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ARTICLE INFO ABSTRACT

Keywords: The electrochemical behaviour of Ti-6Al-2Sn-4Zr-6Mo alloy produced by Powder Bed Fusion — Laser Based/
Metal additive manufacturing Metals has been investigated to identify the corrosion mechanism characteristic of the material processed by
Ti6246

additive manufacturing technology. A microstructural characterisation of the material in as-built and heat-
treated conditions was carried out to identify the different phases and assess the degree of anisotropy of the
additive manufactured material. After that, the corrosion behaviour was studied by potentiodynamic polarisation
and electrochemical impedance spectroscopy. Results showed that a homogeneous and compact oxide layer
characterises the as-built material due to the presence of a finely dispersed a’” phase in the p grains. Conversely,
in the heat-treated alloy, the corrosion attack proceeds preferentially on the large a phase domains, where the
oxide layer is less protective. Despite the anisotropy in the microstructure of the as-built material, the electro-
chemical behaviour was revealed to be the same for the section parallel and perpendicular to the building di-

Duplex microstructure
Heat treatment
Microstructural anisotropy
PBF-LB

rection, noting the less influential factor of grain orientation on corrosion mechanisms.

1. Introduction

Ti-6Al-2Sn-4Zr-6Mo alloy (Ti6246) is a commercial a-p (duplex) Ti
alloy widely used in aerospace applications and oil and gas industries
where excellent corrosion and wear resistance are required. In partic-
ular, Ti6246 alloy has replaced the workhorse duplex Ti-6A1-4V (Ti64)
in gas turbine hot sections thanks to its superior creep resistance and the
ability to maintain good mechanical properties at temperatures up to
150 °C or higher [1,2]. Contrary to other duplex alloys, Ti6246 alloy is
slightly more f-stabilised, presenting a higher amount of phase f at room
temperature in equilibrium conditions [3]. Its closeness to the near-$
category makes the Ti6246 alloy favoured over other duplex alloys in
applications requiring higher ductility [4]. Despite the widespread use
of Ti6246, it is difficult to forge and has significant limitations in filling
moulds and achieving the reliability required for aerospace applications
[5]. Its low thermal conductivity, hardness, wear resistance and high
chemical reactivity with cutting tools complicate conventional
machining, leading to higher production costs due to rapid tool wear
[6]. Consequently, near-net-shape additive manufacturing techniques
are becoming increasingly attractive for the production of Ti6246
components.

Recent studies have demonstrated the feasibility of processing
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Ti6246 alloy with densification levels above 99.9 % using the additive
technique Powder Bed Fusion - Laser Based/Metals (PBF-LB/M) [4,7].
The processing of this alloy by PBF-LB/M is particularly encouraged by
the presence of an inert atmosphere throughout the additive process that
minimises oxidation phenomena, ensuring the integrity of the Ti6246
alloy. In addition, the extremely high cooling rates (10° to 107 °C/s) and
directional thermal gradients involved in the PBF-LB/M process result in
a peculiar as-built Ti6246 microstructure with columnar p-grains ori-
ented parallel to the build direction and elongated martensitic phase
needles arranged at about 45° to the build direction [8]. In contrast to
the hexagonal martensitic o structure found in Ti64, Ti6246 processed
for PBF-LB/M revealed an orthorhombic martensitic «” structure, which
should lead to an increased ductility and a slight softening [9]. The
processing of Ti6246 by PBF-LB/M is relatively recent, and its properties
are still poorly investigated. Published research has focused on the
microstructural effects of rapid solidification and heat treatment opti-
misation for «’-to- o + B transformation. In particular, Carrozza et al.
studied various PBF-LB/M parameters, finding that higher VED values
result in finer a" needles and higher hardness [4]. However, the inherent
softening effect of the as-built o phase necessitated the development of
novel heat treatments aimed at decomposing the martensitic phase,
making Ti6246 suitable for applications requiring high strength and
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hardness. Peng et al. discovered that an ultra-high hardness peak (563
HV) could be achieved with a 5-minute heat treatment at 650 °C,
resulting in a unique martensite-decomposed a+f microstructure [10].
Carrozza et al. identified 875 °C as the optimal annealing temperature to
reach the right balance between strength, ductility and hardness,
achieving a bi-lamellar structure that reduces sliding length due to
secondary a-laths [11]. While the effect of microstructural features of
PBFed Ti6246 in the as-built and heat-treated state on the tensile
properties and hardness have been deeply investigated, the
chemical-physical properties related to the applications in which Ti6246
is usually employed have been only partially explored.

