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Microstructural analysis and electrochemical measurements were carried out on longitudinal and transverse planes of an additively
manufactured (AM) Ti–6Al–4V rod printed in the horizontal direction by electron beam melting (EBM), and compared with those
performed on a commercially available alloy. Microstructural differences in the planes parallel and perpendicular to the build
direction were characterized using optical and scanning electron microscopy, X-ray diffraction, and transmission electron
microscopy coupled with energy dispersive spectroscopy. The microstructures of three different locations along the transverse axis
on the EBM samples were also studied. The starting point, the middle, and the end of the sample in the build direction consisted
primarily of α-phase and a small amount of β-phase. On progressing from the starting point towards the end of the build, the size of
both phases increased and the elemental distribution of alloying elements showed more segregation of vanadium and iron into the
β-phase. The electrochemical behaviour was studied as a function of time using electrochemical impedance spectroscopy and
potentiodynamic polarization. The film resistance of the wrought sample was slightly better than those of the EBM samples. The
film resistance of the EBM-transverse sample improved slightly more with exposure time than that of the longitudinal sample.
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Additive manufacturing (AM) processes have gained increasing
attention over the past few years due to their unique features to
fabricate complex, three-dimensional, and near-net-shape parts as
compared to conventional manufacturing processes. AM facilitates
direct fabrication of intricate, or customized parts through a layer-
by-layer deposition approach that eliminates the intermediate steps
commonly required in conventional materials processing methods.1,2

The high material utilization efficiency of the AM process, com-
bined with geometric freedom can provide considerable cost
savings.3

A number of different metal AM processes are currently
available and can be categorized based on the heat source (arc,
laser, electron beam) and how the material is supplied (powder or
wire feed).4 However, two metal AM techniques have recently
received much scientific attention: powder bed fusion processes,
including selective laser melting (SLM) and electron beam melting
(EBM); and direct laser deposition (DLD), also known as direct
energy deposition (DED). In powder bed fusion processes, parts are
manufactured layer-by-layer in a powder bed by rastering a high-
power source of energy. However, in direct laser deposition, metallic
wires are used as feedstock and the energy is electrically supplied.2

Ti–6Al–4V (Ti64) is the most popular and widely used titanium
alloy, providing approximately half of the global market share of
titanium products mainly due to its low density, high strength and
fracture toughness, excellent corrosion resistance, and superior
biocompatibility.5,6 Titanium and its alloys have proven to be
invaluable in many industries, in particular the aerospace industry,
which uses about 80% of total titanium production.7 Ti64 comprises
about 85% of the total volume of titanium alloys used in airframe
components and 60% of the titanium used in jet engine parts.8

Ti64 components have been conventionally fabricated by casting,
forging, extrusion, and powder metallurgy manufacturing processes.
These conventional methods involve multiple processing steps that

are time-consuming and incapable of readily producing complex
shapes with the required mechanical properties at a reasonable cost.
In addition, Ti64 is classified as a difficult metal to machine and
weld compared to other common industrial metals and alloys,
resulting in further increases in production costs when using
conventional methods.6,9,10 By contrast, AM techniques offer greater
freedom of design enabling manufacturers to produce Ti64 complex
parts more efficiently.6,11 These advantages and unique features of
AM technologies have challenged conventional approaches to
design and maintenance, especially in aerospace and biomedical
applications.2,11

Most studies to date on Ti64 produced by AM have focused on
the mechanical properties and, based on the available literature, the
mechanical properties of samples produced by AM have been shown
to be better than their conventionally processed counterparts.1,5,12,13

While aerospace applications place great importance on mechanical
properties, industrial applications also require a thorough under-
standing of corrosion performance. The structural and mechanical
properties of Ti64 samples manufactured by SLM and EBM
methods have been extensively discussed in the literature,12,14–19

but the study of their corrosion performance remains in its infancy2

and critically sought after for applications in naval and aviation
structures.20

The microstructure and composition of Ti alloys can play a
significant role in determining their corrosion performance. Ti64 is a
dual-phase alloy comprised of an alpha (α) phase, with a hexagonal
close-packed (HCP) structure, stabilized by Al, and a beta (β) phase,
with a body-centred cubic (BCC) phase, stabilized by V. Irrespective
of alloy composition, corrosion resistance is attributable to the
presence of a chemically inert, adherent TiO2 film, which, in Ti64,
can be slightly enriched in both Al and V.21,22 The presence of
oxygen vacancies (OV) and Ti(III) interstitial ions makes the film an
n-type semiconductor. The presence and distribution of Fe (gen-
erally <0.2 wt% in Ti) can lead to a decrease in α-grain size and the
stabilization of the β-phase, as well as the precipitation of TixFe
intermetallic particles along grain boundaries and at triple points.23

