d). This difference
is primarily related to the localised, layer-by-layer deposition process
(Fig. 1), which induces directional solidification and produces an
irregular grain structure (Fig. S3).

Images recorded at higher magnification (Fig. 4) clearly show the
differences between the etched samples. Since wrought Ti-6Al1-4 V al-
loys are usually produced below f transus temperature of 981 °C [59],
such thermal treatment produces a recrystallised microstructure having
fine equiaxed o grains, with a dispersion of § at primary a grain
boundaries (Fig. 4a,b) [46,60]. Equiaxed microstructures are charac-
terised by small (3 —10 pm), rounded grains with aspect ratios near
unity (inset in Fig. 4b) [24].

Etched DED-LB samples show a typical martensite structure with
prior p grains (Fig. 4c, d). DED-LB comprises a complex thermal history,
including many layers built one above another, each going through a
complex history of melting and cooling (Fig. 3), resulting in a columnar
structure. Namely, metal powder is first heated above the B transus
temperature during DED-LB and cooled down relatively fast (cca.
100 °C/s for DED) [57]. At such cooling rates from the p phase into the
a+p field, typically lamellar microstructure is formed, referred to as
Widmanstaten a (or o or acicular a phase), i.e. p — o (martensite hcp
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Fig. 2. a) The size and shape of the TEKMAT™ Ti-6Al-4 V powder used in the DED-LB system b) particle size distribution, c¢) top view, and d) side view of the DED-
LB Ti-6Al-4 V thin wall deposited on the substrate. The notation of the samples depending on the position is described in Fig. 1.

Laser

Printed thin wall

deposition

Deposition
direction
900-

150.

Fig. 3. The radiation temperature field captured by an IR camera during the fabrication of a thin wall by the DED-LB deposition of Ti-6Al-4 V powder.

phase) transformation. The martensitic transformation starts at cca.
650 °C [60]. There are two main types of martensite: one with a twinned
structure, known as acicular (needle-shaped) martensite, and the other
with a high density of dislocations but few or no twins (massive
martensite) [61]. In the current study, the former is observed and
denoted as a’. These coarse o’ grains (o’ plates or needles) have a spe-
cific martensite crystallographic orientation within grains of the p ma-
trix [60]. Acicular o’ phase nucleates from grain boundary o, forming a
colonies whose size and shape are dictated by prior p grain boundaries
and within prior p grains [62,63] denoted in Fig. 4c,d. SEM images of
etched wrought and DED-LB samples are presented in Fig. S4. Martensite
acicular structure was observed for SLM-manufactured Ti-6Al-4 V al-
loys [21,41,43,44,48,64].

In summary, conventionally manufactured Ti-6A1-4 V samples have
a fine, more uniform o+ p structure. DED-LB Ti-6Al-4 V exhibits a more
heterogeneous and directional grain structure, with more prominent o’
acicular grains formed within the grains of the f-phase matrix. The re-
petitive thermal cycle in the heat-affected zone (reheating and recool-
ing) impacts the material’s microstructure, promoting the formation of
distinct Widmanstaten o’ acicular phase aligned with the direction of
heat flow. The control of this thermal gradient is crucial for maintaining
material consistency [32], minimising defects, and achieving optimal
crystallisation of the material (without any residual powder in the
structure) [65] and desired properties in the manufactured DED-LB alloy
[34]. The effect of these microstructural differences on compositional,
morphological and protective properties is further addressed in the
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d) DED-LB T|-6A| 4V

L

Fig. 4. Microstructural differences under the optical microscope of the conventionally manufactured wrought and DED-LB additively manufactured Ti-6Al-4 V
alloys. Samples were (a, b) chemo-mechanically polished and (c, d) additionally etched with Kroll’s reagent. Grain boundaries of prior p grains are highlighted by

orange lines.

following sections.

3.2.2. Phase composition by XRD analysis
The X-ray diffraction patterns of the wrought and DED-LB
Ti-6Al-4 V samples are shown in Fig. 5. The wrought alloy exhibits

well-defined peaks, reflecting the stable two-phase (o+p)
3
S
5 L]
3 3
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Fig. 5. The XRD diffraction (normalised) patterns of the wrought and DED-LB

Ti-6Al-4 V alloys. Both alloys contain predominantly a/o’-Ti and some peaks
related to the p-Ti phase.

microstructure, where Al stabilises the o-Ti phase and V stabilises the
B-Ti phase. The conventional manufacturing process involves thermal
treatments such as forging or annealing, which allow sufficient time for
the diffusion-controlled transformation of the p-phase to the equilibrium
a-phase [62]. The prominent XRD peaks are aligned with o-Ti (hcp)
phase (ICDD PDF#04-023-7232) with the main peaks at 35.3°, 38.5°,
40.4°, 53.2°, 63.4° and 76.7° (20) (crystallographic orientations are
denoted in the figure). Additionally, peaks related to the p-Ti (bcc) phase
(ICDD PDF#04-018-5433) were noted at 39.6°, 57.2° and 71.8° (20).
Based on analysis of the XRD spectrum, the wrought sample contains
98.6 % of the o (hcp) phase and 1.4 % of the § (bcc) phase.

The XRD diffraction pattern for the DED-LB sample also confirmed
the predominance of o-Ti (Fig. 5). o-Ti (hep) and o’-Ti (hcp) phases
cannot be differentiated by XRD; the spectrum of DED-LB samples is thus
regarded as martensite o’-Ti phase since the latter has been proven by
optical microscopy in Fig. 4. In addition, peaks related to the -Ti phase
were noted, but at slightly lower position than those observed for the
wrought sample. The position of the peaks is aligned with the § phase
(ICDD PDF#01-081-9813) with the prominent peaks at 39.4°, 56.9°
and 71.4° (20). These peaks are denoted as p’-Ti since they are posi-
tioned slightly differently from the B-Ti of the wrought alloy. It is diffi-
cult to state with assurance that these are two different p-Ti phases or the
same phases but that the peaks are shifted due to the different thermal
histories of the two processes. Calculations based on the XRD spectrum
show that in the DED-LB sample, the a (hcp) phase represents 99.5 %
and the p (bcc) phase 0.5 %, indicating a lower amount of § phase,
aligned with the relatively fast cooling from the high temperature and
insufficient time for the recrystallisation of the § phase.

Similar XRD patterns were observed in the literature for AM
Ti-6Al-4V, mainly regarding SLM-deposited samples. In some studies,
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exclusively o (or o’)-Ti (hcp) phase were noted [41,44,48,66,67],
whereas in other studies, peaks related to p-Ti (bcc) phase were also
noted for SLM samples [10,42,43,59], EBM samples [68] and DED
samples [49]. The presence of o'-Ti (orthorhombic) phase was also
noted for the SLM samples [64].

