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ABSTRACT: In this study, we investigated the effect of heat treatment (HT) and hot
isostatic press (HIP) on the corrosion behavior of Ti¢Al, V, manufactured by electron
beam melting (EBM) additive manufacturing. The preliminary results showed that the
thermal process makes the columnar structure more pronounced and the a-lathe
coarser compared to EBM. The f phase disappeared with the aging treatment and
when increasing the HIP temperature treatment. According the open circuit potential
(Eoep) behavior of samples, the HIP3 sample had performed more positive corrosion
potential than rivals after 2 h of immersion probably due to equiaxed grain with coarser
a-late and the absence of the f phase. In adverse, inferior corrosion behavior was
observed for HIP1 because of a higher quantity of the f phase causing probably
galvanic corrosion. The HIP process leads to a lower corrosion potential than EBM. At
least one protective oxide layer formation was observed for all samples at the anodic
branch, and the current density was lower for the HT3 sample. The microstructure
analysis revealed the presence of the f-phase in the form of needle-like for the HT1 sample and HIP1 in the corroded area.
Furthermore, the EDS line analysis showed the presence of aluminum with oxygen at the edge of the corrosion area for HIP1
suggesting aluminum plays a barrier against degradation. On the other hand, the HT1 showed higher impedance resistance due to
the coarser a-lathe microstructure and well-defined f phase.

1. INTRODUCTION microstructure that consists of columnar prior 8 grains aligned
parallel to the build direction. Colony and lamellar a + f
structures (Widmanstatten morphology) located within the
prior f grains. Generally, the grain boundary a phase also exists
along the borders of the prior # grains. The microstructure of
the TigAl, V alloy is a result of the thermal history encountered
during the EBM process.’ The microstructural evolution can
be summarized as follows: Initially, the melt pool solidifies into
prior B grains. This is followed by rapid cooling from a
temperature above the /§ transus (approximately 980 °C) down
to the build temperature (600—650 °C), which transforms the
prior 8 into &’ martensite.” The beta transus temperature is the
lowest equilibrium temperature at which the material trans-
forms to 100% beta from alpha-plus-beta or alpha.®
Subsequently, near-isothermal annealing at the build temper-
ature leads to the transformation of @’ martensite into binary o
+ f structures. Lastly, slow cooling from the build temperature

Electron beam melting (EBM) is a powder bed fusion additive
manufacturing (AM) technique commercialized and patented
by the Swedish corporation ARCAM AB in 2001." The EBM
process involves scanning and melting powder layers using a
high-energy electron beam based on the Computer-Assisted
Design model of the intended part. Parts are built up layer by
layer. EBM serves many advantages including small beam spot
size provides the ability to produce complex structures in
comparison to large-scale AM processes like wire arc AM,
lower residual stresses due to high preheating temperatures,
and less need of support structures by virtue of slightly sintered
powder layer. On the other hand, EBM has limitations,
including restricted part size, extended processing times, and a
limited choice of materials, primarily restricted to electrically
conductive materials, as well as limited powder recyclability.”
TicAl, V alloy is widely processed using EBM and is the
most commonly utilized titanium alloy in AM. This is due to
its outstanding properties, including high specific strength, a Received: May 2, 2024
high melting temperature, superior fracture toughness, Revised:  June 12, 2024
excellent biocompatibility, and high corrosion resistance.”” Accepted: June 18, 2024
TigAl, V is an a + f binary Ti alloy composed of both alpha Published: June 28, 2024
stabilizing (Al) and beta stabilizing (V) elements.” TiAl, V
alloys manufactured by the EBM process exhibit a distinctive
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to room temperature results in the decomposition of residual
martensite at the top of the part.” There have been numerous
attempts to achieve equivalent grain structures in additive-
manufactured TicAl, V alloys using constitutional under-
cooling. However, it is challenging to achieve nucleation of
equiaxed grains in the TicAl, V alloy due to the narrow
solidification range between the liquidus and solidus temper-
atures, which limits the degree of constitutional supercooling.”
Thermal variations in EBM result in heterogeneities in the
microstructure, such as phase constitution transitions and
changes in grain morphology and size.'” It was shown that o’
martensite is observed on the surface of TisAl, V parts
produced by the EBM technique.” Some researchers have
observed graded microstructures in EBM parts, and found that
the microstructure becomes coarser with increasing build
height. Additionally, an equiaxed to columnar transition of the
primary f phase may occur at the lower side of the part due to
the more conductive nature of the stainless-steel base plate,
which leads to a higher degree of supercooling.”