The oxide can be anatase or rutile24,25 and anodic polarization leads
to thickening of the oxide and a decrease in the number density ofzE-mail: vdehnavi@uwo.ca
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defects.24,26 The film at grain boundaries may be less protective than
that on the grains.27

The microstructures of AM produced parts are significantly
different from their conventionally-produced counterparts due to
various AM process variables.2 AM is a relatively rapid solidifica-
tion process and the heat flow during AM is directional which, in
most cases, results in columnar microstructures.3 Limited studies of
the corrosion performance of AM manufactured Ti64 parts have
been published. Dai et al.28,29 examined the corrosion performance
of Ti64 samples prepared by SLM and observed variations in the
corrosion performance of different planes with respect to the build
direction. They also reported that parts manufactured by AM showed
an inferior corrosion resistance compared to commercial-grade Ti64
samples. The inferior corrosion resistance on the plane parallel to the
build direction was attributed to the presence of a higher α′
martensite and a lower amount of β-phase.

Post heat-treatment is typically required for SLM-fabricated Ti64
parts to transform acicular α′ martensite into β-phase. Although the
cooling rates produced in the EBM process are similar
(103−105 K s−1) to that of the rates in SLM and DED processes,
the thermal behaviour of the EBM-Ti64 part is very different since a
high temperature (600 °C to 750 °C) is maintained in the powder
bed. This high build temperature is analogous to the post-heat
treatment process, which is sufficient to fully decompose and
transform any α′ martensite into α + β. EBM process also operates
under vacuum and minimizes oxygen pick up. These differences in
the features between SLM and EBM produce markedly different
microstructures.1–3

Despite these advantages in the as-built condition, unfortunately,
the corrosion behaviour of EBM-Ti64 has received very minimal
attention thus far. In a recent study, the electrochemical behaviour of
EBM-produced Ti64 samples was compared with their wrought
counterparts in a buffered saline solution.29 It was found that the
EBM-Ti64 exhibited marginally better corrosion resistance than the

wrought Ti64 alloy due to the larger proportions of β-phase and
ultrafine-grained lamellar α/β in the EBM microstructure. However,
the authors did not mention which plane on the EBM samples was
chosen for corrosion tests.

The available literature comparing the corrosion performance of
EBM produced and wrought samples has many shortcomings. In
most research studies the corrosion performance is not examined
over time resulting in limited available information on the evolution
of corrosion behaviour with time. In addition, it is typically not clear
whether the samples were exposed to air for the same amount of
time after polishing and before performing corrosion experiments.
This is important since all freshly polished Ti alloys develop an air-
formed surface oxide whose protective properties change with time,
which can influence the subsequent test results.

The objective of the present work is to study the microstructural
variation along the build direction of a horizontally printed EBM-
Ti64 rod, correlate the microstructural differences in the longitudinal
and transverse planes with the difference in the corrosion behaviour
of EBM-Ti64, and compare the results with the corrosion behaviour
of commercial wrought Ti64 alloy. The evolution of corrosion
performance with time is studied with extra attention paid to making
sure the preparation of samples and their exposure prior to
experiments were identical.

Experimental

Sample fabrication and preparation.—The samples used in this
study were additively manufactured from a Ti64 powder using an
Arcam Q10 electron beam melting (EBM) system with a stainless
steel building plate of 200 mm × 200 mm × 180 mm. The EBM
system was comprised of a single crystalline cathode operating at a
maximum beam power of 3000 W with the system under a vacuum
of 5 × 10−4 mbar. The beam spot size was 450 to 500 μm in
diameter. The Ti64 powder with a particle size of 45–100 μm was
provided by Advanced Powders and Coatings Inc. (AP&C). The
chemical composition of the powder in the as-received condition is
listed in Table I.

Samples were fabricated in the form of rods with a diameter of
11 mm and a length of 120 mm in the horizontal direction, with their
longitudinal direction (X) perpendicular to the build direction (Z),
Fig. 1. The examined planes of the AM samples have been labelled
in Fig. 1 and will be referred to as EBM-XY and EBM-YZ. The
EBM process parameters employed to fabricate the samples were
recommended by Arcam to minimize the final porosity in the
samples. These parameters include a hatch distance of 0.2 mm, a
layer orientation of 46°, a layer thickness of 50 μm, and a bed
temperature of 650 °C–700 °C. The maximum scan speeds in the
contour and hatch were 800 mm s−1, and 4500 mm s−1, respectively.