According to literature data [10], AM Ti-6Al-4 V samples showed
higher residual stresses related to a high density of dislocations and
lattice distortion [10]; residual stresses are typically minimised through
post-processing treatments, such as annealing [21,46,47,49]. In the
present work, the amount of residual stress was not quantified, but it can
be hypothesised that DED-LB also results in a certain amount of residual
stress, as shown by other AM-manufactured samples [49]. This issue will
be addressed in our forthcoming study.

The XRD diffraction analysis of Ti-6Al-4 V alloys produced by
conventional and additive manufacturing reveals minor differences in
microstructural characteristics. While the wrought sample shows a sta-
ble, well-characterised two-phase microstructure with a balanced dis-
tribution of o and p phases, the DED-LB process generates a more refined
microstructure with o’ -martensite.

3.2.3. Morphology and chemical composition by SEM/EDS analysis

First, the difference in microstructure between the DED-LB and
wrought samples was investigated (Fig. 6). Second, for the DED-LB
sample, the effect of the position and height in the printed wall on the
microstructure was addressed (Fig. 7).

The BSE images differ in the composition related to the atomic

Comp. in wt. %
Ti =89.5

Fig. 6. Back-scattered SEM images of surface morphology of chemo-
mechanically polished a) wrought and b) DED-LB manufactured Ti-6Al-4 V
samples at low (5000 x) and high (20,000 x) magnification (insets). The
sample was cut from the bottom middle position of the printed wall (Fig. 1).
The composition of the samples determined by EDS analysis on the area imaged
by SEM is given in the images. EDS results for numbered sites are shown
in Table 2.
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number; the higher the atomic number, the brighter the material ap-
pears in the image. The microstructure of the wrought sample pre-
dominantly consists of a « phase matrix interspersed with intergranular
B phase [6,11,55] (Fig. 6a). In the BSE image, the o matrix appears as
darker regions due to the predominantly Ti content containing around
6 wt% of lighter Al [55] (inset in Fig. 6a). The V-rich phase appears as
brighter regions due to the higher atomic number of V compared to Ti
[55]. EDS compositional analysis was made at different locations of the
area imaged. First, the whole area imaged in Fig. 6a was analysed, giving
89.6 wt% Ti, 6.2 wt% Al and 4.2 wt% V (results written within the
image). Local chemical composition made at different locations,
numbered from 1 to 5 (Table 2), differs from that determined at the
larger scale. Sites 1 and 2 refer to o matrix grains containing only Ti and
Al (about 94 wt% Ti and 6 wt% Al). Sites 3 and 4 refer to -phase grains
containing less Ti and less Al than a grains, but are abundant in V (about
16 wt%). Some grains (site 5) contain a high amount of Ti and Al as a
grains and a small amount of V (about 3 wt%).

In contrast, the microstructure of the DED-LB Ti-6Al-4 V sample
(Fig. 6b) exhibits a distinct bimodal character, significantly different
from the equiaxed grain structure commonly observed in wrought
Ti-6Al-4 V alloys (Fig. 6a). The refined lamellar structure in the DED-LB
alloy can enhance mechanical performance by providing barriers to
dislocation movement, which is critical for improving the material’s
strength and resistance to fatigue [11,24]. EDS compositional analysis of
the area imaged in Fig. 6b was 89.5 wt% Ti, 6.0 wt% Al and 4.5 wt% V
(results written within the image), i.e., comparative to the wrought
alloy. Local chemical compositions are represented by sites from 6 to 9
(inset in Fig. 6b). Sites 6 and 7 refer to lamellar Al-rich o phase con-
taining about 90 wt% Ti, 6 wt% Al, and 2 —3 wt% V. This phase is
typically aligned with the solidification direction, a feature driven by the
directional cooling inherent to the DED-LB process. The lamellae are
embroidered with the V-rich phase (sites 8 and 9). These sites contain
less Ti and Al, and more V (8 —9 wt%) than the a phase.

EDS confirmed the presence of the key alloying elements Ti, Al, and
V in both samples in very similar concentrations (Fig. 6). Thus, despite
the differences in microstructural features, the DED-LB process effec-
tively maintains the chemical integrity of the alloy, ensuring that the
alloy’s composition remains within the specifications required for its
intended applications [25]. However, microstructural differences
induce differences in chemical composition at the local micrometre
level. A clear distinction between the wrought and DED-LB samples is
the distribution of vanadium. In the wrought sample, V is concentrated
predominantly in p-phase grains, reaching about 16 wt%. These V-rich
grains are surrounded by an o-matrix. In the DED-LB sample, V is
concentrated in the longitudinal p-phase at a smaller content (8 —9 wt
%) than in the wrought sample, but it is also present in the matrix phase
(2 —3 wt%). Thus, the V concentration is smaller in individual locations
in printed than in wrought alloy, but it is spread over the entire matrix
surface.

Next, the BSE SEM images of DED-LB Ti-6Al-4 V samples were
recorded at a high magnification of 20,000 x for samples extracted from
three positions within the printed wall (Fig. 1): left, centre, and right
(Fig. 7). A consistent microstructure across all positions was observed,
with no significant variation in the size, distribution, or morphology of
the o and p phases from left to right. This suggests that the wall’s edge
positions (corners), where thermal gradients might have been expected
to influence phase transformation, do not lead to microstructural
differences.

Each sample is further examined at three different heights within the
wall structure: top, middle, and bottom (Fig. 7). No notable variations in
the phase structure, grain morphology or composition determined by
EDS were observed. Therefore, the reduction in power during printing
(—10 W/layer), designed to mitigate heat input, does not appear to
impact the overall microstructure.

In summary, SEM/EDS results demonstrate that the selected printing
parameters efficiently produce a well-defined and uniform
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Comp. in wt. %
Ti=89.1
Al=6.2
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Ti=89.6
Al=6.2
V=42
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Comp. in wt. %

Bottom

Fig. 7. Back-scattered SEM images of surface morphology of chemo-mechanically polished DED-LB manufactured Ti-6Al-4 V samples at high magnification
(20,000 x) at different horizontal (left, centre, and right) and vertical (top, centre, and bottom) positions in the printed wall (Fig. 1). The values represent the
elemental composition given in weight percentages determined by EDS on the area imaged by SEM.

Table 2
Elemental composition in wt% determined by point EDS analysis at numbered
sites in Fig. 6 for wrought (sites 1 —5) and DED-LB (sites 6 —9) Ti-6Al-4 V
samples.

Site elemental composition (Wt%)
Ti Al \Y
wrought Ti-6Al-4 V
1 93.4 6.6
2 94.2 5.8 -
3 80.8 3.3 15.9
4 79.8 3.5 16.7
5 89.3 6.8 2.8
DED-LB Ti-6Al-4 V
6 91.5 6.3 2.2
7 90.5 6.3 3.2
8 85.5 4.8 9.6
9 87.2 5.0 7.8

microstructure, irrespective of the position or height within the printed
wall. Pores or lack of fusion were only occasionally observed between
the deposited layers, even at high magnifications, confirming that the
deposition process produces a homogeneous structure across the entire
wall.

