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This study investigates the microstructure, corrosion resistance, and mechanical properties of Ti6Al4V components fabricated
using powder-bed fusion (PBF), directed-energy deposition (DED), and hybrid additive manufacturing (HAM) for aerospace ap-
plications. To prevent �’ martensite formation, the samples were subjected to heat treatment. The microstructure was character-
ized using optical microscopy (OM), scanning electron microscopy (SEM), and electron-backscatter diffraction (EBSD). Corro-
sion resistance was assessed through potentiodynamic polarization tests, and mechanical properties were evaluated using
Vickers hardness measurements. The PBF sample exhibited a fine, homogeneous microstructure with crystal grains and �-laths,
while the DED sample showed visible deposition layers, a larger crystal grain structure, and �-lamella. The increased hardness
of the DED sample was attributed to its higher nitrogen content, which acts as a solid-solution strengthening agent. Although
the DED sample displayed lower thermodynamic stability, it demonstrated superior kinetic corrosion resistance compared to
both the PBF and HAM samples.
Keywords: additive manufacturing, Ti6Al4V, microstructure, corrosion, mechanical properties

Raziskava obravnava mikrostrukturne, korozijske in mehanske lastnosti komponent iz zlitine Ti6Al4V, izdelanih z uporabo
tehnologij Selektivnega laserskega taljenja (PBF), direktnega navarjanja (DED) in hibridne aditivne proizvodnje (HAM) za
letalske aplikacije. Vzorce smo toplotno obdelali, da bi prepre~ili nastanek �’ martenzita. Mikrostrukturo smo ovrednotili z
uporabo opti~ne mikroskopije (OM), vrsti~ne elektronske mikroskopije (SEM) in uklona povratno sipanih elektronov (EBSD).
Korozijsko obstojnost smo presku{ali z uporabo potenciodinamskih polarizacijskih testov, mehanske lastnosti pa z merjenjem
trdote po Vickersu. Pri vzorcu PBF smo dokazali fino, homogeno mikrostrukturo s kristalnimi zrni in �-latami, medtem ko je
vzorec DED pokazal vidne plasti navarjanja, ve~ja kristalna zrna in �-lamele. Pove~ano trdoto vzorca DED smo pripisali ve~ji
vsebnosti du{ika, ki deluje kot utrjevalec v trdni raztopini. Pri vzorcu DED smo opazili ni`jo termodinamsko stabilnost, a hkrati
vi{jo kineti~no korozijsko odpornost v primerjavi z vzorcema PBF in HAM.
Klju~ne besede: dodajna tehnologija, Ti6Al4V, mikrostruktura, korozija, mehanske lastnosti

1 INTRODUCTION

The Ti6Al4V alloy is the most widely used titanium
alloy due to its unique combination of high strength, low
density, excellent fracture toughness, and outstanding
corrosion resistance.1 These properties make it particu-
larly suitable for demanding applications in the aero-
space, biomedical, and automotive industries.1 Since the
1950s, Ti6Al4V has been a key material in aerospace en-
gineering, where its high strength-to-weight ratio pro-
vides advantages in structural components.2 However,
despite its desirable properties, the alloy presents several
challenges to conventional manufacturing due to its poor

thermal conductivity, strain hardening, and high oxygen
affinity.3,4 Traditional manufacturing processes such as
forging, casting, rolling, and machining not only require
extensive material removal, but also lead to high produc-
tion costs, material waste, and a longer manufacturing
time.5

To overcome these limitations, additive manufactur-
ing (AM) has emerged as a transformative technology
for producing Ti6Al4V components.6–9 AM offers sev-
eral advantages over conventional methods, including
design flexibility, material efficiency, and the ability to
manufacture complex geometries with reduced lead
times. Various AM techniques are available for metallic
materials, with powder-bed fusion (PBF) and directed-
energy deposition (DED) being the most commonly used
for Ti6Al4V.10,11 PBF technology enables the fabrication
of high-precision parts with fine microstructural control,
but it is relatively time consuming. DED, on the other
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hand, allows faster deposition rates and larger build vol-
umes, although at the expense of dimensional accuracy
and surface finish. Despite these benefits, AM also intro-
duces specific challenges, including residual stresses, po-
rosity, and surface roughness, all of which can influence
the mechanical performance and corrosion behaviour of
the final components.12–16