The high service temperatures involved in the aerospace applications
and harsh service environments of the oil and gas industry require
excellent corrosion and wear resistance. In their latest work, Kan et al.
shed light on friction response and wear behaviour of as-built and heat-
treated Ti6246 processed by PBF-LB/M and conventional processes [8].
This work revealed how the extremely fine microstructure derived from
the additive process could increase the O diffusion, generating
numerous oxide flakes that led to a friction reduction [8]. However, to
the best of the Authors’ knowledge, no studies conducted to date have
investigated the effects of the PBF-LB/M process on the corrosion
behaviour of Ti6246. However, the good corrosion resistance of Ti6246,
resulting from the consistent, continuous, spontaneous oxide layer that
forms on the surface upon exposure to the atmosphere, has already been
demonstrated for components produced by conventional processes. In
particular, the approximately 6 wt% molybdenum content in the
chemical composition proved to impart excellent corrosion resistance of
conventionally produced Ti6246 components in reducing environments
such as hydrogen sulphide (H>S) and in hostile environments such as
seawater [12]. Considering the specific application of high-pressure
compressor disks for gas turbines, the effect of the duplex microstruc-
ture on the stress corrosion cracking mechanism was also investigated
[13,14]. Despite the insightful studies conducted on conventionally
processed Ti6246, the PBF-LB/M additive process leads to microstruc-
tural peculiarities that can modify the alloy corrosive behaviour. In
particular, Dai et al. demonstrated on the Ti64 duplex alloy that an
anisotropy exists in corrosion resistance related to the microstructural
anisotropy caused by the PBF-LB/M process that could be more or less
pronounced depending on the electrolyte solution used [15]. In addi-
tion, the metastable phases formed due to the rapid solidification
involved in the PBF-LB/M process lead to microstructural responses to
heat treatment that could be markedly different from those obtained by
conventional processes. In published studies conducted on other
Ti-based alloys, it has been observed that PBF-LB/M microstructural
peculiarities pre- and post-heat treatment lead to marked differences in
thermo-chemical-physical properties. Based on this, it is reasonable to
expect that the peculiar microstructure of heat-treated PBFed Ti6246
samples may also impact their corrosion behaviour.

In order to fill the literature gap, the present work aimed to inves-
tigate the effect of anisotropic microstructure in as-built and heat-
treated conditions on the corrosive behaviour of Ti6246 alloy pro-
cessed by PBF-LB/M. To state the anisotropy condition in PBFed Ti6246
samples, the grain size and orientation in as-built and heat-treated
conditions were investigated using Field Emission Scanning Electron
Microscopy (FESEM) and the Electron BackScattered Diffraction (EBSD).
Subsequently, the effect of grain orientation on corrosion resistance on
PBFed Ti6246 was explored in two electrolyte solutions of different
aggressiveness: aqueous solution with 0.9 wt% NaCl and aqueous so-
lution with 0.9 wt% NaCl and 0.6 wt% NaF. Corrosion kinetics and
mechanism were then assessed using potentiodynamic polarisation and
electrochemical impedance spectroscopy (EIS). After that, the
morphology of the corrosion attack was observed by electron micro-
scopy in order to provide a comprehensive description of the corrosion
behaviour of the alloy and the effect of microstructural anisotropy and
heat treatment.
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2. Materials and methods
2.1. Sample preparation

A commercial gas-atomised Ti-6Al-2Sn4Zr-6Mo powder, provided by
TLS Technik GmbH, was used as feedstock material for the PBF-LB/M
production. The declared chemical composition of the powder is re-
ported in Table 1.

The samples were produced by PBF-LB/M with the EOS M270 Dual
Mode machine under a high-purity Argon atmosphere. The latter is
characterised by a build volume of 250 x 250 x 215 mm® and equipped
with a Yb-fibre laser with a spot size of 100 pm and a maximum power of
200 W. The PBF-LB/M process parameters were selected according to a
previous study by the Authors [4] and are summarised in Table 2.

In order to carry out a complete characterisation of the corrosion
behaviour of the Ti6246 alloy, 15 x 15 x 15 mm® cubic samples were
produced. After processing the desired samples, an electrical discharge
machine removed all specimens from the platform. To evaluate the ef-
fect of heat treatment on the corrosion behaviour of the Ti6246 alloy, it
was decided to treat some of the samples at 750 °C for 2 h according to
the literature [11]. The heat treatment was conducted in a Pro. Ba.
AVF800/S high vacuum furnace by performing a preliminary heating
ramp of 3 h from room temperature to 50 °C to ensure a vacuum level of
approximately 107°/10~® mbar was reached and then using a heating
rate of 5 °C/min to reach the desired temperature of 750 °C. The heat
treatment considered was isothermal holding followed by furnace
cooling, achieving a slow cooling of approximately 1.5-2 °C/min.