3.2.4. Morphology and surface potential difference by SEM/AFM/SKPFM
analysis

Optical microscopy imaging after etching with Kroll’s reagent
(Fig. 4) provided the basis for further localised investigations using
combined SEM, AFM and KPFM techniques to correlate surface
morphology with compositional variations and surface potential dif-
ference (Fig. 8).

Fig. 8a presents a BSE SEM image of the wrought Ti-6Al-4 V sample.

Similar to Figs. 6 and 7, it reveals differences between the o (Al-rich)-
and p (V-rich)-phases. At the same area (20 pm x 20 um), the AFM
topographical 3D mapping was recorded, providing the surface
morphology and roughness at the nanoscale. The roughness (S,) was
0.9 nm for wrought and 1.1 nm for the DED-LB sample. AFM results
(Fig. 8c) showed small topographical changes at the phases, sub-grain
surface, boundaries and mechanical polishing marks that SEM may
not capture in the CBS mode. The measured surface height variations
between 0 and 50 nm reflect a smooth surface, resulting from chemo-
mechanical polishing.

The combination of SEM/AFM with SKPFM correlates compositional
contrast (from SEM) with surface potential difference variations (from
KPFM) (Fig. 8e). The surface potential difference ranges between 0 and
84 mV. By overlaying the CBS SEM compositional image with the KPFM
surface potential map, it is possible to correlate the microstructure
(phases, grain boundaries) with the electronic properties of the surface.
The differences in the surface potentials between the phases are minor
and may be related to the surface passivation of the Ti alloys. Upon air
exposure, a spontaneously formed oxide layer passivates the surface and
minimises the potential differences between the phases in the alloy. This
is particularly useful for critical electronic surface characteristics, such
as corrosion resistance.

Combined SEM/AFM/SKPFM analysis was also performed for DED-
LB Ti-6Al-4 V (Fig. 8b). A typical lamellar shape was confirmed by
BSE SEM. The topographical AFM image between 0 and 18 nm revealed
a smooth surface with minor differences in the topography (Fig. 8d).
Again, a correlation exists between nanometer-scale surface features in o
and p-phase or along grain boundaries between SEM and AFM. The
variation in the surface potential difference ranges between 0 and 70 mV
and is similar to that of the wrought sample (Fig. 8 f). This indicates that
the potential differences between the phases are again minor and reflect
the surface passivation more than the presence of the individual phases,
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Fig. 8. (a, b) Back-scattered CBS SEM images, (c, d) AFM 3D surface topography, and (e, f) SKPFM surface potential difference analysed at the same area of chemo-

mechanically polished (a, ¢, €) wrought and (b, d, f) DED-LB Ti-6Al-4 V samples.

as observed in ref. [69].

Coupled SEM/AFM/SKPFM provided more detailed information on
the Ti-6Al-4 V microstructure. The composition, surface topography,
morphology and electronic characteristics (surface passivation) are
similar despite the difference in microstructure between wrought and
DED-LB alloys. In both samples, the surface characteristics are also
strongly related to surface passivation during exposure to the
atmosphere.

3.2.5. Chemical composition by XPS analysis

XPS analysis was conducted on chemo-mechanically polished DED-
LB (the comparative analysis on wrought Ti-6Al-4 V is presented in
ref. [55]). The survey spectra of the DED-LB sample confirmed the
composition with Ti, O and Al as the primary elements and adventitious
carbon (Fig. S5). Vanadium was not detected at the surface, as it is
buried below the surface layer, as shown below.

High-energy resolution XPS spectra of Ti 2p, Al 2p, O 1 s, and V 2p
were recorded to investigate the chemical states of the elements. Spectra
recorded at the surface and a depth of 40 nm are presented in Fig. 9
(spectra at all depths are presented below in Fig. 11). The Ti 2ps,2 and
2p1,2 peaks recorded at the surface are located at 458.4 eV and 464.3 eV,
respectively, corresponding to the surface passive film of TiO2 [7,55,70].
In addition to TiO, a small Ti 2ps,» peak centred around 453.7 eV is
noticed, similar to that observed for the wrought sample [55]. This
common feature in both types of alloys indicates the presence of regions
where the surface oxide layer is either incomplete or very thin, allowing
detection of the wunderlying metal. The reason lies in the

chemo-mechanical preparation of the samples, which includes a
continuous oxidative action of HyO, and removal by SiO, particles,
leading to the thinning of the surface layer.

The O 1 s spectrum is centred at 530.4 eV. It comprises components
related to O? species (at 529.9 eV) and OH- species (at 531.3 eV),
consistent with forming a hydrated titanium oxide layer during metal-
lographic preparation (as a result of a chemo-mechanical polishing with
alumina nanoparticles and H20. at pH 8.9). The Al 2p spectrum
exhibited a small, unresolved peak at around 74 eV, related to Al-Os
[51]. Vanadium was not detected at the surface [7,55]. Therefore, the
XPS analysis shows that the surface of the DED-LB sample was mainly
composed of a thin TiO: layer, similar to that for wrought Ti-6Al-4V
alloy under the same surface metallographic preparation [55].

The passivity of wrought Ti-based alloys is primarily based on
forming a TiO oxide layer. However, depending on the composition of
the alloy, passive film also contains oxides of the alloying elements, i.e.
Al,O3 for Ti-6Al-4 V [7], Al,03 and Nb,Os for Ti-6Al-7 Nb [71] and
Nb,Os, Tay0s and ZrO, for Ti-20Nb-10Zr-5Ta [72].

The depth profiles of the DED-LB sample, illustrating the variation in
chemical composition with sputtering time, are shown in Fig. 10. The
sputtering rate was 1 nm/min. Ti, O, and adventitious C were the
dominant elements at the surface. As sputtering progressed, the Ti signal
increased while the O signal decreased. The signal for carbon rapidly
diminished beneath the surface, while Al and V signals started to emerge
as the oxide layer was removed.

The thickness of the oxide layer determined as the intersection of Ti
2p and O 1 s curves is 1.5 nm (Fig. 10a). Using the LLS method, where
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Fig. 9. XPS Ti 2p, Al 2p, O 1 s and V 2p spectra recorded at the surface and a depth of 40 nm of the DED-LB Ti-6Al-4 V sample after chemo-mechanical polishing.

the oxide thickness was determined as an intersection between Ti 2p
metal and oxide curves, the obtained value was somewhat smaller, i.e.
1.1 nm (Fig. 10b).

Similar surface compositions were detected for wrought samples
[55], but for the DED-LB sample, the spontaneously formed oxide layer
was thinner, i.e., 1.1 nm, as opposed to 2.7 nm [55], as determined by
the LLS fitting for the wrought sample.