The properties of the additively manufactured samples were
compared with those of a wrought (hot rolled) Ti64 rod sample in
the mill-annealed condition. The chemical composition, as reported
by the manufacturer, is summarized in Table II.

Microstructural characterization.—Samples selected for metal-
lographic examination were mechanically ground using silicon
carbide papers and finally polished with a mixture of 0.04 μm
colloidal silica and hydrogen peroxide. They were then etched with
Kroll’s reagent (1 ml HF, 2 ml HNO3, and 97 ml water) and
examined with an optical microscope.

The microstructures of the as-built EBM and wrought samples
were also analysed using a Hitachi SU3500 variable pressure
scanning electron microscope (SEM) in combination with an

Table I. Nominal chemical composition (in weight %) of a typical
Ti64 powder.

Al V Fe O C N H Ti

6 4 0.1 0.15 0.03 0.01 0.003 Balance

Figure 1. Graphical representation of the as-printed EBM Ti64 rod. The
examined cross-sections are indicated by the green (YZ) and red (XY)
planes.

Table II. Chemical composition (in weight%) of the wrought Ti–6Al–4V sample.

Al V Fe O C N Y Ti

6.38–6.39 4.02–4.09 0.16–0.17 0.15–0.17 0.03–0.04 0.02 <0.001 Balance
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Oxford Aztec X-Max50 X-ray analyser. SEM examinations were
performed on the as-polished samples in the back-scattered electron
(BSE) mode.

The as-built microstructures of the EBM samples were studied in
detail using an FEI Tecnai Osiris transmission electron microscope
(TEM) equipped with a 200 keV X-FEG gun. The Super-EDS X-ray
detection system combined with the high current density electron
beam in the scanning mode (STEM) was also used to analyse the
fine details of the microstructure. Spatial resolutions on the order of
1 nm were obtained during EDS elemental mapping using a sub-
nanometer electron probe.

To prepare electron-transparent samples for TEM characterisa-
tion, a thin slice (<500 μm) of the sample was cut using a diamond
wafering blade. Then, three disks with diameters of 3 mm were
punched from the starting point (S), the middle (M), and the end of
the build (E), Fig. 2, using a Gatan puncher. The disks were then
polished to a thickness of approximately 80–90 μm. Dimpling of the
samples was performed by employing a 4–6 μm CBN paste with a
felt wheel and finished using an alumina suspension down to
∼10 μm at the centre of the sample. The dimpled disks were finally
ion milled until perforation was achieved with a Gatan 691 PIPS
using liquid nitrogen cooling at 5, 3, and 1 keV and a gun angle of 4°
for 130, 10 and 30 min average time at each step, respectively.

XRD analyses were performed using a Rigaku SmartLab X-ray
diffraction system with CuKα radiation (λ = 1.54059 Å) in Bragg-
Brentano geometry. A micro-area attachment was used to focus the
X-ray on areas of interest on the samples. Diffraction data were
acquired over a 2θ range from 30° to 90° with a step width of 0.02°.
The ICDD PDF-4 + 2019 inorganic diffraction database was used
for phase identification.

Electrochemical measurements.—Electrochemical measure-
ments were carried out in a three-electrode glass cell with three
compartments. The Pt counter electrode (CE) and the reference
electrode (RE), a saturated calomel electrode (SCE), were housed in
separate compartments isolated by porous glass frits. Prior to all
experiments, the RE was calibrated against a “master” electrode,
used only for verification tests. Measurements were made using
either a Solartron 1287 or a Modulab XM MTS system. The cell was
housed inside a Faraday cage to reduce electrical noise from external
sources.

To ensure initial surface conditions were the same in all
experiments, all samples were prepared using an identical procedure:
Samples were successively ground using SiC abrasive papers up to
P4000 followed by polishing with a mixture of 0.04 μm colloidal
silica and a 3% solution of hydrogen peroxide. Then they were
sonicated in ethanol for 3.5 min and finally dried in a stream of Ar

gas. The samples were then exposed to air for 30 min before
electrochemical measurements were conducted.