One of the key challenges in the AM of Ti6Al4V is
the microstructural evolution due to the unique thermal
conditions of the process.17 Rapid melting resolidifi-
cation and processing conditions like atmosphere during
AM processing result in the formation of a non-equilib-
rium microstructure (like �’ martensite), which is differ-
ent to the �+� microstructure found in conventionally
processed Ti6Al4V.18 While �’ martensite enhances
strength, it compromises ductility and toughness, neces-
sitating post-processing treatments such as heat treat-
ment to refine the microstructure and optimize the me-
chanical properties. Studies have shown that a heat
treatment above 700 °C can lead to complete decomposi-
tion of the �’ martensite into a more stable �+� phase,
improving the material´s ductility and toughness.18–20

In addition to mechanical properties, the corrosion
resistance of AM Ti6Al4V is a crucial factor for aero-
space applications.21,22 The presence of �’ martensite
generally reduces the corrosion resistance compared to
conventionally processed Ti6Al4V.23 Heat treatment has
been shown to enhance corrosion resistance by eliminat-
ing metastable phases and stabilizing the oxide layer on
the alloy´s surface.23 However, research on the electro-
chemical behaviour of AM Ti6Al4V remains limited,
particularly concerning localised corrosion mechanisms.
Surface-modification techniques such as plasma treat-
ments can further improve the corrosion resistance by
enhancing the quality and thickness of the oxide layer,
while preserving the underlying microstructure.24

To fully exploit the advantages of AM, this study pro-
poses a hybrid manufacturing approach, combining PBF
and DED for the production of Ti6Al4V components for
aerospace applications. This hybrid approach aims to le-

verage the precision and fine microstructural control of
PBF, while benefiting from the high deposition rates of
DED. However, integrating these two technologies intro-
duces challenges related to the interface between the
joined sections, where differences in microstructure, re-
sidual stresses, and thermal properties must be carefully
managed. Process-parameter optimization, post-process-
ing heat treatments, and surface finishing therefore play
a crucial role in ensuring that the final component meets
the rigorous mechanical and corrosion-resistance re-
quirements of aerospace applications.

2 EXPERIMENTAL

Praxair (Indianapolis, USA) supplied the powder for
the PBF and DED processes. The PBF and DED parts
were built on the base plate, which was machined from
Ti6Al4V. The HAM samples were built in two stages.25

The first stage was the PBF process, where an
edge-shaped object was built with an inclination of 35°.
In the second stage, partially on the base plate and par-
tially on the inclined PBF surface, Ti6Al4V was depos-
ited by the DED process. The final dimension of the test
sample was a block with dimensions of (30 × 15 × 15)
mm (Figure 1). The PBF parts were processed by
Trumpf TruPrint 3000 (DISTECH GmbH, Kapfenberg,
Austria). The DED samples were made by OPTOMEC
850R LENS machine at BALMAR d.o.o. and EMO
Orodjarna d.o.o. (Celje, Slovenia). The PBF and DED
process parameters are listed in Table 1, and the build
direction for both processes is the z axis. After process-
ing, the samples were heat treated in a laboratory
high-temperature resistance furnace at 800°C for 2h and
furnace cooled to room temperature to prevent �’
martensite formation. The chemical analysis was made
using Inductively Coupled Plasma Optical Electronic
Spectroscopy (ICP-OES Agilent 5800 VDV) and
ELTRA Elementrac ONH (to determine nitrogen, oxy-
gen and hydrogen). The chemical analysis was made
separately for the PBF and DED parts (Table 2). The
DED parts showed an elevated N content exceeding
ASTM F2924 – 14 standard (Table 2) as a result of a
lower-quality atmosphere during processing.

Samples for microstructural examination were cut in
the middle to see the ZX plane and ground and finally
polished by OP-S (Suspension of silica particles) for
SEM imaging. Samples for OM (Optical Microscopy)
were etched using Krol’s etch to expose the
microstructure. The OM was conducted on a Carl Zeiss
Imager.Z2m microscope. BEI (Backscattered-electron
imaging) was conducted on a SEM (Scanning Electron
Microscope) Thermo Scientific Apreo 2S. EBSD (Elec-
tron-Backscatter Diffraction) was conducted with a Carl
Zeiss Cross Beam 550 SEM with EDAX Hikari Super
EBSD camera, TEAM and OIM software. The Vickers
hardness measurements were conducted on prepared
samples for microstructural investigations on a FALCON
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Figure 1: Photograph of finished HAM sample build by PBF and
DED technology in a process chain. The INT (interface) with a black
arrow shows the interface between the PBF and DED technology.



800G2/AO3. Three hardness profiles were measured to
see the transition from the PBF to DED technology at the
interface (INT).