To study the effect of grain size and orientation in as-built and heat-
treated conditions, all the samples were cut, as illustrated in Fig. 1,
obtaining from the same cubic sample both the surface parallel to the
build direction (XZ plane) and the one perpendicular to it (XY plane).

Then, all the cut samples were polished using Struers’ standard
metallographic procedure until their cross-sections were mirror-finished
[16].

2.2. Scanning electron microscopy

Electron microscopy characterisations were performed using the
FESEM Zeiss Supra 40. Images were acquired using an accelerating
voltage of 5 kV and an aperture of 30 pm. To highlight the microstruc-
tural features, the samples were etched using a Kroll solution (2 mL HF,
5 mL HNOj3, 100 mL deionised water, according to ASTM Standard E
407).

2.3. X-ray diffraction

X-ray diffraction (XRD) measurements were carried out on XZ cross-
sectioned samples using the Panalytical X'pert PRO diffractometer,
equipped with a copper anode. The diffraction patterns were acquired at
40 kV and 40 mA in a Bragg Brentano configuration. A step size of
0.013° and a 260 range between 20° and 60° were considered for the
analyses.

2.4. EBSD characterisations

The FIB Scanning Electron Microscope (Tescan S9000G) equipped
with a symmetry EBSD detector and Aztec analysis software was used to
study the pre- and post-heat treatment grain size and orientation con-
ditions to determine a possible correlation with the corrosion behaviour

Table 1
Ti6246 chemical composition declared by powder supplier.
Ti Al Sn Zr Mo
Composition range (wt balance 5.5 - 1.75 - 3.5- 5.5-

%) 6.5 2.25 4.5 6.5
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Table 2
PBF-LB/M process parameters.
Power  Scanning Hatch Layer Scanning Platform
w) speed (mm/  distance thickness strategy temperature
s) (um) (um) o
190 1100 100 30 Standard 100
67° EOS
strategy

::' Perpendicular
the build direction)

Paralle! l£1 the
build direction,

Fig. 1. Cutting directions used for sample preparation.

of the Ti6246 samples in as-built and heat-treated states. EBSD orien-
tation maps were recorded at 300X magnification and a step size of
0.9256. The SEM was operated at 20 kV and 10 nA, and the samples
were used in a pre-tilted sample holder at 70° tilt. The working distance
for EBSD was kept at about 8 mm.

2.5. Electrochemical techniques

Electrochemical tests were performed at room temperature in natu-
rally aerated electrolytes in a 3-electrode cell (250 mL of volume)
composed of the sample (working electrode, WE), an Ag/AgCl electrode
(reference electrode, RE), and a platinum wire (counter electrode, CE).
Measurements were carried out using the ‘IVIUM-n-Stat’ electro-
chemical interface. Two different solutions were used: 0.9 wt% NaCl
(sodium chloride, reagent grade purchased from Sigma) and 0.9 wt%
NaCl with the addition of 0.6 wt% NaF (sodium fluoride, purchased
from Sigma). All solutions were prepared in distilled water, and the pH
was adjusted to 5 by adding HCI before the beginning of the tests. In this
paper, the first electrolyte solution (containing only chloride ions) will
be named ‘S1°, while the second one (containing both chloride and
fluoride ions) will be named ‘S2’.

Samples for electrochemical tests were soldered to a sheathed copper
wire to ensure the electrical connection, then embedded in epoxy resin
to expose either the surface parallel or perpendicular to the printing
direction, and finally polished up to 4000 grits using SiC papers.

Before each electrochemical measurement, the Open Circuit Poten-
tial (OCP) was monitored for 1 hour.

EIS measurements were performed in the frequency range from 102
Hz to 10* Hz, acquiring 10 points per frequency decade. The employed
stimulus was a 10-mV sinusoidal signal applied around the OCP.
Impedance spectra were then modelled using Equivalent Electrical Cir-
cuits (EECs). The capacitance was modelled in these circuits as a Con-
stant Phase Element (CPE). Its impedance is defined as follows [14]:
Zepp = #

R
where Q is the CPE parameter having dimensions of a capacitance, j=
v—1, = 2xf (f is the frequency) and n is a parameter that ranges be-
tween 0 and 1. For a normal time-constant distribution through a surface

layer (like in the case of a superficial oxide), the effective capacitance
can be computed using the following formula [17,18]:
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1-n

1
Cop = Qu(Rox) n
where Q and n are the CPE parameters and R is the parallel resistance.

After that, the oxide thickness can be estimated [19,20]:

£-€y
ox —

Coyr

where doy is the oxide thickness, ¢ is the oxide dielectric constant and
gp is the permittivity of vacuum.