The Ti 2p and Al 2p spectra, tracked over different sputtering times,
are presented in Fig. 11. The Ti 2ps peak shifted from 458.4 eV
(associated with TiO2) to 453.7 eV (indicating metallic Ti) as the sput-
tering progressed. The Al 2p peak at 74.1 eV related to Al.Os appeared
just below the surface, showing that it was buried beneath the outer Ti
oxide, consistent with previous findings [51,52,55]. As sputtering
reached deeper layers, the Al 2p peak shifted to ~71.8 eV, related to
metallic aluminium. By 40 nm, the Ti 2ps/> and 2p,2 peaks were posi-
tioned at 453.7 eV and 459.8 eV, respectively, corresponding to metallic
Ti, while the Al 2p peak at 71.8 eV indicated the presence of metallic
aluminium and vanadium, respectively.

Vanadium was initially absent in the surface oxide layer but
appeared at around 2 nm, increasing its intensity toward the inner
interface (Fig. 11) with the 2p3,5 peak at 512.8 eV of metallic V [7]. The
intensity of the O 1 s gradually decreased as the sputtering process
proceeded (Fig. 11).

Previous studies on titanium alloys have highlighted that
manufacturing can influence microstructure and surface oxidation [10,
41]. Although the microstructure of the bulk material may differ due to
different cooling rates and thermal histories, the surface chemistry, as
detected by XPS, tends to be dominated by the formation of titanium
oxides due to the high affinity of titanium for oxygen [14]. In the present
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study, a very similar surface composition was identified for DED-LB and
wrought Ti-6Al-4 V samples [55], predominantly consisting of a hy-
drated TiO, layer with traces of Al,O3. The latter was buried just below
the surface due to an instantaneous and continuous coverage by TiO».
Therefore, both processes (conventional metallurgy and DED-LB AM)
produce surfaces with similar characteristics in terms of oxide coverage.
In both cases, some surface regions of thinner oxide areas are present
(indicated by a metallic Ti peak), which could be attributed to surface
roughness, processing conditions, or post-processing treatments such as
chemo-mechanical treatment. The thickness of the spontaneously
formed oxide layer, however, was thinner on the DED-LB sample than on
the wrought alloy.

3.3. Electrochemical measurements and corrosion mechanisms of DED-LB
and wrought Ti-6Al-4 V samples

Electrochemical measurements at OCP and under polarisation
assessed the corrosion resistance and characteristics of the passive films
formed on wrought and DED-LB Ti-6Al-4 V samples in three physio-
logical solutions: Hanks’ balanced salt solution, 0.9 wt% NaCl, and
artificial saliva. These measurements provided an understanding of the
electrochemical stability of the alloys, revealing differences in their
behaviour in different solutions.

3.3.1. Electrochemical impedance spectroscopy data at OCP
Electrochemical impedance spectroscopy provided additional in-
sights into the passive oxide film’s stability at the OCP. Nyquist plots and
Bode plots measured for wrought and DED-LB samples in three inves-
tigated solutions, HBSS, NaCl and AS, are presented in Fig. 12. Nyquist
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Fig. 10. a) XPS depth profile of Ti 2p, Al 2p, O 15, V 2p and C 1 s recorded at
the chemo-mechanically polished surface of DED-LB Ti-6Al-4 V sample. The
oxide thickness was determined as the intersection between the Ti 2pand O 1°s
curves. b) LLS fitting presenting the depth profiles of Ti 2p and Al 2p metal and
oxide curves. The oxide thickness was determined as the intersection between
the Ti 2p metal and oxide curves. The sputtering rate was 1 nm/min.

plots show semi-circular arcs with the diameter of each arc representing
the charge transfer resistance, indicating alloy’s corrosion resistance.
The diameter of the semi-arcs was smaller for DED-LB samples than for
wrought samples, and it decreased from HBSS to AS solutions. Bode
plots, featuring the differences in |Z| and phase angle (@) vs. frequency
(f) across the tested solutions, are characterised by three regions: (i) high
f region representing the interface of the surface film with the solution,
(ii) middle f region where |Z| is linearly decreasing with f and © is
constant, and (iii) low f region representing the interface of the surface
films and underlying metal, usually related to a decrease in ®. The
trends in the Bode plots showing a broad region of linearity of |Z| vs. f
and a broad plateau of © vs. f align with the observations from the
Nyquist plots, generally confirming the formation of the passive films on
both alloys and their protectiveness in simulated physiological
solutions.

To quantitatively express the resistance and capacitance properties
of the passive films formed on Ti-6A1-4 V samples, equivalent electrical
circuit (EEC) models were employed to fit the experimental results
(Fig. 13). For HBSS and NaCl solutions, a two-time constant model
(Fig. 13b) was used to distinguish the inner and outer oxide layers
formed on the surface of the DED-LB sample, while a single-time con-
stant model (Fig. 13a) was sufficient for AS, suggesting the thinner and
less stable oxide layer in this solution, consistent with PDP results pre-
sented in 3.3.2. EECs contain the components representing solution
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resistance (R;), polarisation resistance (R,) composed of R; (inner
compact oxide) and outer Ry (outer porous oxide), and constant phase
element (CPE). The latter describes non-ideal capacitive behaviour;
CPE; (pseudo-capacitance of inner oxide layer) and CPE; (pseudo-
capacitance of outer oxide layer) were used.

The largest semicircles for the DED-LB alloy were registered in HBSS
and corresponded to the highest polarisation resistance (R, = R1 + R2) of
3.23 MQ-cm? with a ® of —71° at 10 mHz (CPE; = 20.0 uQ'-s"-cm™, ny
= 0.91; CPE; = 2.0 uQ'-s"-cm™%, np = 0.88), indicating a compact and
stable passive oxide layer (Fig. 12a,c). The wrought alloy in HBSS
showed better corrosion resistance, with R, = Ry = 5.70 MQ-cm?, a © of
—73° at 10 mHz, and a CPE value of 29.2 uQ! -s"cm™ (n = 0.93)
(Table 3).

In 0.9 wt% NacCl, the intermediate semicircle diameter was regis-
tered, showing reduced corrosion resistance of the DED-LB alloy
compared to HBSS. R, decreased to 1.54 MQ-cm?, respectively, while the
©® at 10 mHz decreased to —68°. The R, value increased slightly to 88
Q-cm?, and the capacitance values to CPE; = 26.5 pQ™! -s"-cm™ and
CPE; = 5.6 pQ™* -s".cm™ (n; = 0.93 and np = 0.82) indicated a less
compact oxide layer in comparison with HBSS. The wrought alloy out-
performed the DED-LB alloy in NaCl, achieving a higher R, of 8.09
MQ-cm? and a ® at 10 mHz of —81°. The lower value of CPE; = 20.50
pQt .s"cm 2 (n; = 0.94) suggested fewer defects and a more homoge-
nous passive oxide layer formed on wrought alloy.