Corrosion behaviour was studied in a naturally aerated 3.5 wt.%
NaCl solution at room temperature. Measurements involved mon-
itoring the corrosion potential (Ecorr) for 30 min, followed by
electrochemical impedance spectroscopy (EIS) at 0.5, 2, 4, 8, and
12 h intervals, and finally potentiodynamic polarization (PDP) after
16 h of immersion. EIS spectra were obtained at Ecorr using a
sinusoidal input potential with an amplitude of 10 mV (vs Ecorr) over
a frequency range of 105 to 10−2 Hz. EIS data were analysed by
fitting an appropriate electrical equivalent circuit to experimental
data using ZView software (Scribner Associates). All electroche-
mical experiments were repeated at least three times to verify their
reproducibility. PDP measurements were initiated at −0.1 V (vs

Figure 2. Graphical representation of the locations of the samples prepared
for TEM. (S, the starting point, M, the middle, and E, the end of the build).

Figure 3. Macrostructures of etched (A) wrought Ti64, (B) EBM-YZ
specimen, and (C) EBM-XY specimens. The build direction is indicated
for the YZ plane, while the XY plane was taken from the middle (M) of the
build.
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Ecorr) and the potential scanned in the positive direction to 2.5 V (vs
RE) at a scan rate of 10 mV min−1.

Results and Discussion

Macro- and micro-structures.—Figure 3 shows optical images
highlighting the macro-scale features found on the etched wrought
sample (A) as well as the EBM-YZ (B) and EBM-XY (C) specimens
with the relative locations of the YZ and XY planes shown in Fig. 1.
For the EBM-YZ sample, Fig. 3B, the build direction is indicated
with three positions labelled; the starting point (S), middle (M), and
end (E) of the build. The EBM-XY sample, Fig. 3C was taken
perpendicularly at approximately the middle (M) of the build. As a
result of the AM process, which included high temperature, vacuum
atmosphere, rapid solidification, and layer-by-layer deposition of the
sample, and exposed the metal to several heating/cooling cycles,
samples produced by EBM display microstructures very different
from those of samples produced by traditional methods.13

While wrought samples were found to be relatively homoge-
neous, EBM samples exhibited two significant directional features.
First, as shown in the EBM-YZ sample, Fig. 3B, a series of layers
perpendicular to the build direction, a result of the layer-by-layer
deposition, was apparent. The characteristics of these layers have
been shown to be influenced by beam diameter, scan spacing, energy
density, powder layer thickness, characteristics of the feedstock
powder, etc.30,31 Secondly, grains demonstrated columnar growth,
i.e., growing parallel to the build direction. As seen in Fig. 3B,
features were elongated preferentially along the build direction. In
the EBM-XY sample, Fig. 3C, these elongated grain structures were
truncated, showing smaller, non-directional features on the macro-
scale. This type of columnar solidification has been well documented
and attributed to directional heat extraction, in this case along the
build direction.32–34

Representative SEM images for wrought Ti64, EBM-YZ at two
different regions along the build direction, and EBM-XY are shown
in Fig. 4. In BSE-SEM images, the contrast between the two phases
arises from differences in the electron density, with the dark and

light areas being the α- and β-phases, respectively. In the case of
wrought-Ti64, Fig. 4A, the microstructure was found to be relatively
homogenous, the α-phase (dark areas) having an equiaxed (or
globular) grain structure with β-phase (light areas) located on the
phase boundaries. EBM-Ti64 samples, Figs. 4B–4D, exhibited fine
lamellar microstructures (Widmanstätten morphology) consisting of
α and β-phases. In these samples, the α-phase had an elongated
needle-like grain structure, with the β-phase concentrated between
these features. A detailed description of the microstructural char-
acteristics of the present EBM-Ti64 samples is reported in a previous
publication.12

While the microstructure of wrought-Ti64 was found to be
homogenous across the entire surface, differences were observed
along the build direction in the EBM-YZ samples. As shown in
Fig. 4B, the microstructure corresponding to the starting point of the
build exhibited a finer grain structure in comparison to the end of the
build, Fig. 4C, which showed relatively coarsened features. The
microstructure from sample EBM-XY, which is representative of the
top view of a single layer, is presented in Fig. 4D. It showed a
microstructure similar to that of the sample taken from the middle of
sample EBM-YZ. Figure 5A presents an optical image of the etched
EBM-YZ near the start of the build and Fig. 5B shows a high-
magnification SEM micrograph of near the end of the build. The
prior β-phase boundaries can be seen in Fig. 5A and are highlighted
with yellow dashed lines in Fig. 5B. The columnar prior β-phase
boundaries in EBM-Ti64 samples have been shown to have a strong
〈001〉 orientation along the build direction and are typically oriented
along the build direction at an angle of ∼30°–40°.12