Potentiodynamic Polarization measurements were acquired,
sweeping the sample potential from —0.2 mV vs OCP to +1 V vs OCP at
the scan rate of 10 mV/min. Ecoy and Icor values were computed using
Tafel extrapolation. All electrochemical measurements were performed
in triplicate, using more than one cubic sample for each condition. In
this way, both the intra-sample and inter-sample variability were
accounted for in the computation of the measurement error.

3. Results and discussions
3.1. Microstructure characterisation and phase identification

The FESEM analysis performed on Ti6246 as-built samples reveals
the characteristic as-built microstructure of titanium alloys processed
through PBF-LB/M, displaying visible melt pools and prior-p grains
aligned in a columnar morphology parallel to the building direction
(Fig. 2 al-a2). This pattern is already known from previous studies of
duplex Ti alloys and it is attributed to the high cooling rates and
directional thermal gradients involved in the PBF-LB/M process, leading
to epitaxial p-grain growth during solidification [4]. The elongated
needles orientated with an around 45° angle are indicative of ortho-
rhombic o martensite formation. The presence of the latter differenti-
ates Ti6246 alloy from the o-stabilized duplex alloys such as the
better-known Ti64, which instead presents the hexagonal o’ martens-
itic phase. The occurrence of o significantly affects the mechanical
properties of the alloy, providing an exceptional increase in ductility but
also a detrimental reduction in hardness. To avoid the side effects of the
o' presence, a sub-f annealing treatment has been developed in the
literature that aims to reduce internal stresses and decompose " into a +
B [11,21]. This transformation is diffusion-driven and requires high
temperatures and long times. The micrographs in Fig. 2 b1-b2 related to
the heat-treated specimens demonstrate the effectiveness of the treat-
ment in transforming the martensitic microstructure typical of the
as-built state into a fully duplex a + B microstructure. The columnar
orientation is no longer visible after heat treatment, and the o lamellae
show a high level of disorder, evidenced by the multiple orientations, as
displayed in the low-magnification micrograph (Fig. 2 b1).

XRD measurements allowed for a more in-depth analysis of the
observed phases. The XRD patterns related to as-built and heat-treated
conditions, depicted in Fig. 3, confirm the previously stated hypothe-
sis concerning the microstructural transformation during the heat
treatment.

Observing the pattern related to the as-built state, the peaks could be
exclusively correlated to the o martensitic phase. While looking closer
at the XRD pattern acquired on the heat-treated sample, it is possible to
discern the presence of both the a and p phases peaks, strongly con-
firming the decomposition of the o’ martensitic phase already observed
with FESEM analysis.

To assess the anisotropy condition caused by the PBF-LB/M process
and the effect of heat treatment on the grain size and orientation, the
EBSD maps were acquired on XZ planes of Ti6246 samples pre- and post-
heat treatment. The results obtained are reported in Fig. 4.

As evidenced by the EBSD maps shown in Fig. 4a, typical micro-
structural features of PBFed duplex titanium alloys were detected in the
as-built Ti6246. The basket-weave structure within the columnar
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Melt pool boundary
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Fig. 2. FESEM micrographs of Ti6246 XZ samples in as-built (a) and heat-treated (b) conditions at low (1) and high (2) magnifications.
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Fig. 3. XRD spectra of the Ti6246 XZ samples in as-built and heat-
treated conditions.

B-grains is related to the needle-form o martensitic phase, already
observed with FESEM analysis. In addition, columnar p-grains (high-
lighted in white in Fig. 4a) can be identified straddling the melt pools
with an orientation parallel to the building direction. This marked grain
directionality is distinctive of the microstructural anisotropy charac-
terising the samples processed by PBF-LB/M. Observing the EBSD map
conducted on the heat-treated sample (Fig. 4b), the basket-like structure
almost completely disappears, confirming the successful transformation
of the martensitic o’ phase into a + p proven by XRD spectrum analysis.
However, the anisotropy observed in the as-built sample seems to have
not been completely overcome. Indeed, it is important to consider that
the heat treatment was conducted at 750 °C, well below the Ti6246 p
transus temperature, which was determined metallographically at
around 960 °C [22]. Despite this, grain growth and the onset of
recrystallisation can be observed, which leads to the microstructural

anisotropy being less evident after heat treatment. Microstructural
anisotropy in titanium alloys resulting from additive processing signif-
icantly influences both mechanical and corrosion properties. In terms of
mechanical properties, the anisotropic microstructure already contrib-
uted to directional variations in strength, affecting tensile and fatigue
performance in different orientations. However, also the material sus-
ceptibility to corrosion could be affected by the anisotropic micro-
structure. In fact, the galvanic effects induced by anisotropy may lead to
localised corrosion phenomena.