EBM provides the capability to produce parts with a density
exceeding 99% of the theoretical density.'" Yet, the presence of
even a small number of defective pores within an EBM-
produced component significantly impacts its mechanical
properties particularly its fatigue performance.12 Moreover,
anisotropic microstructure and defects lead to anisotropy in
tensile test results.'” Microstructural heterogeneities also lead
to local variations in the mechanical properties of the parts. It
has been shown that graded microstructures influence the
tensile and hardness test results. A decrease in strength and
hardness was observed with increasing build height due to the
coarser microstructure.” Henceforth, thermal treatments and
HIP processes are implemented to modify the microstructure
and mitigate defects inherited from EBM process.' "

It is well-established that the microstructure plays a crucial
role in determining the mechanical properties of the TizAl, V
alloys. Numerous published works demonstrate that altering
the microstructure through different heat treatments can lead
to modifications in mechanical properties.”>~"”

Microstructure impacts not only the mechanical properties
but also the corrosion behavior of the TigAl, V alloys. Factors
such as surface roughness, porosity, and microstructure, have
significant influence on the corrosion of additively manufac-
tured (AM) TisAl, V and need improvement for long-term
use."®7** It has been shown that the corrosion resistance of
TigAl, V parts produced by EBM is enhanced due to the
decreased surface roughness achieved through machining.*
Pores have the capacity to reduce the passivity of the alloy by
augmenting the surface area in contact with the corrosive
environment.”* Yeganeh et al. report that corrosion pits
formed during corrosion testing of TisAl, V alloy samples
produced by EBM may be associated with gas pores.”® As
previously noted, the microstructure formed post-EBM
inherently exhibits anisotropy, a characteristic stemming from
the nature of the process. Consequently, this can lead to
directional discrepancies in corrosion behavior, similar to those
observed in the mechanical properties. It has been shown by
various researchers that the corrosion resistance of AM
samples is greatly influenced by the build direction.'®***°~*
For example, the effect of the XY and XZ-planes on the
corrosion of TigAl, V manufactured by EBM was investigated
in 0.9 M NaCl solution.”” The microstructure of TicAl, V
manufactured by EBM exhibits fine Widmanstitten a + f
structures. In this context, the XY-plane displays equiaxed

grains, while the XZ-plane consists of larger f-grains along the
construction direction. Report indicates that XY-planes, with
their more homogeneous microstructure and higher grain
boundary densities, demonstrate superior corrosion resistance
compared to that of XZ-planes.

Some researchers have conducted comparative studies to
evaluate the corrosion performance of conventional wrought
and electron beam melted TigAl, V components. According to
Gai et al, the EBM-manufactured TigAl, V exhibits superior
passivation due to its smaller grain size and higher density of
grain boundaries compared to the wrought alloy.”” It should be
noted that the grain boundaries support oxide film nucleation
and growth. Also, they found that the surface of EBM TigAl, V
was composed of a TiO, and Al,O; sublayer of oxides TiO,
and AlO,. In contrast, the wrought alloy had the lowest fraction
of TiO,. Similarly, the EBM TizAl, V, with a higher f§ phase
and finer lamellar a/f phase, exhibited superior corrosion
resistance compared to the wrought alloy in a phosphate-
buffered saline solution. This was attributed to the reduced
galvanic effect between the two phases (@ and f) and the
higher density of the oxide film.”” The influence of the 8 phase
quantity on the corrosion resistance of EBM TizAl, V remains
uncertain and requires further clarification.