Bright-field TEM images of the XY plane microstructure from
three different regions (the starting point, the middle, and the end)
along the build direction, YZ plane, are shown in Fig. 6 and reveal a
distinction. Several measurements of the width of α-lath were made
on multiple TEM images using ImageJ software. At the starting
point of the build, the needle-shaped α-platelets had an average
width of 520 nm compared to the middle and end which exhibited
average widths of 730 and 1240 nm, respectively. This demonstrated

Figure 4. SEM Micrographs showing the microstructure of (A) wrought and (B-D) EBM Ti64. For the YZ plane, an image from the starting point (B) and the
end (C) of the build are shown. The XY plane is shown in (D). The white phase is β and the dark, gray one is α.
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a non-uniform microstructure along the YZ plane, which is parallel
to the build direction, with a fine microstructure at the beginning of
the build evolving to a coarser structure through the build. The finer
microstructure at the beginning of the build is due to the faster
cooling rates caused by the heat loss through the stainless steel build
plate that can act as a heat sink. The rate of cooling in AM processes
depends on three factors: (i) heat conduction through the underlying
layers and build plate, (ii) heat conduction via powder-bed, and (iii)
heat radiation from the scanned surface. The last two factors are not
significant as the powder-bed is maintained at a high temperature
(∼650 °C) throughout the build under a vacuum atmosphere. It
should be noted that the cylindrical rod in this study was printed in
the horizontal orientation with a length of 120 mm. With increasing
distance from the build plate, the heat input from each underlying
layer results in a decrease in thermal gradients and cooling rates.
Hence, a relatively coarser microstructure is obtained in the middle
and end of the build.

In addition to microstructural changes, elemental distributions
were also found to be affected by the relative location in the YZ
plane. Elemental distribution maps collected using energy dispersive
X-ray spectroscopy (EDS) in scanning TEM (STEM) are shown in
Fig. 7. Semi-quantitative analyses from select locations at the
starting point and the end of the build are summarized in Table III.

Inspection of these elemental distribution maps showed enrich-
ment of Al and V in the α- and β-phases, respectively, with the
concentration of V in the β-phase between 23.7 to 24.7 wt.% and
that of Al in the α-phase between 5.5 to 5.9 wt.%. In addition, a
measurable amount of Fe was found in the EBM samples. Inspection
of the distribution maps indicated Fe existed dominantly in the β-
phase as commonly observed in Fe-containing Ti alloys.

While the distribution of Al and V remained relatively unchanged
along the build direction, close inspection of the Fe distribution
maps showed a relatively high Fe content in the α-phase at the
beginning of the build with segregation to the β-phase increasing
towards the end. The semi-quantitative data in Table III suggest that
Fe content in the α-phase decreased from 1.3 wt.% at the beginning
to 0.2 wt.% at the end of the build. During the EBM process,
although the powder-bed is maintained at 650 °C, the change in the
distribution of Fe showed an increased influence of diffusion during
later stages of the printing process.

The results from SEM-EDS analysis of wrought-Ti64 and EBM-
YZ samples are summarised in Table IV. The analyses were
performed on areas of ∼300 × 500 μm and compared to the EDS
results from STEM, presented in Table III, provide more general
information about the elemental composition of the samples. Based
on the SEM/EDS results, the elemental compositions of the three
areas along the build direction (the start, the middle, and the end of
the build) in sample EBM-YZ were similar, showing a slightly lower
concentration of Al compared to the wrought-Ti64 sample. The iron
contents were similar in both the wrought and EBM-Ti64 samples.

Phase composition.—Selected area electron diffraction (SAED)
performed in TEM on the EBM samples showed these samples
contained α and β phases, no α′ martensite was detected. The XRD
patterns of the commercial wrought and EBM-Ti64 samples are
presented in Fig. 8. All samples contained α-phase, with a hexagonal
close-packed structure, and a small amount of β-phase, with a body-
centred cubic (bcc) structure. Inspection of the wrought Ti64 sample
XRD pattern, Fig. 8A, revealed that the (110) peak of the β-phase,
the peak at a 2θ value of 39.7 degrees, was relatively more intense
than those recorded on the EBM-produced samples.

Figure 5. (A) Optical image of the etched YZ plane and (B) SEM micrograph of the YZ plane near the end of the build. β-boundaries can be seen in (A) and are
highlighted with dashed yellow lines in (B).