3.2. Electrochemical characterisation of the as-built alloy

The electrochemical properties of the material were characterised
before and after heat treatment in two different solutions, having
increasing aggressiveness. At pH=5, in electrolyte S1, the material is
expected to be in ‘passive conditions’, while in electrolyte S2, it is ex-
pected to be in ‘non-passive conditions’ [23—25]. Thus, this specific pH
value was chosen in order to have a change in the behaviour related only
to the addition of fluoride ions. The in-depth study of the effect of pH on
the electrochemical behaviour of material is beyond the scope of the
present work, but some data related to the ‘active’, ‘non-passive’, and
‘passive’ behaviour are provided in Figure SM1 (Supplementary mate-
rials). Indeed, the data shown in Figure SM1 confirm the results pro-
vided in previous literature [24]. Moreover, the choice of the two
electrolytes (S1 and S2) was not intended to mimic a specific environ-
ment, but rather to have sufficiently aggressive conditions in order to
unveil the corrosion mechanism of the alloy. Indeed, fluoride ions are
one of the few chemical species able to attack the titanium passivity in
aqueous solutions, thus allowing to understand the role of the different
phases in the material degradation.

Fig. 5a reports the potentiodynamic polarisation curves for samples
immersed in S1 and S2 solutions. In both cases, the material exhibits an
active behaviour close to the Ecoy and then, increasing the anodic
overpotential, it enters the passivity region. Samples immersed in the S1
solution have an E.,, value of —250 mV vs Ag/AgCl and .o, of 1.5.1078
A/cm?> (data referred to the XZ section; see Table 3 for the complete
dataset). The increase of the anodic overpotential promotes the oxida-
tion reactions on the sample surface, which lead to the rise of the oxide
thickness [25]. The stable current values in the passive region
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Fig. 5. Electrochemical measurements acquired on as-built samples: a) potentiodynamic polarization curves; b) and c) EIS measurements performed in solution S1
and S2 respectively. Measurements were acquired on surface parallel to the printing direction (XZ) and perpendicular to it (XY).

Table 3
Ecorr and Iy values computed for as-built samples in solutions S1 and S2.
S1 Solution S2 Solution
XZ section XY section XZ section XY section
Ecorr —250 + 40 —220 + 20 —540 + 40 —530 + 20
[mV vs Ag/
AgCl]
Leorr [A/cm?] (1.5+1.1) (3.0 £2.5) (1.7 £ 0.6) (1.6 £ 0.8)
1078 1078 10°° 10°°

demonstrate the formation of a continuous and uniform superficial
oxide layer. No relevant differences were observed between the XZ and
XY sections (see Table 3 for the data referring to all sample sets). The
relatively large standard deviation computed for some of the I, values
should be ascribed to the fact that, as the measurement repetitions were
acquired on samples obtained from different cubic specimens, the
measurement error accounts for both the intra-sample and inter-sample

variability. Moreover, in some cases, the graphical method used to
extrapolate the I,y from the potentiodynamic polarization plot may
decrease the accuracy of the computed value.