The diameter of the semicircle of DED-LB Ti-6Al-4 V was further
reduced in artificial saliva, suggesting the lowest corrosion resistance
compared to HBSS and NaCl. R, was 0.642 MQ-cm? i.e. fivefold and
over twofold smaller than in HBSS and NaCl, respectively; the phase
angle at 10 mHz dropped to only —49°, indicating that the passive oxide
layer in AS has lower corrosion resistance. Obtained values of CPE; = 26
pQ?' .s"cm? and n = 0.91 suggest a thinner, more porous and less
compact oxide layer, possibly due to differences in the solution chem-
istry in AS, which may prevent the formation of the well-defined
multilayered passive oxide film. In contrast, the wrought alloy demon-
strated better R, = 8.80 MQ-cm?, a © at 10 mHz of —84°, and CPE of
24.5 pQ! s"cm™

The Bode plots further emphasised these differences, particularly in
the impedance magnitude and phase angle (Fig. 12b,d). In HBSS, the
DED-LB alloy showed the highest |Z| values at low frequencies (10
mHz), confirming the excellent protective properties of its passive oxide
layer. The ® remained close to —80° over a broad frequency range,
indicative of a highly capacitive oxide film. In 0.9 wt% NaCl, |Z| values
were lower, and the ® dropped to —68°, showing reduced film
compactness. In AS, the lowest |Z| and © values (—49° for DED-LB) were
achieved, showing the lower stability and protective capacity of the
oxide layer.

Table 3 summarises the EIS parameters, including R, (R1, R2), Rs,
CPE and © at 10 mHz values, for the DED-LB and wrought samples in
HBSS, 0.9 wt% NaCl and AS. These quantitative results provide evidence
of the corrosion resistance of the passive film of the DED-LB alloy,
particularly in HBSS, where its R, and CPE values indicate a compact
and stable passive oxide layer. The wrought alloy generally demon-
strated better corrosion characteristics in all solutions, with R, ranging
between 5.7 MQ-cm? and 8.8 MQ-cm? (compared to 0.64 MQ-cm? and
3.23 MQ-cm? for the DED-LB sample).

3.3.2. Potentiodynamic polarisation curves in a broad potential range

To account for the differences in corrosion resistance between DED-
LB and wrought Ti—6Al-4 V samples observed by EIS measurements at
OCP (Fig. 12, Table 3), PDP curves were measured in a broad potential
region between —150 mV vs. OCP to 6 V vs. Ag/AgCl in HBSS, NaCl and
AS.

First, samples were allowed to stabilise for 1.5 h at OCP. The DED-LB
sample consistently exhibited more positive OCP values than the
wrought sample, indicating that the former was less prone to passivation
(Table 4). In HBSS, the OCP for the DED-LB sample was —0.024
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Fig. 11. XPS depth profiles of Ti 2p, Al 2p, V 2p and O 1 s spectra recorded at the chemo-mechanically polished surface of the DED-LB Ti-6Al-4 V sample. The
sputtering rate was 1 nm/min. The depth at which spectra were recorded is written in the graphs.

+ 0.092 V, more noble than —0.222 4+ 0.094 V for the wrought alloy.
Similar trends were observed in 0.9 wt% NaCl, where the DED-LB
sample maintained an OCP of 0.042 + 0.032 V compared to —0.313
+ 0.058 V for the wrought sample, and in AS, with values of 0.037
+ 0.035 V and —0.289 + 0.040 V, respectively.

The PDP curves for both samples, recorded over a broad potential
range, illustrate these differences, showing the characteristic trends in
corrosion parameters (Ecorr and jeorr) across all tested solutions. PDP
curves recorded for the DED-LB consistently demonstrated more positive
Ecorr and comparable or slightly higher jeo relative to the wrought
sample (Fig. 14). The Ecorr and jeorr determined from the PDP curves
recorded in HBSS, 0.9 wt% NacCl, and AS are summarised in Table 4. For
instance, in HBSS, the DED-LB alloy had an Ecoy of —0.094 £+ 0.076 V,
significantly more positive than the wrought sample’s — 0.319
+ 0.086 V. The jcorr values were comparable, at 0.015 + 0.007 pA-cm™2
for the DED-LB and 0.012 + 0.002 pA-cm™ for the wrought sample.

In 0.9 wt% NaCl, an increased j.or was noted for the DED-LB sample
(0.053 £ 0.012 pA- cm™) compared to the wrought sample (0.014
+ 0.003 pA-cm™2), whose value remained similar as in HBSS. It seems
that when aggressive chloride ions are the only components in the so-
lution, they are more aggressive to the oxide layer formed on the DED-LB
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sample. It has been shown that in simulated physiological solutions
containing phosphates and other inorganic salts, such as HBSS, a certain
amount of these components (Ca and phosphate) is incorporated in the
oxide layer, contributing to its resistance [73]. The DED-LB sample
maintained a more positive Ecorr (—0.074 £+ 0.032 V versus —0.336
=+ 0.018 V for the wrought sample). Similarly, in AS, the DED-LB alloy
exhibited jeor of 0.059 + 0.034 pA-cm2, similar to that in 0.9 wt% NaCl
and greater than in HBSS. In AS, E,, was somewhat more positive than
in NaCl, —0.039 £ 0.066 V. AS contains fewer chloride ions than HBSS,
but also sulphide ions and urea. This may have an adverse effect on the
oxide layer and affect the corrosion current density [8].

Following the corrosion potential, the passive region is established
already at ~0.5 V, followed by the second region of independent current
density on potential at ~2.5 V, extending up to 6 V. The current density
in the latter region is lower for the DED-LB sample (Fig. 14). These two
regions are related to the progressive transformation of Ti-suboxides to
TiO4 and its thickening at higher electrode potentials [7].

The electrochemical response of the samples cut from different po-
sitions of the printed wall (left-centre-right, Fig. S1) was checked. PDP
curves recorded for samples from different positions overlap, confirming
the homogeneous chemical composition of the printed wall (Fig. S6).
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Fig. 12. (a, ¢) Nyquist plots of real and imaginary components of impedance (Z; and Z,) vs. frequency (f) and (b, d) Bode plots of impedance magnitude and phase
angle (@) vs. f for (a, b) DED-LB and (c, d) wrought Ti-6Al-4 V samples at OCP in Hanks balanced salt solution (HBSS), 0.9 wt% NaCl and artificial saliva solution
(AS) at 37 °C after 1.5 h of immersion. Experimental data are presented by symbols and fitted results by solid lines. EIS spectra related to wrought Ti-6Al-4V in NaCl
and AS were previously published in [55] and are presented here for comparison.
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Fig. 13. Equivalent electrical circuit models used for EIS fitting in HBSS, NaCl, and AS solutions. (a) EEC used to fit EIS results for DED-LB Ti-6Al-4 V in AS and
wrought Ti-6A1-4V in HBSS, NaCl and AS, and (b) EEC used to fit EIS results for DED-LB Ti-6Al-4 V in HBSS and NaCl.