The pitting corrosion of EBM TigAl, V depends on many
factors such as grain size, grain boundaries, and percentage of
phase distribution, roughness, and porosity.”"***" Generally,
the TigAl, V alloy is resistant to chloride but susceptible to
bromide solutions. Abden and Palmer’s findings indicate that
both EBM-produced and wrought alloy TicAl, V samples
display similar corrosion resistance, maintain passivity, and
exhibit comparable pitting potential in a 3.5 wt % NaCl
solution, irrespective of porosity.'® The corrosion performance
of EBM TigAl, V was also evaluated in a simulated body fluid.
The results indicated that EBM TigAl, V exhibited excellent
corrosion resistance, particularly at potentials exceeding 1.5V,
and showed resistance against crevice corrosion.”

The HTs and HIP processes applied to improve the
mechanical properties of TicAl, V components produced by
EBM may also influence their corrosion behavior as they affect
the microstructure. However, the effect of thermal treatments
on the corrosion behavior of the EBM Ti4Al, V has not been
extensively studied. According to the corrosion test results
conducted by Carrozza et al. in a stimulated body fluid, they
reported that HT at 680 °C for 4 h, followed by furnace
cooling, did not have a significant effect on the corrosion
behavior.”® Xiu et al.>* found that postprocessing of EBM
TigAl, V revealed that the f phase, rather than the @ phase,
exhibited better resistance to pitting corrosion. Furthermore,
employing a HT involving solution annealing and air-cooling,
followed by aging, resulted in improved corrosion resistance.
Yeganeh et al,, in their study applying a HT at 1000 °C for 1 h
after EBM, investigated the effects of different cooling
conditions (furnace cooling, air cooling, quenching). Accord-
ing to electrochemical analyses, they reported that the as-built
samples exhibited the highest corrosion resistance in the early
stages of corrosion tests, while after 1 month, all samples
showed similar corrosion performance. The researchers
attributed the superior corrosion performance of the as-built
samples to a higher amount of 8 phase ratio.”

Another postprocessing investigated to increase the
corrosion resistance of AM TisAl, V is the hot isostatic
pressing (HIP) process. The advantages of this technique
include the improvement of mechanical properties through the
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Table 1. HT and HIP Parameters Applied to the EBM TigAl, V Sample”

samplecode thermal process time (min)

EBM — —

HT1 ST 30

HT2 (ST + AG) 240
HT3 (ST + AG) 240
HT4 (ST + AG) 600
HTS (ST + AG) 600
HT6 (ST + AG) 600
HIP1 HIP 120
HIP2 HIP 120
HIP3 HIP 120

temperature (°C) cooling pressure (MPa)
950 FC —
500 AC —_
550 AC —
500 AC —
550 AC —
600 AC —
800 FC (30 K/min) 200
920 FC (30 K/min) 100
1050 FC (30 K/min) 100

“ST = solution annealing treatment, AG = Aging, FC = furnace cooling, and AC = air cooling.

reduction of residual stress and porosity in the AM parts,
particularly enhancing fatigue properties and elongation.’>*°
Additionally, the use of HIP for consolidating in situ shell
structures produced by EBM is being researched as an
emerging technology to enhance the productivity of the
EBM process. In this method, parts are produced with a shell
structure by forming only their outer shells while retaining a
sintered powder at the core. The parts are then consolidated
using HIP. This also provides microstructure control, enabling
the production of parts with equiaxed or mixture of columnar
and equiaxed %rains, in addition to the typical columnar
microstructure.”” Leon et al. conducted HIP treatment on
EBM TizAl, V by applying a pressure of 100 MPa at 925 °C for
3 h. Their analysis of the results suggests an improvement in
the corrosion resistance of HIPed EBM TigAl, V due to the
growth of the f phase, along with a decrease in the a + f
phase.”® Szymczyk-Ziotkowska et al. found that TigAl, V
postprocessed with HIP exhibited lower corrosion resistance
when compared to the as-built EBM counterparts.”> They
found that the corrosion potential of the HIP-treated sample
was —0.15 V more cathodic compared with the as-built sample.
In contrast, a stable and thick passive layer was observed upon
analysis of the anodic branch of the polarization test.