When immersed in solution S2, which contains both chlorides and
fluorides ions, the as-built material exhibits a decrease in the Eq, value,
which reaches —540 mV vs Ag/AgCl, and an increase in the I o value,
that reaches 1.7-10~8 A/cm? (data referred to XZ section, see Table 3 for
the complete dataset). The aggressiveness of the fluoride ions towards
the titanium alloy is further highlighted by the behaviour of the alloy in
the anodic branch of the curve. Actually, a passive behaviour is
observed, but it is reached at higher overpotential respect to the samples
immersed in S1 solution; moreover, the passivation current is higher
(about 5.2:10~* A/cm? instead of 1.2:10°° A/cm?). In this electrolyte,
the naturally-formed superficial oxide layer has a lower stability, as can
be seen from comparing the EIS spectra acquired in the two solutions
reported in Fig. 5b-c. In the S1 solution, the oxide layer is compact and
continuous, and it exhibits a capacitive-like behaviour, with phase
values close to —80° at its maximum. At lower frequencies, the imped-
ance phase values slightly decrease, reaching values in the range
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between —60° and —70°, and the impedance magnitude reaches values
above 10° Ohm-cm?, demonstrating a stable and protective behaviour.
When immersed in the S2 solution, the oxide layer is less protective for
the bulk material; actually, the maximum in the phase reaches lower
values (close to —70°) and the behaviour becomes resistive at low fre-
quencies (phase values close to 0°). The impedance magnitude at low
frequencies is about 2:10% Ohm-cm?, i.e. two orders of magnitude lower
than in the other solution. No difference was detected between the XY
and XZ sections from the EIS measurements. The stability of the acquired
data as the sample section varies does not reveal a contribution of the
grain orientation to the corrosion behaviour of the alloy. It is important
to emphasise that the presence of the basket-weave structure due to the
martensitic o’ phase in the as-built condition results in an extremely
fine microstructure within the grain in both XZ and XY sections. It is,
therefore, reasonable to suppose that, in this specific alloy, the most
significant influence on the electrochemical behaviour is given by the
phases present and not by the grain orientation itself.

3.3. Electrochemical characterisation of the heat-treated alloy

As revealed by the FESEM image analysis (Fig. 2), XRD phase iden-
tification (Fig. 3) and EBSD maps (Fig. 4), the annealing heat treatment
significantly changes the microstructure of the alloy, leading to the
decomposition of the martensitic phase into an o + f system. This
transformation, which improves the material mechanical properties,
could also influence the degradation mechanisms that characterise the
Ti6246 alloy.

From the potentiodynamic polarisation measurements (see Fig. 6a),
it is possible to notice that in the S1 solution, the behaviour remains the
same, exhibiting an active-passive behaviour in the same potential and
current ranges found for the as-built material. Eco;y and Ioo remain
stable after heat treatment, as seen from the data reported in Table 4.
Looking at the data for solution S2, also in this case Ecqrr and Ieor do not
change significantly (in both cases, only a slight decrease is observed).
Analysing more in-depth the trend of the anodic branch of the poten-
tiodynamic curve, it is possible to see that the transition from active to
passive behaviour does not occur smoothly as it was in the as-built
samples but through multiple passivation and re-activation phenom-
ena. These are detectable as minor steps in the anodic branch of the
curve before the stabilisation of the current value when the passive
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Table 4
Ecorr and oo values computed for heat-treated samples in S1 and S2 solutions.
Solution S1 Solution S2
XZ section XY section XZ section XY section
Ecorr —240 + 40 —220 + 20 —500 + 20 —490 + 50
[mV vs Ag/
AgCl]
Low [A/cm®] (29 +1.3) (1.6 + 0.3) (1.4 + 0.5) (1.1 £ 0.5)
1078 1078 10°° 10°°

region is reached. In this potential interval, the simultaneous competi-
tion between the formation and dissolution of the anodically grown
oxide layer is observed. It is important to underline that this phenom-
enon was observed in all tested samples, and it occurred in the same
potential range, i.e. from —390 mV vs Ag/AgCl to +70 mV vs Ag/AgCl.
Specifically, this behaviour is attributed to the presence of large a phase
domains inside the network of § phase. Actually, as the former is less
noble than the latter [26—28], it dissolves preferentially, and in the first
stages, it does not contribute to forming a homogeneous and protective
oxide layer.

The presence of an inhomogeneous superficial oxide layer was
observed also by EIS measurements (Fig. 6b-c). Actually, while the
spectra acquired in the S1 solution are substantially equivalent to those
acquired on as-built samples (both looking at the impedance magnitude
and phase values), a different behaviour was detected in solution S2. The
presence of the less-noble o phase leads to a preferential attack in these
microstructure regions and thus to the appearance of a second time
constant in the low-frequency range of the spectrum. This is identified
graphically by analysing the phase values, which do not reach 0° in this
part of the plot but stay close to 10°. This second time constant was
detected both in the measurements acquired after one hour of immer-
sion in the S2 solution and in an additional set of samples tested after
10 minutes of immersion in the electrolyte. Thus, the presence of an
inhomogeneous oxide layer, due to the o + § microstructure, causes a
preferential attack which occurs immediately after immersion of the
alloy in the electrolyte (S2 solution). Further discussion about the
corrosion mechanism of the material is provided in the next section.