Table 3

Values of fitted parameters of EIS measurements recorded for wrought and DED-LB Ti-6Al-4V samples in HBSS, 0.9 wt% NacCl and AS solutions (Fig. 13). The fitting
was conducted using EECs in Fig. 13. EIS results related to wrought Ti-6Al-4 V in NaCl and AS were previously published in ref. [55] and are presented here for
comparison.

Sample / Solution R R, Ry CPE; [pQ !s" cm™?] n; R, CPE, ny Ve ® at 10 mHz [°]
[Q-cm?] [MQ-cm?] [MQ-cm?] [MQ-cm?] [pQ ! s" ecm™?]
DED-LB / HBSS 83 3.23 0.689 20.0 0.91 2.54 2.0 0.88 0.057 -71
DED-LB / NaCl 88 1.54 0.043 26.5 0.93 1.50 5.6 0.82 0.007 —68
DED-LB / AS 422 0.64 0.642 26.0 0.91 / / / 0.034 —49
wrought / HBSS 38 5.70 5.70 29.2 0.93 / / / 0.015 -73
wrought / NaCl 85 8.09 8.09 20.0 0.94 / / / 0.010 -81
wrought / AS 393 8.80 8.80 24.5 0.94 / / / 0.009 -84
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Table 4

Electrochemical data for DED-LB and wrought Ti-6Al-4 V samples obtained
from potentiodynamic measurements in HBSS, 0.9 wt% NaCl and artificial
saliva solution presented in Fig. 14 (OCP open circuit potential, E., corrosion
potential, and jo,r corrosion current density).

Sample / Solution OCP [V] Ecorr [V] Jeorr [MA em 2]
DED-LB / HBSS —0.024+£0.092  —0.094 +0.076  0.015 + 0.007
DED-LB / NaCl 0.042 £ 0.032 —0.074 £0.032  0.053 £ 0.012
DED-LB / AS 0.037 + 0.035 —0.039 £ 0.066  0.059 + 0.034
wrought / HBSS ~0.222+0.094  —0.319+0.086  0.012 = 0.002
wrought / NaCl —0.3124+0.057  —0.334+£0.025  0.014 = 0.003
wrought / AS —0.296 + 0.041 —0.337 £0.030  0.015 + 0.005
1 0-2 -
-3 i
& 10
£
o 1 0-4 i
<
5
2105,
]
S 4n6
3107+ I/ — - —wrought AS
= / — - = wrought NaCl
-7 s
g 1074 |/ — - — wrought HBSS
5 o —— DED-LB AS
107 - —— DED-LB NaCl
—— DED-LB HBSS
1 0-9 T T T T T T 1

-1 0 1 2 3 4 5 6
Potential vs. Ag/AgCI (V)

Fig. 14. Potentiodynamic polarisation curves of wrought and DED-LB manu-
factured titanium samples Ti-6Al-4 V after 1.5h of immersion in Hanks’
balanced salt solution (HBSS), 0.9 wt% NacCl and artificial saliva (AS) at 37 °C.
PDP curves related to wrought. PDP curves related to wrought Ti-6Al-4 V in
NaCl and AS were previously published in ref. [55] and are presented here for
comparison. The scan rate was 1 mV/s.

Summarising, the E., is consistently more positive for DED-LB
samples than for wrought samples for 220 —320 mV. The jcor values
span between 0.011 and 0.015 yA- cm 2 for wrought samples and are
similar for all three solutions. For DED-LB samples, the jor values are
between 0.015 and 0.059 pA- cm 2, greater in NaCl and AS solutions.
Generally, DED-LB samples in the broad potential range up to 6 Vag/agci
show typical polarisation curves across all three solutions, similar to
wrought samples. However, differences observed in EIS measurements
at OCP, with DED-LB samples being more prone to dissolution in chlo-
ride solution and artificial saliva, were confirmed in a broad potential
region.

In the literature reports, SLM [36,38,41-43,74] and EBM [68]
Ti-6Al-4 V alloys mainly achieved comparable or slightly worse
corrosion resistance than wrought samples in 3.5 wt % NaCl at room
temperature [68], artificial saliva at 37 °C [41,42], Kukubo physiolog-
ical solution at room temperature [36], 0.9 wt% NaCl at 37 °C [43],
0.9 wt% NaCl at pH 4.2 [38] and NaCl and HCl solution [74]. The worse
corrosion resistance of AM samples was in the literature reports ascribed
to the local inclusions and discontinuities at the sample surface [36], a
less dense passive layer [74], less corrosion resistance of the p-phase [42,
43], and the non-uniform distribution of alloying elements [68]. Fewer
literature reports are available for DED-manufactured alloys.
DED-Ti-6Al1-4 V showed significantly worse corrosion performance in
15 % NaCl (pH 6.2) than the rolled samples [49], ascribed to a/a’ with a
low content of B phase. Similarly, susceptibility to localised corrosion
was noted for DED Ti-6Al1-4 V samples in 3.5 % NaCl [50].
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3.3.3. Changes in surface morphology and composition due to polarisation
in NaCl and artificial saliva solutions

The electrochemical measurements were further complemented with
SEM/EDS analysis of the samples’ surface following the polarisation to
6 Vag/agcl. This condition was chosen to follow the PDP curves in
Fig. 14; however, it should be kept in mind that the conditions of such
high positive potentials are rather extreme compared to the physiolog-
ical conditions in a human body and should be regarded more as a
mechanistic feature. SEM/EDS analyses for bare wrought and DED-LB
Ti-6Al-4 V samples and after polarisation in HBSS, NaCl and AS to
6 Vag/agci are shown in Figs. 15 and 16. The corresponding EDS analyses
are given in Tables 5 and 6. Images recorded at smaller magnification
(5000 x) are given in Figs. S7 and S8.

The SEM/EDS analysis of bare wrought and DED-LB Ti-6Al-4 V
samples is already detailed in Fig. 6 and is presented again at different
magnification herein for comparative purposes with polarised samples.
In the wrought sample, site 1 refers to Al-rich a matrix with no vana-
dium, and site 2 to p-phase grain rich in V (Fig. 15a and b, Table 5). After
polarisation to 6 Vag/agci in 0.9 wt% NaCl (Fig. 15c and d, Table 5),
several features were observed. The matrix is covered by a more or less
thick oxide layer (sites 3 and 4, seen as light grey and dark grey in the
CBS image, Fig. 15d). Some V was also detected in the matrix. The Ti
content was over 70 wt% and O content was less than 20 wt%. Further,
several large grains were pulled out of the structure, obviously related to
the p-phase grain (sites 5 and 6). The combination of ICE and CBS images
(Fig. 15c and d) shows that the grains are missing, but the sites are filled
or bordered with corrosion products, where some Cl and Na were also
detected. EDS analysis confirmed that these sites are rich in V and O and
lean in Ti.