As reported above, the literature provides limited insights
into the effects of HT and HIP postprocesses parameters on
the corrosion resistance of EBM TicAl, V, emphasizing the
necessity for a more comprehensive investigation. Therefore, in
this study, a solution treatment was conducted, followed by
aging processes at various temperatures and durations.
Additionally, to explore the effects of the temperature and
pressure, different temperature and pressure conditions were
applied in the HIP process. After HT and the HIP process of
EBM TigAl, V, the microstructure modification was system-
atically analyzed and compared to as-built EBM specimens.
Furthermore, the corrosion resistance of the as built and
treated EBM TigAl, V in 3.5 wt % NaCl solution was assessed
using electrochemical techniques such as open circuit potential
(OCP), potentiodynamic polarization, and electrochemical
impedance spectroscopy (EIS).

2. MATERIALS AND METHODS

2.1. Sample Fabrication and Heat Treatment. The
samples used in this work were produced in a cubic geometry
with dimensions of 25 mm X 25 mm X 25 mm by using the
EBM technique with an ARCAM A2X machine. To achieve
maximum density, the sample production was carried out using
the standard parameters provided by ARCAM. Subsequently,
the built samples were cut from the 316L stainless steel base

plate using a wire electric discharge machining machine and
subjected to the thermal processes as outlined in the test plan
presented in Table 1. For samples labeled as HT1, solely a
solution treatment was conducted at 950 °C for 30 min,
followed by furnace cooling after the treatment. For other heat-
treated samples (from HT2 to HT6), the solution treatment
was initially applied with the same parameters as those used for
the HT1 sample, followed by subsequent aging processes. The
aging parameters, including time, temperature, and cooling,
were applied in accordance with the test plan. A group of
samples underwent HIP processing with an AIP6-30H
machine. In the HIP1 procedure, the lowest temperature
(800 °C) and highest pressure (200 MPa) were utilized, while
the HIP2 procedure employed a combination of a moderate
temperature (920 °C) and low pressure (100 MPa). In the
HIP3 procedure, the highest temperature (1050 °C) and a
relatively lower pressure (100 MPa) were applied. All thermal
processes, including solution treatment, aging, and HIP
processes, were carried out under an argon atmosphere.

2.2. Microstructure Characterization. Microstructural
investigation of samples was carried out using an optical
microscope (Nikon Eclipse E200). Prior to metallographic
examinations, the samples were initially ground using 1000 and
2500 grit SiC abrasive sandpapers, followed by polishing with 1
pum diamond paste. Finally, the samples were finished with a
colloidal silica suspension. Following surface preparations,
samples were chemically etched with a solution of 91 mL of
water, 6 mL of HNO;, and 3 mL of HF (Kroll’s reagent). The
quantitative analysis of the phases and density measurements
was performed by using FIJI software package (free version).
The o lath thickness was measured by the intersection
method.'® The phase analysis was achieved qualitatively with
a Rigaku Miniflex 600 X-ray diffractometer with CuKa
radiation (4 = 1.540562 A) operated at 40 kV and 15 maA,
and a scanning rate of 2°/min. The corrosion area was imaged
and semiquantitatively analyzed by field emission scanning
electron microscopy (FESEM) model Hitachi Regulus 8230
FESEM and energy-dispersive spectroscopy (EDS) detector in
the line mode, respectively.