Table 1: PBF and DED process parameters used in this investigation

Process PBF DED
Layer thickness, mm 0.03 0.3
Hatch spacing, mm 0.14 0.4
Laser feed rate, mm/min 1200 740
Laser power, W 280 450
Powder feed rate, min–1 – 1.7
umHatch feed rate, % – 140
Contour feed rate, % – 50
Rotation angle, ° 67 90

The test specimens were ground with SiC emery pa-
per down to 1200 grit prior to the electrochemical stud-
ies, and then rinsed with distilled water. Potentiodynamic
measurements were performed using a BioLogic®
SP-300 instrument and EC-Lab® V11.27 software in a
3.5 % NaCl solution at room temperature for PBF-,
DED- and HAM produced Ti6Al4V alloy. The electro-
chemical cell consisted of the investigated sample as a
working electrode, an Ag/AgCl reference electrode
(0.197 V vs. SHE) and a platinum-mesh counter elec-
trode. Measurements were performed at a scan rate
1mV/s. Corrosion rates were calculated according to the
ASTM G102-89 standard.26
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Figure 2: OM image of the microstructure in the (a and b) PBF and (c and d) DED part of the hybrid sample

Table 2: Average chemical composition of Ti6Al4V according to ASTM F2924-14 standard and analysis of as-processed PBF and DED samples

Standard/Process H N O C Al V Fe Ti

ASTM F2924 – 14
Min. – – – – 5.5 3.5 –
Max. 0.015 0.05 0.2 0.08 6.75 4.5 0.3 Balance

PBF 0.0046 0.025 0.170 0.032 5.5 3.7 0.14 Balance
DED 0.0037 0.49 0.13 0.031 5.7 3.7 0.07 Balance



3 RESULTS AND DISCUSSION

The microstructure heavily influences the hardness
and corrosion properties; therefore, it is essential to char-
acterise it. Figure 2 shows an OM image of the
microstructure in (a and b) the PBF and (c and d) the
DED part of the hybrid sample after heat treatment. A
fine and homogeneous microstructure of crystal grains
and �-laths characterises the PBF part. The DED part
has visible deposition layers (Figure 2c, black arrow), a
microstructure composed of �-lamella and a larger co-
lumnar crystal grain structure. The microstructure of
�-lamella inside the layer (Figure 2d, black arrow) is
coarser than the microstructure between the layers. The
layering occurs due to heating from the deposition of the
next layer. Furthermore, due to the nitrogen diffusion at
the surface, the �-phase is stabilised.27 The influence of
nitrogen on the as-built microstructure of the DED part
was investigated in more detail in a previous article.28

SEM-BEI was employed to see the microstructure of the
Ti6Al4V processed by the PBF and DED after heat treat-
ment in more detail. PBF parts show long, thin �-laths
and brighter � phase at the borders of the �-laths. Such a
microstructure formed due to the transformation of the
as-built microstructure of �’ to �+�. In the BEI, the
�-phase appears brighter as it contains V, which is a
�-stabilising element.29 In contrast, the DED produced

thicker and shorter �-lamella (Figure 3a and 3b). Fur-
thermore, the �-phase is thicker, especially at the triple
points. Vickers hardness measurements were made for
both the PBF and DED parts where the average Vickers
hardness of the DED (442.5HV1) part is much larger
than the PBF (367.1HV1) parts, despite the finer
microstructure (Table 3). The main contribution to high
hardness is the increased nitrogen content in the DED
part (Table 2). The nitrogen, an interstitial element, in-
creases the hardness of Ti by hindering the dislocation
glide.30

Table 3: Average Vickers hardness HV1 of the PBF and DED part.

PBF DED
1. 362.6 441.4
2. 369.7 442.2
3. 369.1 443.8

Average 367.1 ± 3.2 442.5 ± 1.0

The OM image of the microstructure at the interface
(INT) between PBF and DED (Figure 4) shows the dif-
ference between the coarser DED and the finer PBF
microstructure. We also observed pores in the shape of
wedges, which is characteristic of a lack of fusion poros-
ity. This tells us that the energy density at the INT was
insufficient to melt the PBF part and the previous DED
layer. SEM-BEI was used to characterise the
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Figure 3: SEM-BEI of the microstructure in (a and b) PBF, (c and d) DED part of the HAM sample



microstructure at the INT in more detail (Figure 5a). At
the INT, there is a transition from finer grains to larger
columnar grains with �GB (� grain boundary) seen in
Figure 5b, white arrows. With a slower cooling speed
across �-transus temperature, �-phase can nucleate at the
crystal grain borders.31 Thus, the resulting microstructure