Figure 6. STEM images of EBM Ti64 samples, showing the starting point (A), the middle (B), and the end of the build (C).
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The XRD patterns collected from EBM-YZ sample at the starting
point, the middle and the end of the build are compared in Fig. 8B.
The integrated intensities of the (002)α and (101)α peaks at the
starting point of the build were considerably less than those recorded
at the end of the build. Another interesting observation to note was
the increase in the integrated intensity of the (110)β peak in the build
direction. At the starting point of the build, this peak was barely
visible, while, at the end of the build it was very distinct. These
results confirmed the SEM and TEM microstructural characterisa-
tion results. Based on the SEM micrographs, Figs. 4B and 4C, and

TEM images in Figs. 6 and 7, the β-phase grains were small and
very fine at the beginning of the build, but increased in both length
and width as the build progressed toward the end of the build
direction. At the end of the build, the β-phase grains were very
distinct, Fig. 4C. As shown by the EDS maps in Fig. 7 this was
accompanied by the segregation of Fe into the β phase.

Corrosion behaviour.—On immersion in 3.5 wt.% NaCl solu-
tion, all specimens exhibited an upward trend in Ecorr. A representa-
tive example of this trend, confirmed in a number (⩾5) of repeat
experiments, is shown in Fig. 9A. This upward trend with time
suggested a slow oxidation of the surface which has not reached a
steady-state condition after 12 h. Previously, Dai et al.28 found Ecorr

continued to increase beyond 50 h for Ti64 produced by SLM. The
minor fluctuations in Ecorr, on the scale of a few mV, have also been
observed previously,35 but their origin remains unclear.

The properties of the surface oxides were investigated by EIS
recorded at regular intervals (0.5, 2, 4, 8, 12 h) throughout the Ecorr

measurements. Examples of repeatedly measured (n ⩾ 3) Nyquist
plots recorded on the XY plane of the EBM sample are shown in
Fig. 9B. Similar measurements (not shown for brevity) on the YZ
plane of the EBM sample and the wrought alloy exhibited similar
trends. The EIS response was found to be dominated by a single
capacitative loop, Bode plots of the same data showed no high
frequency response which would not be visible in the Nyquist plots.
An inability to observe a second impedance response at higher
frequencies confirmed that the response of the alloy/oxide interface
was not detectable and that the interfacial impedance was dominated
by the relatively uniform properties of the oxide film.

The spectra were fitted to the single time constant circuit shown
in Fig. 9A which was used previously by others36–38 although it
should be noted that a two-time constant circuit was required to fit
spectra recorded in more aggressive solutions when the oxide was
possibly porous.28,39 In this circuit, RS is the resistance of the
solution which is effectively negligible and Rf is the resistance of the

Figure 7. Elemental distribution maps acquired by EDS on TEM cross sections on EBM-Ti64 samples.

Table III. EDS analysis (STEM) of the α- and β-phase located at the
starting point and the end of the build. Concentrations are reported
as weight percentages.

Phase Build Location Ti V Fe Al

α Start 90.6 2.6 1.3 5.5
End 91.9 2.1 0.2 5.9

β Start 71.0 23.7 3.7 1.5
End 70.7 24.7 3.2 2.7

Table IV. EDS analysis (SEM) of the wrought-Ti64 and EBM-YZ in
three locations, the start, middle and end of the build. Concentrations
are reported as weight percentages.

Sample Build location Ti V Fe Al

Wrought-Ti64 89.5 4 0.2 6.4
EBM-YZ Start 90.2 3.8 0.2 5.8

Middle 90.3 3.8 0.2 5.7
End 90.2 3.8 0.2 5.8
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oxide film. To account for non-ideality in the capacitative response
of the film, a constant phase element (CPEf) was used to fit the
spectra. Based on repeated experiments, Rf values obtained using the
chi-squared test were consistently below 0.005. Examples of a fitted
spectrum are shown by the lines in Fig. 9B. The average values of
the circuit elements obtained from fits to the spectra are summarized
in Table V.

The Rf values obtained from the fitted spectra are plotted in
Fig. 10 with the error bars indicating the sigma values obtained from

repeated measurements (n ⩾ 3). For all three specimens, Rf increased
with exposure time consistent with the upward trends in Ecorr with
the high values indicating generally excellent passivity. These
increases can be attributed to a slow improvement in the properties
of the TiO2 film as it thickened slightly as Ecorr increased and the
number density of point defects decreased.40,41 The lower Rf values
for the EBM samples and their slower increase suggested the
protective oxide on the wrought sample improved more readily
with exposure time.