2.3. Electrochemical Measurements. The Gamry-Inter-
face model 1000 was employed for OCP, potentiodynamic
polarization, and EIS tests. Prior to corrosion testing, the
samples were cut in half using a Struers Secotom-15
metallographic cutting device and the tests were conducted
on planes parallel to the build direction. Electrochemical
measurements were performed in a 3.5 wt % NaCl solution
(ASTM G44) using a three-electrode system consisting of a
working electrode (sample), a reference electrode (saturated

https://doi.org/10.1021/acsomega.4c04218
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Figure 1. Optical images of samples showing the porosity on the surface; (a) as built (b) HT1, (c) HT2, (d) HT3, (e) HT4, (f) HTS, (g) HTS,

(h) HIPI, (i) HIP2, and (j) HIP3 (BD: build direction).

Ag/AgCl), and a counter electrode (carbon bare) at room
temperature. To prepare the working electrode, a conductive
electrical cable was attached to the TigAl, V samples using
adhesive copper tape. Subsequently, the TicAl, V samples were
cold-mounted with epoxy resin. The prepared sample was
ground with 800 and 1200 rpm by using SiC adhesive papers
in a water-cooled metallographic polisher/grinder. The
finished surface was rinsed with distilled water and allowed
open-air drying. Prior to all tests, the reference electrode was
verified by measuring the impedance for proper functionality.
The OCP test started after 15 min of immersion. The OCP
(Eqp) was recorded for 2 h, and the results were presented as
E,, (mV) versus time (s). The potentiodynamic polarization
experiments were performed from —1000 to 7000 mV at a scan
rate of 1 mV/s. The Tafel method was applied to polarization
curves using the software Gamry Echem Analyst V7.0S to find
the corrosion potential (E.,) and corrosion current density
(icorr). The EIS technique was employed to assess the
impedance resistance of the sample. The Nyquist curves
were obtained at an amplitude of 10 mV in the frequency range
of 10° and 107 Hz. The spectra of EIS were evaluated by
fitting a relevant electrical equivalent circuit (EEC) to Nyquist
curves. All experiments were repeated at least three times at
room temperature.

3. RESULTS AND DISCUSSION

3.1. Microstructure Evaluation. Figure 1 shows the OM
images of as-built, heat treated, and hot isostatic pressed
samples. It can be observed that both as-built and heat-treated
samples exhibited a number of porosities. The morphology of
the pores is generally circular, with diameters varying within a
certain range. These porosities are probably associated with the
stock material, which contains gas voids originating from the
powder production process. During gas atomization, gas is
trapped in the molten metal, resulting in the creation of
spherical voids within the powder particles.”” The gas voids
within the bulk material are distributed randomly, varying in
size from 1 to 100 pm®. Even though HTs show minimal
impact on porosity, the HIP processes are highly effective in

29907

nearly eradicating the pores entirely. The density measurement
results of the samples, presented in Figure 2, confirm this
trend. Analysis conducted using image processing techniques
demonstrated a substantial increase in densities across all HIP
methods.

100.0
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Figure 2. Relative density of EBM (as-built), HT, and HIP samples.

It is well-known that high cooling rates and directional
solidification in EBM parts lead to a columnar structure.® The
microstructures obtained from the as-built and thermally
postprocessed samples are shown in Figure 3. The as-built
sample exhibits columnar primary f structures, which are
characteristic of AM processes, such as powder bed fusion and
direct energy deposition techniques. The microstructure of the
as-built sample consists of primary § columns and lamellar o +
p structures within these primary S columns. Moreover,
primary B grain boundaries are decorated with continuous
grain boundary @, phases. The thickness of the a phase laths
was measured using an image analysis method, and the results
for various samples can be observed in Figure 4. The as-built
sample had an average a-lath thickness of about 1.7 ym. The
solution annealing HT has no remarkable effect on columnar
structure as seen for the HT1 sample but increased the a-lath
thickness to 2.3 ym due to the diffusion process. The aging
treatment also led to a moderate increase in a-lath thickness
for HT2 to HT6 samples (Figure 4). While the aging

https://doi.org/10.1021/acsomega.4c04218
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Figure 3. Optical images of the heat-treated samples; (a) as built, (b) HT1, (c) HT2, (d) HT3, (e) HT4, (f) HTS, and (g) HT6 (BD: build

direction).
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Figure 4. a-Lath thickness of EBM (as-built), HT, and HIP samples.