After polarisation to 6 Vag/agc in artificial saliva (Fig. 15e and f,
Table 5), several differences were observed compared to those in 0.9 wt
% NaCl. Sites 7 and 8 refer to an oxide-layer matrix with a high Ti
content. In addition to O, some phosphorus was also detected. Sites 7
and 8 differ in Ti and O contents, with the latter showing less Ti. Again,
some missing grains were filled with abundant corrosion products (sites
9 —11). These sites are strongly enriched in V and O and depleted in Ti.
Their morphology suggests that these products grow from the pulled-out
fB-grains and are related to the dissolution of V-rich sites, resulting in V-
oxide. It has been shown that the V is strongly prone to dissolution in
simulated body fluids than Ti [8,75]. The formation of the V-oxide
products is more pronounced than that of the NaCl solution. The
SEM/EDS analysis shows that after polarisation of wrought sample to 6
Vag/agcl the surface is subjected to corrosion primarily at the p-phase
grains rich in V. The corrosion attack leads to pulled-out grain and
formation of V-oxide, especially in artificial saliva, as already noted.
However, the surrounding Al-rich o matrix remains covered by an oxide
layer and seems to counteract the corrosion of the p phase.

In the DED-LB sample, site 1 refers to Al-rich « matrix with a small V
content, and sites 2 and 3 to p-phase grains rich in V (Fig. 16a and b,
Table 6). After polarisation to 6 Vag/agc1 in 0.9 wt% NaCl (Fig. 16¢ and
d, Table 6), abundant changes were observed on the sample surface.
Similar to the wrought sample, the Al-rich matrix is covered by a more or
less thick oxide layer (sites 4 and 5, seen as light grey and dark in the CBS
image, Fig. 16d). This oxide contains 2 —3 wt% of V. Interesting are
longitudinal areas bordering the Al-rich matrix (represented by site 6).
Here, V and O concentrations were higher (> 4 wt%), and Ti concen-
trations were reduced. These areas are related to prior f§ grains (e.g., site
3in Fig. 16a). It seems that the dissolution started at these sites and then
exposed larger areas with higher V concentration (site 7), again leading
to stronger dissolution and pulled-out grains (seen in the CBS image in
Fig. 16d) and formation of abundant V-oxide, as observed [41]. At these
sites, the concentrations of V and O were high, and that of Ti was
reduced (Table 6).

After polarisation to 6 Vag/agq in artificial saliva (Fig. 16e and f,
Table 6), the corrosion pattern with longitudinally etched prior § grains
and formation of V-oxide corrosion products was again more
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Wrought Ti-6Al-4V

| d) 0.9% NaCl@6V
CBS v

f) artificial saliva@6V

Fig. 15. SEM images of surface morphology of a) bare chemo-mechanically polished wrought Ti-6Al-4 V and after potentiodynamic polarisation to b) 6 Vag/agc1 in
0.9 wt% NaCl and ¢) 6 V in artificial saliva (Fig. 14). Numbers denote the sites at which EDS analysis was conducted; the results are given in Table 5. Images were
recorded at high magnification (20,000 x) using ICE (secondary electrons) and CBS (back-scattered electrons) detectors. Images taken at lower magnification

(5000 x) are given in Supplement (Fig. S7).

emphasised than in NaCl solution. The CBS image shows that areas of
the thicker oxide layer (darker sites) at the matrix were absent in AS,
indicating a thinner oxide layer. In contrast to NaCl, corrosion product
contains phosphorus originating from AS.

3.3.4. The effect of polarisation in simulated physiological solutions on the
vanadium dissolution

The basic corrosion mechanism can be postulated based on the
combined results from OCP, EIS, PDP, and SEM/EDS of wrought and
DED-LB Ti-6Al-4 V samples in three simulated physiological solutions.
At OCP, both alloys are protected by the predominantly TiOy passive
layer, which shows minimal deviations in surface potential and assures a
homogeneous coverage, as indicated by XPS/SEM/AFM/SKPFM anal-
ysis. Both types of Ti-6Al-4 V show exceptional corrosion resistance in
simulated physiological solutions in the MQ-cm? range. The analysis of
EIS measurements at OCP and corrosion parameters of the PDP curves
(Ecorr, jeorr and Rp) show that wrought alloy exhibits excellent corrosion
resistance in all three physiological solutions tested, with almost no
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difference in jeorr and R, values in the range between about 6 and
8 MQ-cm? for HBSS, NaCl and AS. DED-LB alloy also shows very high R,
values in the MQ-cm? range, but smaller than for the wrought sample
(between 0.6 and 3 MQ-cm?). Also, jeorr values, although remaining in
the nm-cm™? range, increase 4-fold in NaCl and AS compared to HBSS.
These findings underscore the influence of electrolyte composition on
the passive film characteristics and confirm the DED-LB alloy’s suit-
ability for biomedical applications, particularly in environments that
promote passive oxide layer stability, such as HBSS [42,74]. In more
aggressive solutions, AS and NaCl, the DED-LB alloy’s somewhat worse
corrosion resistance can be ascribed to the martensite a/a’ microstruc-
ture less corrosion resistant than o+ f structure, thinner spontaneously
formed oxide layer less capable of preventing the chloride attack and the
presence of occasional pores or defects present in the printed samples.

Upon polarisation to 6 Vag/agc1 the differences in the corrosion
mechanism of wrought and DED-LB Ti-6Al-4 V samples in three simu-
lated physiological solutions became evident. For wrought sample, the
corrosion process proceeds mainly at the p grains, rich in V. The strong
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Fig. 16. SEM images of surface morphology of a) bare chemo-mechanically polished wrought Ti-6Al-4 V and after potentiodynamic polarisation to b) 6 Vag/agc1 in
0.9 wt% NaCl and ¢) 6 V in artificial saliva (Fig. 14). Numbers denote the sites at which EDS analysis was conducted; the results are given in Table 6. Images were
recorded at high magnification (20,000 x) using ICE (secondary electrons) and CBS (back-scattered electrons) detectors. Images taken at lower magnification
(5000 x) are given in Supplement (Fig. S8).