Also for the heat-treated material, in both electrolyte solutions, no
significant differences in electrochemical behaviour were revealed for
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Fig. 6. Electrochemical measurements acquired on heat-treated samples: a) potentiodynamic polarisation curves; b) and c) EIS measurements performed in S1 and
S2 solution, respectively. Measurements were acquired on a surface parallel to the printing direction (XZ) and perpendicular to it (XY).
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XY and XZ sections. This confirms the hypothesis outlined in the pre-
vious section concerning the weak influence of the grain orientation in
comparison with the phases present in the material.

3.4. Corrosion mechanism of the alloy

The EIS spectra acquired on the material in the S2 solution, in
conjunction with the potentiodynamic polarisation curves and the
morphological observations by electron microscopy, allowed the Au-
thors to propose the mechanism for the attack of the Ti6246 alloy.

When in as-built condition, the oxide layer is compact and homo-
geneous, so the attack occurs uniformly in the alloy microstructure. This
behaviour is associated with a finely-dispersed o’ phase inside the p
matrix. With this microstructure, the former does not act as a prefer-
ential site for the corrosion attack; thus, the oxide layer does not suffer
from this heterogeneity. It is worth noticing that many previous studies
reported the detrimental effect of the martensitic o phase on the
corrosion behaviour of biphasic titanium alloys produced by additive
manufacturing [15,29]. As demonstrated in the present work, this is not
the case for the o'’ phase in the Ti6246 alloy. The reason may be
attributed to the different electrochemical behaviour of o’ and a’” phases
or to the different phase amounts in the alloys. Further investigations
should be performed on this point, but these findings are consistent with
the results obtained in a previously published study, where an o’” + p
Ti-alloy demonstrated to have a better corrosion resistance with respect
to Ti-alloys composed of martensitic o’ phase [30].

In the EIS measurements, the spectrum acquired on as-built material
is characterised by a single time constant, as can be observed from the
Nyquist plot in Fig. 7, exhibiting a single semicircle. This electro-
chemical system was modelled using the EEC reported in Fig. 8, which is
composed of Rg, representing the solution resistance and the parallel of
the oxide resistance and capacitance (Ryx and CPE, respectively). The
oxide capacitance was modelled as a Constant Phase Element (CPE) to
consider possible non-idealities and time-constant dispersion [31].

Values computed for the 3 parameters are reported in Table 5. As the
XZ and XY sections had the same behaviour (see previous section for
further details), the reported average and standard deviations are
related to the dataset, including both kinds of samples.

The oxide resistance is above 3 kOhm-cm?, demonstrating its good
protective effectiveness in the aggressive solution. Moreover, the
computed effective capacitance is 113 pF-cm ™2, and thus the estimated
oxide thickness is about 0.7 nm.

The morphology of the attack was further investigated using
potentiostatic polarisation for 30 minutes in the S2 solution at the po-
tential of —300 mV vs Ag/AgCl, i.e. in the anodic branch of the curve,
where an active behaviour is present. FESEM images acquired at the end
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Fig. 7. Impedance spectrum acquired on as-built sample immersed in S2 so-
lution. Black dots represent the experimental data, while the model obtained by
EEC fitting (using the electrical circuit reported in Fig. 8) is represented by the
yellow line.
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Fig. 8. Equivalent Electrical Circuit model used to fit the impedance spectra
acquired on as-built samples immersed in S2 solution. The microstructure of the
alloy represents an area of about 6.0 x2.7 um? the thickness of the oxide layer
is not in scale.

Table 5
EEC parameters for as-built samples immersed in S2 solution. See Fig. 8 for the
meaning of the circuit parameters.

AB samples

R, [Ohm-cm?] 24.8 + 16.0

Rox [Ohm-cm?] (3.6 +0.9) 10°
Qox [s"/Ohm-cm?] (1.2+01)107*
Tox 0.90 + 0.01

of the test are reported in Fig. 9. As can be seen, the attack proceeds
almost uniformly on the alloy, and some of the a’” domains are etched.
This is in agreement with the EEC model chosen for the material.