temperature had no significant effect on the resulting
microstructure, which may be attributed to the small
differences in aging temperatures, a slight increase in aging
duration resulted in the coarsening of a-laths. All heat-treated
and HIP-processed samples maintained the columnar micro-
structure, except for the samples treated with the HIP3
procedure at the highest temperature. Prior studies have
demonstrated that implementing secondary thermal processes,
such as HT or HIP, below the transus temperature maintains
the columnar microstructure characteristic of the EBM
process. Conversely, conducting HT or HIP processes above
the transus temperature results in a transition from a columnar
to an equiaxed morphology.">'”***" X-ray diffraction (XRD)
analysis revealed that the as-built samples exhibit o and
phase peaks simultaneously (Figure S). In the solution
annealed sample (HT1), the f phase peak is more
pronounced, suggesting an increase in S phase content.
However, the peak belonging to the S phase was not
distinctive after aging according to Figure S. This removal of

the retained f phase and the increase in @ phase during the
aging process aligns with findings in other studies.”””** The
variation of the f-phase fraction is related to the diffusive
transformation that occurs during aging. This process results in
the decomposition of the retained f phase into a
thermodynamically more stable microstructure, which contains
a higher amount of @ phase.”” To observe the effect of aging
on the microstructure, high-resolution SEM images were
obtained from both the as-built aged (HT4) and HIP (HIP4)
samples. These images are displayed in Figure 6. In the as-built
sample, typically rod- and dot-shaped bright B phases are
visible in the microstructure. However, the HT4 sample
displayed a lower amount of the brightly colored f phase. The
B phase ratios measured from the SEM images showed that the
as-built sample has a 7.5% f phase, whereas the HT4 sample
has a 3.3% f phase. Moreover, in the as-built sample, the f
phase rods are continuous, while in the HT4 sample, the rods
are discontinuous, which can be interpreted as the nucleation
of a phases within the  phases.

The HIP process also modified the microstructure of the
TigAl, V alloy as can be seen in Figure 7. Although the HIP1
process, characterized by low temperature and high pressure,
resulted in an enlargement of « laths, this increase was
relatively limited compared to other HIP cycles, primarily due
to the lower temperature employed in the HIP1 cycle. It is
clearly seen that the increasing HIP temperature to 920 °C
caused a much more severe enlargement in «a laths.
Furthermore, formation of the a phase with a globular shape
can be found locally in the microstructure. The HIP3
treatment (high temperature, low pressure) led to greater
changes in the microstructure compared to the other HIP
processes due to its supertransus temperature. The columnar
primary f phases were recrystallized into equiaxed grains, and
the « laths within the primary f grains became significantly

https://doi.org/10.1021/acsomega.4c04218
ACS Omega 2024, 9, 29904—-29916


https://pubs.acs.org/doi/10.1021/acsomega.4c04218?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04218?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04218?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04218?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04218?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04218?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04218?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04218?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
- §:
cg
i ~ 8la
i e o ¢  d  Gu
P A
A
g ] J — EBM
> v R ——HT1
= —— HT2
$ A AJ\ " g & T2
£ ] N —— HT4
| | —
-l A A
- !\_J\l A A A
T T T T T T
30 40 50 60 70 80

20 (degree)

Figure S. XRD patterns of EBM (as-built) sample vs HT samples.

Figure 6. SEM images of (a) EBM (as-built) sample, (b) HT4 sample, and (c) HIP4 sample (BD: build direction).