One possible explanation for the slightly lower performance of
the EBM samples could be linked to the non-uniform distribution of
alloying elements, namely Fe. The high Fe content in the segregated
β-phase, which is more susceptible to corrosion than the
α-phase,23,42 especially in areas near the end of the build in the
EBM-YZ sample, could be an influential factor, although the effect
was expected to be small at room temperature. In addition, the lower
Rf values found on EBM samples may reflect the Widmanstätten
microstructure, which has been shown to be more resistive to
oxidation in comparison to the equiaxed microstructure found in
the wrought alloy.43 For the two EBM specimens, while the Rf

values were approximately the same at short exposure times, the
values for the XY plane continued to increase more rapidly at long
times, more rapidly than those for the YZ plane. As discussed above,
the microstructure of the XY plane was found to be most
representative of the middle of the build suggesting this difference
was a direct result of the microstructure found during the early
stages of the build. However, since EIS yields a signal indicating
only the averaged properties of the surface, it cannot yield informa-
tion on whether this difference was due to compositional differences
or the nature of the α/β phase boundaries which would be the most
likely locations for differences in surface properties.27 In order to
study the local electrochemical properties and compare the corrosion
behaviour of the early and later stages of the build, local electro-
chemical measurements such as scanning electrochemical micro-
scopy (SECM) would provide useful information and are a subject of
future work.

Although the spectra were fitted using a constant phase element
(CPE), the values of the CPE exponent were all ⩾0.92 allowing the
CPE values to be considered approximately representative of
capacitances (C). The values of C were between 27 and 39
μF.cm2 decreasing in the order EBM-YZ > EBM-XY ∼ Wrought.
Values in the region of ∼29–32 μF.cm2 recorded for the wrought
specimen, shown to have a homogeneous microstructure with Fe-
containing β-phase widely distributed along grain boundaries,
Fig. 4A, were only slightly larger than those recorded on Ti

Figure 8. X-ray diffraction patterns of (A) the wrought, EBM-XY, and
EBM-YZ (middle) samples, and (B) the YZ plane of the EBM sample at the
starting point (S), the middle (M), and the end (E) of the build.

Figure 9. (A) Corrosion potential, Ecorr, recorded in 3.5%wt. NaCl solution and (B) Nyquist plots collected by electrochemical impedance spectroscopy as a
function of time during immersion. The equivalent circuit used to model experimental data is shown with a physical representation in (A). The experimental data
are plotted as scatter plots and the fitted results are plotted with solid lines.
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Grade-7 also shown to have homogeneously distributed Fe-con-
taining β-phase along α-phase grain boundaries.42 When conditions
were made more aggressive by raising the temperature, these β-
phase intermetallics in Ti Grade-7 were shown to corrode preferen-
tially compared to the α-grains.

The higher CPE values recorded on the EBM-YZ specimen
suggested either the presence of a thinner oxide or a higher dielectric
constant on this specimen. Since it is unlikely that significant
differences in film thickness existed on the three specimens,
especially on the α-grains, this would suggest that the larger CPE
value could be attributed to a difference in the film dielectric
constant, which would increase in the same order as the capacitance
and would reflect an increase in defect density most likely at α/β
phase boundaries.

At the conclusion of each immersion experiment (after 16 h),
current-potential relationships were recorded using a linearly ramped
applied potential. Representative data for the EBM-XY and EBM-
YZ planes, as well as the wrought samples, are shown in Fig. 11.
These plots exhibited a passive region stretching from ∼0.0 V to
∼1.2 V within which the current was the same for all specimens and
<10−6 A cm−2 confirming passivity was maintained on all surfaces.
Other studies35 have reported higher current densities for Ti64
prepared by SLM when compared to the wrought alloy.

For the wrought alloy, the passive region extended to ∼2.3 V.
While the current increase at the anodic potential limit could be

interpreted as the onset of pitting44 this was not the case. The
increased current can be attributed to valence band degeneracy
leading to the oxidation of H2O to O2 as has been previously
suggested.45 The oxide on Ti and its alloys is a wide band gap (∼
3.0 V) n-type semiconductor with a flatband potential in neutral
solution of ∼−0.4 V to −0.5 V46 which would have led to such a
degeneracy at a potential of ∼2.3 V; i.e., around the potential at
which the current increased on the wrought alloy, Fig. 11.