The corrosion mechanism is more complex in the heat-treated ma-
terial. Actually, in this case, the presence of large o phase domains leads

Fig. 9. FESEM micrograph acquired after potentiostatic polarisation at
—300 mV on as-built material immersed in S2 solution. Some of the a’” domains
are pointed by the 3 arrows.
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to a preferential attack in these areas. Thus, the EIS spectrum is char-
acterised by two time constants: the first observed at high frequencies,
attributed to the oxide layer, and the second one, attributed to the
corrosion reactions occurring on the o phase, observed in the low-
frequency part of the spectrum. These two features are visible in the
Nyquist plot as two semicircles (see Fig. 10). Thus, the ECC that models
this electrochemical system is the one reported in Fig. 11, which is
composed of R to represent the solution resistance, the parallel of Ryx
and CPEy to model the oxide layer, and R and CPEq to model the
resistance to charge transfer and capacitance of the double layer asso-
ciated to the corrosion reactions occurring in correspondence of the o
phase domains. Also in this case, all capacitors were modelled as CPE.
The values for all parameters (referring to both the XZ and XY sections)
are reported in Table 6.

As can be seen, the values for the parameters associated with the
oxide layer (namely Rox and Qo) are similar for the as-built and heat-
treated samples. In this case, the effective capacitance is 111 pF-cm ™2,
and thus, the computed oxide thickness was again about 0.7 nm.

As far as the faradic process is concerned, associated with the pref-
erential attack on the a phase, it is possible to observe that it exhibits a
lower resistance (Ry) and a higher capacitance (Qqj).

A potentiostatic polarisation clearly highlighted the morphology of
the attack at a potential value in the active region. For this reason, a set
of samples was morphologically characterised by electron microscopy
after potentiostatic polarisation for 30 minutes in S2 solution at the
potential of —300 mV vs Ag/AgCl. The result is reported in Fig. 12. The
morphology of the attack is clearly preferential, and it affects mainly the
o phase domains, while the p phase network remains almost unaltered.
This observation further confirms the origin of the passivation and re-
activation phenomena observed in the anodic branch of the potentio-
dynamic curve (potential range from —390 mV vs Ag/AgCl to +70 mV
vs Ag/AgCl). Actually, the presence of the a + f microstructure does not
allow a uniform passivation process, but it occurs gradually: the
behaviour of the o phase at a potential between — 390 mV and +70 mV is
not passive yet.

4. Conclusions

This study characterised the corrosion behaviour of Ti6246 samples
produced by PBF-LB/M. It has been demonstrated that, despite the
pronounced anisotropic microstructure characterising the as-built con-
dition, the material exhibits the same electrochemical behaviour both in
the surface parallel to the printing direction and in the one perpendic-
ular to it. Therefore, grain directionality was proven not to have a
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Fig. 11. Equivalent Electrical Circuit model used to fit the impedance spectra
acquired on heat-treated samples immersed in S2 solution. The microstructure
of the alloy represents an area of about 6.0 x2.7 pm?; the thickness of the oxide
layer is not in scale.

Table 6
EEC parameters computed for heat-treated samples. See Fig. 11 for the meaning
of the circuit parameters.

HT samples

R, [Ohm-cm?] 234495

Rox [Ohm-cm?] (2.9 + 0.5) 10°
Qox [s"/Ohm-cm?] (1.2+05)107*
Tox 0.91 + 0.04

R [Ohm-cm?] (1.1 + 0.4) 10°
Qui [s"/Ohm-cm?] (1.5+0.5)1072
na 1.0+ 0.0
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Fig. 10. Representative EIS spectrum acquired on heat-treated samples
immersed in S2 solution. The experimental data are represented by black dots,
while the model obtained by EEC fitting (using the electrical circuit reported in
Fig. 11) is represented by the yellow line.

Fig. 12. FESEM characterisation of heat-treated samples after potentiostatic
polarisation at —300 mV in S2 solution.

marked influence on the corrosion behaviour of the Ti6246 alloy pro-
cessed by PBF-LB/M. In contrast, a modification of the electrochemical
behaviour was found after heat treatment. While the EBSD analysis
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revealed only a less pronounced anisotropic state of the microstructure
and an incipient recrystallisation after heat treatment, it showed the
almost total transformation from o'’ to a + f, confirming the results
obtained from the XRD spectrum analysis. This phase transformation
was correlated to changes in corrosion mechanisms. Specifically, after
heat treatment, the corrosion attack targeted preferentially the o phase,
which is less noble than the other phases present. This change in the
morphology of the attack was observed only in the electrolyte solution
containing both chlorides and fluoride ions, as it is the most aggressive
and the only one able to etch the microstructure. Moreover, it is
important to underline that the modification in the corrosion mecha-
nism did not significantly impact the corrosion rate, which is estimated
by the corrosion current density and the impedance modulus. Thus, the
Ti6246 alloy produced via PBF-LB/M demonstrated good corrosion
resistance, even when tested in aggressive electrolytes containing fluo-
ride ions.
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