Figure 7. Optical images of the HIPed samples; (a) as built, (b)
HIP1, (c) HIP2, and (d) HIP3 (BD: build direction).

coarser. In addition, it is seen that in the form of basket wave
binary a + f§ structure (Widmanstitten morphology) has left
its place to a colony dominated microstructure in the samples
subjected to the HIP3 process. In samples subjected to HIP
above the transus temperature, a noticeably thickened ay,
network on the primary § grain boundaries is clearly evident.
The XRD results indicated that the HIP1 process resulted in a
more pronounced f-phase peak, suggesting an increase in f-
phase content (Figure 8). The SEM image of the HIP1 sample
in Figure 6¢ showed that the typically rod- and dot-shaped
bright-colored f phases inherited from EBM were preserved

after the HIP1 procedure. Additionally, the B phase ratio
measured from the image increased from 7.5 to 9.5% after
HIP1 treatment, consistent with the XRD observations.
Conversely, the XRD results for the HIP2 and HIP3 processes
did not show a significant  phase peak. This may imply that
HIP2 and HIP3 processes possibly reduced the f phase ratio.

3.2. Corrosion Behavior. The OCP test provides a survey
of the OCP (E,,) behavior of the sample in the immersed
solution. According to the literature, TizAl, V forms a TiO, or
TiO,/Al20; protective oxide layer after immersion in a
chloride environment.”>** After 15 min of immersion in a 3.5
wt % NaCl solution, all samples exhibited a downward E,,
trend for up to 1000 s, indicative of corrosion activity at the
interface, as depicted in Figure 9. The E,, shifted positively
after this period for both as-built and thermally treated
samples, indicating the slow formation of the protective passive
film, as observed in various studies.””*®*® The E, of the as-
built EBM sample reached —82 mV after 2 h of immersion,
which is approximately 312 and 368 mV more noble than the
EBM-XY and EBM-YZ samples tested in a similar solution for
12 h, respectively.”* When comparing our results to the study
conducted by Metalnikov et al.,”* our as-built EBM sample
exhibited a more noble E,, compared to the EBM-XY (=270
mV) and EBM-XZ (—120 mV) samples, which were immersed
for 50 h in a 0.9 M NaCl solution. The worst corrosion
potential behavior of the EBM sample can be attributed to the
heterogeneous distribution of iron elements in the f phase,
which causes a galvanic effect with the a phase.”’

When considering the corrosion potentials of thermally
treated samples, it is evident that the HIP3 sample becomes
more anodic after 2400 s compared to its counterparts after 2 h
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Figure 8. XRD patterns of the HIP process samples vs the EBM sample.
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Figure 9. OCP behavior of samples after immersion in 3.5 wt % NaCl
solution.

of immersion. Among the HIP-treated sample group, HIP3
exhibited a more noble corrosion potential compared with
HIP2- and HIP1-treated samples. It reached approximately 0
mV with an E,, of 1.2 mV, which was about 74 and 104 mV
more anodic compared to HIP2 and HIPI, respectively.
Interestingly, the E.,, values of HIP2 and HIP3 samples
exhibited spikes at certain periods, and the reasons for these
phenomena remain unclear. This fluctuation has also been
reported by various authors.”**® On the other hand, the E,, of
the HT1-treated sample displayed a superior corrosion
potential when compared to the other HT samples, starting
at approximately —0.2 mV and ending at —8.6 mV. The HT?2,
HT3, HT4, HTS, and HT6 samples were 50, 76, 80, 85, and 3
mV more cathodic compared to the HT1 sample, respectively.
The initial findings suggest that certain HTSs, such as HIP2,
HIP3, HT1, HT2, and HT6, appear to improve the Eoep
behavior in a 3.5 wt % NaCl solution.

The potendiodynamic polarization curves of EBM and heat-
treated samples are illustrated in Figure 10 and the data
obtained are presented in Table 2. Here, the corrosion
potential (E,,) of the as-built sample measured was —454 mV
with a current density of 13.2 pA. Among the HIP-treated