Both of the EBM specimens showed an increase in current at
lower potentials than observed for the wrought alloy. This suggested
the presence of interband defect states in both samples, in particular,
the YZ plane which showed a current increase at a considerably
lower potential than for the XY plane. This would be consistent with
a higher defect density suggested by a higher dielectric constant for
the EBM-YZ specimen as indicated by the EIS measurements. The
most likely location of these defects was in the α/β phase boundaries
though this cannot be confirmed in this study. That the current
increases were not due to film breakdown leading to pit initiation
was confirmed by the reverse potential scan from the anodic
potential limit (not shown). On reversing the potential scan, the
current density immediately decreased and did not exhibit the
positive current hysteresis associated with the initiation of reactive
pit sites. Similar behaviour has been previously noted.45

Table V. Average values of parameters obtained from fitted EIS plots (SD: standard deviation).

Samples Immersion time (hr) Rs (Ω.cm2) SD CPE1-Q (μF cm−2) SD CPE1-n SD Rf (Ω.cm
2) SD

EBM-YZ 0.5 7.4 0.4 38.8 3.5 0.92 0.007 368 × 103 79 × 103

2 7.5 0.4 36.5 3.1 0.92 0.006 817 × 103 119 × 103

4 7.5 0.4 35.0 2.8 0.92 0.006 1092 × 103 269 × 103

8 7.5 0.4 33.7 2.4 0.92 0.007 1374 × 103 159 × 103

12 7.5 0.4 32.9 2.2 0.92 0.007 1522 × 103 174 × 103

EBM-XY 0.5 7.3 0.4 35.1 2.7 0.93 0.013 398 × 103 106 × 103

2 7.4 0.4 31.1 2.1 0.93 0.011 720 × 103 41 × 103

4 7.4 0.4 29.3 1.7 0.93 0.010 1141 × 103 61 × 103

8 7.4 0.4 27.8 1.2 0.93 0.008 1634 × 103 97 × 103

12 7.4 0.3 26.9 1.1 0.93 0.008 1917 × 103 185 × 103

Wrought 0.5 14.3 11.4 32.1 1.6 0.94 0.007 601 × 103 71 × 103

2 13.8 10.5 31.6 1.3 0.94 0.007 1158 × 103 61 × 103

4 16.1 14.4 31.1 1.0 0.94 0.006 1580 × 103 40 × 103

8 14.4 11.6 30.1 0.7 0.94 0.006 2098 × 103 41 × 103

12 14.9 12.1 29.4 0.8 0.94 0.005 2485 × 103 201 × 103

Figure 10. Average film resistance (Rf) as a function of immersion time for
the Ti64 EBM 3D-YZ and 3D-XY samples as well as the wrought sample. Figure 11. Linear polarization curve recorded following a 16 h immersion

in 3.5%wt. NaCl solution.
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Conclusions

The microstructural features and corrosion performance of Ti64
samples in the wrought condition were compared to samples
prepared by EBM. The findings of this study can be summarized as:

• Samples prepared by EBM were found to contain a
Widmanstätten structure in comparison to commercial wrought
samples, which had a homogenous equiaxed grain structure.

• The microstructure of EBM samples was found to become
coarser as a function of distance from the build base, where both α-
and β-phase grains were found to be larger. Moreover, elemental
distributions, mainly Fe-content, were also found to change as a
function of distance from the build base. Increased segregation of Fe
to the β-phase was observed along the build direction from the
beginning to the end of the build.

• All samples showed similar passive corrosion behaviour with
the wrought sample performing slightly better than samples prepared
by EBM suggesting the difference in microstructure slightly affects
the corrosion performance.

• The film resistance improved with exposure time faster on the
wrought sample than on the YZ and XY planes of the EBM. This
improvement can be attributed to a slight thickening of the surface
oxide film accompanied by a decrease in number density of film
defects (mainly OV). For the EBM-XY and EBM-YZ samples, this
improvement in passivity was slightly enhanced on the XY sample.
The better performance of the wrought sample may be attributable to
its uniform microstructure compared to the EBM samples, with the
small difference in performance between the EBM samples possibly
reflecting differences in the α/β phase boundaries in these samples.

• The EBM-YZ sample, which contained a gradient in both the
size of α- and β-phase grains and segregation of the alloying
elements in the build direction, showed a lower corrosion perfor-
mance compared to EBM-XY and wrought-Ti64 samples. It appears
that the difference in microstructure and distribution of elements
along the build direction could influence the corrosion performance
of EBM samples.
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