contains a brighter phase semi-continuously distributed
at the prior � grain boundaries. The orientation of the
�GB at the DED side of the INT is angled relative to the
build direction (z-axis), almost 90° with respect to INT.
The heat-conduction path is likely into the PBF part at
the INT. Therefore, the �-grains at the INT during the
DED deposition grew normal to the interface. This is a
well-known phenomenon for the cubic-type crystal
structure of the � phase (preferred grain growth direction
is d).32 There is no significant difference in the �-lamella
size and shape of the PBF (Figure 5c) and DED sides
(Figure 5d). A similar microstructure is expected since
the PBF and DED parts near INT are exposed to a simi-
lar temperature cycle. At higher magnification, we can
also see �GB on the PBF side of the INT, in the HAZ
(Heat Affected Zone (Figure 5c).

The prior-� grain scan is difficult to resolve com-
pletely with OM and SEM imaging. Therefore, we per-
formed EBSD mapping of the (a) PBF, (b) DED and (c)
INT area (Figure 6). We can see clearly that the prior-�
grains are much larger in the DED part compared to the
PBF. The difference is expected due to the lower cooling
rate associated with the DED process.33 A lower cooling
rate enables the growth of larger columnar � grains and
the formation of an �+� microstructure consisting of
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Figure 4: OM image of the microstructure at the INT between the
PBF and DED technology of the HAM part

Figure 5: SEM-BEI of the microstructure at the INT between the PBF and DED technology (a) lack of fusion pores at the INT, (b)
microstructure characteristics across the INT at 1000× magnification, (c) microstructure of HAZ in the PBF part and (d) microstructure of DED
part close to the INT



�-lamella. At the INT, in addition to �-laths and �GB, we
also see lamella colonies of �-phase growing from the
edge of prior �-grain boundary toward the centre of the
grain. We can distinguish the colonies of �-phase since
all the lamella show the same crystal orientation.34 When
the cooling rate is slow enough, the �-phase can nucleate
at �-grain boundaries and form colonies.

The phase evolution is different at the interface than
the bulk of the PBF and DED parts. Therefore, it is es-
sential to see its influence on the hardness. We measured
multiple Vickers hardness profiles normal to the INT
(Figure 7). The Vickers hardness increases when
transitioning from the PBF to the DED part. There is no
change in the hardness of the PBF part close to the INT
associated with the HAZ. The HAZ is smaller than the
step size (0.5 mm), so it is undetected. Across the INT,
we can see a large spread in the Vickers hardness for the
DED part. We can see one or two maximums in each
Vickers hardness profile. These maximums are associ-
ated with the layered microstructure of the DED part
(Figure 2b). Due to nitrogen, the Vickers hardness is
higher in the layer of coarse �+� microstructure than in

the layers. The nitrogen is unevenly distributed across
the thickness of each layer. More nitrogen was dissolved
at the surface of the melt pool during the DED process
than in the bulk due to the direct contact of the surface
material with the atmosphere. Despite the partial shield-
ing, a high content of N is still located in the layers since
the Vickers hardness there is the same or higher than in
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Figure 6: EBSD image of the (a) PBF, (b) DED (c) and INT part of the HAM sample. The dotted black line on (c) image show approximate loca-
tion of the INT. The (d) image shows the inverse pole figure colour triangle for the � phase

Figure 7: Vickers hardness profiles across the INT between the PBF
and DED part. The PBF part present the left-hand side and the
right-hand side DED part. Yellow line indicates the approximate loca-
tion of the INT.



the PBF part. While a high hardness is desirable in some
applications, increased nitrogen is notorious for reducing
the tensile and ductility properties.28

Table 4: Electrochemical parameters calculated from potentiodynamic
curves for DED, PBF and HAM Ti6Al4V alloy in 3.5 % NaCl solu-
tion.

Sample Ecorr (mV) icorr (μA/cm2) vcorr (μm/year)

DED −438.4 0.71 6.27
PBF −371.3 0.99 8.71

HAM −306.7 1.12 9.84

Potentiodynamic polarization measurements were
used to evaluate the corrosion behaviour of DED, PBF
and INT part of the HAM samples in 3.5 % NaCl solu-
tion (Figure 8). The electrochemical parameters deter-
mined from the potentiodynamic measurements, includ-
ing corrosion potential (Ecorr), corrosion current density
(icorr), and corrosion rate (vcorr), are summarized in the
Table 4. Different manufacturing processing, such as
DED, PBF, and HAM processes, can influence the
microstructure, porosity, and residual stresses of metallic
materials, ultimately affecting their corrosion resistance.
Fine microstructures and higher densities generally en-
hance the corrosion resistance by minimizing the local-
ized corrosion sites. Conversely, defects such as pores,
inclusions, and grain-boundary segregation can acceler-
ate corrosion.