Table 5 Table 6
Elemental composition in wt% determined by point EDS analysis at numbered Elemental composition in wt% determined by point EDS analysis at numbered
sites in Fig. 15 for the wrought Ti-6Al-4 V sample, which was polarised to 6 Vag, sites in Fig. 16 for the DED-LB Ti-6Al-4 V sample, which was polarised to 6 Vg,
agcl in 0.9 wt% NaCl and artificial saliva. agcl in 0.9 wt% NaCl and artificial saliva.
Site composition (wt%) Site composition (wWt%)
Ti Al \% (6] Na Cl P Ti Al A% (6] Na Cl P
bare bare
1 93.4 6.6 - - - - - 1 91.5 6.3 2.2 - - - -
2 80.8 3.3 15.9 - - - - 2 90.5 6.3 3.2 - - - -
polarised to 6 V in 0.9 wt% NaCl 3 85.5 4.8 9.6 - - - -
3 76.3 5.1 2.2 16.4 - - - polarised to 6 V in 0.9 wt% NaCl
4 85.0 5.4 2.0 7.6 - - - 4 80.2 5.3 3.0 11.5 - - -
5 49.5 2.6 12.9 32.8 1.3 0.9 - 5 70.9 4.6 2.5 22.0 - - -
6 63.9 3.0 11.3 21.4 0.4 - - 6 75.4 4.8 4.5 15.3 - - -
polarised to 6 V in artificial saliva 7 62.4 4.2 4.4 29.0 - - -
7 87.7 4.4 2.4 5.1 - - 0.4 polarised to 6 V in artificial saliva
8 71.7 4.3 3.2 20.4 - - 0.4 8 81.9 5.4 2.3 10.4 - -
9 38.2 1.3 10.7 48.1 - - 1.7 9 53.6 3.9 4.3 37.2 - - 1.0
10 54.6 3.1 6.7 34.7 - - 0.9 10 60.4 4.1 3.7 30.9 - - 0.9
11 42.6 2.0 10.6 43.2 - - 1.6 11 66.3 4.4 5.1 23.7 - - 0.5
12 69.8 4.5 4.6 20.6 - - 0.5
dissolution of V at these sites leads to the formation of V-oxide-rich
corrosion products. The surrounding « matrix, however, remains virtu- ~ decreases upon reversal of the polarisation direction at 6 Vag/agc1 and
ally undamaged and predominantly covered by Ti-oxide layer, which does not form a hysteresis, indicating that the layer can repassivate even
also contains some V (presumably originating from the dissolution of the after such substantial corrosion damage (Fig. S6). The dissolution is
phase). Cyclic polarisation curve shows that the current density stronger in artificial saliva than in NaCl solution.
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For the DED-LB sample, vanadium dissolution concentrated along
the longitudinal prior p-grains is spread over the whole surface, aligned
with the microstructure of the additively manufactured samples
(Fig. 6b). Whereas for the wrought sample, isolated {3 grains are subject
to dissolution and then counteracted by the repassivation of the a phase,
the dissolution of the longitudinal § grains of the DED-LB sample
encroach on a larger part of the a phase, making it difficult for the latter
to protect larger areas fully. This process results in the etching of the
surface and forming a larger amount of V-oxide-rich corrosion product.
As for the wrought alloy, the cyclic polarisation curve shows no hys-
teresis in the reverse cycle.

4. Conclusions

The comparative analysis between wrought Ti-6Al1-4 V and DED-LB
Ti-6Al-4 V alloys revealed distinct micro- and macrostructural proper-
ties arising from the different thermal conditions of the two processes
(Table 7). Optical imaging and SEM/EDS/AFM confirmed that metal-
lurgical Ti-6Al-4 V displays a refined, equiaxed a+ p grain structure
with uniform distribution.

— Conversely, DED-LB Ti-6Al-4 V is characterised by a coarser
lamellar structure aligned with the heat flow during laser-directed
energy deposition. Rapid cooling rates in DED-LB lead to a direc-
tional solidification pattern, with a martensitic o’ phase, manifested
as needle-like lamellar structures surrounded by prior f grains.

— The general chemical composition of DED-LB Ti-6Al-4 V aligns with
the wrought alloy, demonstrating that the DED-LB process effectively
fabricates Ti-6Al-4 V alloy from powder, maintaining its chemical
integrity.

— Microstructural differences induce differences in chemical compo-
sition at the local micrometre level. A clear distinction between the
wrought and DED-LB samples is the distribution of vanadium. In the
wrought sample, V is concentrated predominantly in f-phase grains,
reaching about 16 wt%. In the DED-LB sample, V is concentrated in
the longitudinal prior f-phase at a smaller content (8 —9 wt%) than
in the wrought sample, but it is present also in the matrix phase
(2 —3 wt%).

— Wrought Ti-6Al-4 V displays minimal porosity and defect occur-
rence, contributing to consistent mechanical integrity. The DED-LB
samples show rare, occasional pores.

— Despite the differences in microstructure, both alloys exhibit similar
polarisation behaviour, reflecting the highly protective corrosion
resistance of the TiO, passive layer, as shown by polarisation and EIS
measurements in Hanks’ balanced salt solution, NaCl and artificial
saliva. However, minor differences in corrosion resistance were
noted. Namely, the polarisation resistance for DED-LB samples
ranged between 0.64 and 3.23 MQ.-cm? in AS, NaCl and HBSS,
respectively; in contrast, the wrought samples achieved greater
values between 5.7 and 8.80 MQ-cm?. These results indicate that the
corrosion protection assured by the DED-LB samples is slightly
reduced compared to the wrought samples, especially in NaCl and
artificial saliva; in HBSS, the adverse effect of chloride ions is
counteracted by phosphate ions.

— Upon polarisation to 6 Vag/agci the differences in the corrosion
mechanism of wrought and DED-LB Ti-6Al-4 V samples in three
simulated physiological solutions became evident. The strong
dissolution of V at the p grains leads to the formation of V-oxide-rich
corrosion products. The surrounding a matrix, however, remains
virtually undamaged and predominantly covered by Ti-oxide layer.
For the DED-LB sample, the dissolution of vanadium from the lon-
gitudinal p grains encroach on a larger part of the a matrix, making it
difficult for the latter to protect larger areas fully. This process results
in the etching of the surface and forming a larger amount of V-oxide-
rich corrosion product.
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Table 7
Comparison of the metallurgically and additively manufactured Ti-6A1-4 V.

Feature wrought Ti-6Al-4 V DED-LB Ti-6Al-4 V

a-phase Well-defined, equiaxed Elongated, columnar grains.
grains.

B-phase Grains distributed within Longitudinal areas of prior p
a-phase. grains along the elongated

a-phase

Present, needle-like structures
within the a-Ti phase.

More common, visible as
pores or voids.

Very good corrosion
resistance, but dependent on

Martensitic o’ phase Absent or minimal.

Porosity and defects Minimal, rarely observed.

Excellent corrosion
resistance in all types of

Corrosion resistance
in simulated body

fluids. physiological solutions. the type of physiological
solution.
Dissolution Limited to p-phase grains,  Spread longitudinally along

mechanism upon rich in vanadium.
high anodic

polarisation

prior p-phase, rich in
vanadium.

— With advancements in process optimisation, DED-LB can expand its
applicability to industries requiring intricate designs, such as aero-
space, biomedical implants, and automotive manufacturing, as will
be addressed in our following study.
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