However, the role of nitrogen in influencing the cor-
rosion resistance is particularly important in this study.
The nitrogen could enhance the corrosion resistance of
the Ti6Al4V alloy by promoting the �-phase stabilisa-
tion, the formation of an oxide layer, improving
passivation, and increasing the alloy’s resistance to pit-
ting and localized corrosion. The DED sample, despite
having the most negative Ecorr, exhibits the lowest icorr and
vcorr, indicating that it has a superior kinetic resistance to
corrosion. This is also supported by its high breakdown

potential (Eb) of 7 V vs. Ag/AgCl, which suggests a
strong resistance to localized corrosion, such as pitting
and crevice corrosion. The high Eb indicates that the sur-
face of the DED part can withstand more aggressive cor-
rosive environments before localized corrosion occurs.

In contrast, the PBF sample shows higher icorr and
vcorr, along with a lower Eb (5 V vs. Ag/AgCl), indicating
a greater susceptibility to localized corrosion, despite
possessing a finer microstructure. However, due to the
increased energy density of the DED process, the resul-
tant microstructure is more stable, as it was already par-
tially annealed. Therefore, there are fewer lattice defects,
which are known to impact corrosion resistance nega-
tively. These defects were likely not completely removed
from the PBF part with the chosen heat treatment. The
lower nitrogen content at the surface of the PBF part
could also be responsible for this increased vulnerability.
Nitrogen can enhance the passive oxide layer, which en-
hances the corrosion resistance.35 However, a more de-
tailed investigation is needed to identify the mechanism
when the content of N is low, with respect to other stud-
ies.

The INT area of the HAM sample, characterised by a
lack of fusion pores, shows a similar trend in its corro-
sion behaviour, with higher icorr, vcorr, and a lower Eb com-
pared to the DED sample. The pores in the HAM sample
may create weak points in the material, where corrosion
can initiate more readily, thereby increasing its overall
corrosion susceptibility.

4 CONCLUSIONS

This study highlights the influence of microstructural
differences and nitrogen content on the corrosion and
mechanical properties of Ti6Al4V alloy processed
through different additive manufacturing techniques
(PBF, DED and HAM):

The DED sample exhibits a coarser microstructure
with larger prior-� grains and stabilized �-phase due to
higher nitrogen content, while the PBF sample shows a
finer, more homogeneous microstructure with smaller
crystal grains and �-laths. The interface of the HAM
sample displays increased pore formation, which affects
its overall microstructure, corrosion resistance and hard-
ness.

The DED sample has the highest Vickers hardness
due to the increased nitrogen content, which strengthens
the alloy by hindering dislocation glide. The PBF sam-
ple, with a finer microstructure, shows lower hardness
than the DED part, likely due to the lower nitrogen con-
tent. The HAM sample, with defects such as pores,
shows intermediate hardness, influenced by the micro-
structure and defects within the material.

The DED sample, characterized by a higher nitrogen
content and coarser microstructure, demonstrates supe-
rior corrosion resistance compared to the PBF and HAM
samples. The nitrogen-induced stabilization of the
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Figure 8: Potentiodynamic curves for DED, PBF and HAM Ti6Al4V
alloy in 3.5 % NaCl solution.



�-phase in the DED part contributes to a more stable ox-
ide layer, enhancing the protection against corrosion.
Additionally, the increased energy density of the DED
process results in a more stable microstructure, as it is
partially annealed, leading to fewer lattice defects that
typically reduce corrosion resistance. Despite having a
finer microstructure, the PBF sample exhibits higher sus-
ceptibility to localized corrosion due to lower nitrogen
content at its surface and lattice defects that were not
fully eliminated during the chosen heat treatment. The
HAM sample also exhibits higher corrosion rates due to
defect formation, further compromising its corrosion re-
sistance.

These findings emphasize the crucial role of material
processing techniques in determining both mechanical
properties and corrosion performance, especially in de-
manding applications. A comprehensive understanding
of these factors is essential for selecting optimal materi-
als and manufacturing methods for various environ-
ments, ultimately improving the durability and reliability
of metallic components.
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