sample, the HIP2 had a lower corrosion tendency with —136
mV compared to the HIP1 and HIP3 samples. It should be
noted that the grain size as well as the phase distribution affect
the corrosion resistance of metals. Although the HIPed
samples had a slightly larger grain size distribution than the
EBM sample, it appears that the equiaxed grain structure
improved the corrosion potential. Regarding HT, the HTS
sample exhibited higher corrosion resistance at —141 mV. In
contrast, the corrosion potential of HT4 was more cathodic at
—818 mV compared to the as-built EBM sample. All the tested
samples displayed an evident passivation zone in the 3.5 wt %
NaCl solution. The EBM as-built sample displayed two
passivation zones: the first one ranged from —142 to —24
mV, and the second one extended from 2122 to 3393 mV.
After HIPing, the first passivation region was larger for HIP2
specimens. However, the second passivation was not observed
for the same sample. Analysis of the second passivation region
confirmed that HIP3 had a broader passivation zone, which
was 954 mV greater than the as-built EBM sample. On the
other hand, all the heat-treated samples exhibited similar
behavior, except for HT1 and HT4, which displayed three
passivation regions instead of two. This suggests the possibility
of forming a passive layer in these regions.

When comparing the passivation regions, HT'1 had a larger
passive layer in the first and third regions, while HTS had a
larger passive layer in the second region. The current density
value or corrosion rate was calculated by Tafel plots and is
given in Table 2. At first glance, it appears that the current
density of HT3 in the HT-treated group and HIP1 in the HIP-
treated group was lower, suggesting reduced ion exchange. In
contrast, the current passage was higher for HIP2 and HT2
compared to the EBM as-built specimen.

The corroded surface of untreated and treated samples was
examined after potentiodynamic tests, and the images are
presented in Figure 11. One sample from each group was
analyzed due to their similar corrosion behavior. Here, it can
be stated that the corrosion was localized and that the pits
progressed within the Widmanstatten microstructure for the
EBM as-built sample (Figure 1la—d). As reported, the
Widmanstatten microstructure for EMB-TigAl, V is composed
of two phases; a-needle like and - compromised between a-
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Figure 10. Potentiodynamic curves of samples obtained in 3.5 wt % NaCl solution.

Table 2. Tafel Data Are Obtained from Figure 10

sample  beta A (V/decade)  beta C (V/decade) i, (MA)  E., (mV)  passivation #1 (mV)  passivation #2 (mV)  passivation #3 (mV)

EBM 7.98 x 107! 333 x 107! 13.2 —454 —142/-24 2122/3393

HIP1 3.39 x 107! 426 x 107! 2.86 —380 92/362 1860/2350

HIP2 9.53 x 107! 8.60 x 107! 17.2 —136 1183/1548

HIP3 7.48 x 107 7.51 X 107! 15.5 —237 860/1100 1129/3954

HT1 4.67 x 107! 3.73 x 107! 2.60 —613 —27/250 1165/1739 2065/2425
HT2 435 x 107! 5.70 X 107! 21.0 —190 335/391 1950/2058

HT3 434 x 107" 3.79 X 107 1.96 —331 148/174

HT4 233 x 107! 234 x 107! 9.85 —818 —712/—-683 —671/-229 1580/1605
HTS 9.66 X 107" 7.19 X 107! 19.1 —141 612/668 1850/2680

HT6 443 x 107! 3.55 x 107! 2.84 —304 181/293 1872/2576

EDS line EDS line
ikt v MRS b e St ARE Tt

Figure 11. FESEM images showing the corroded surface after polarization test (red arrow showing the corroded area); (a) x30 EBM, (b) x30 HT1,
(c) x30 HIP1, (d) x1000 EBM, (e) x1000 HT1, and (f) x1000 HIP1 (BD: build direction).

needle like.”*® This microstructure had better corrosion affect the corrosion resistance of EBM TigAl, V.**

resistance compared to equiaxed microstructure for wrought Furthermore, the building direction affects the corrosion
TicAl, V alloy.*” On the other hand, the heterogeneous performance of AM TigAl, V alloys. It was revealed that the

distribution of Fe which is the alloying element could also building direction 0° had better corrosion resistance because of
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Figure 12. FESEM—EDS line results from Figure 11 showing the element variation.

low /3 phase quantity.”” The EDS line analysis of the corroded
surface confirms a sudden decrease in the quantity of Ti, Al
and V elements at the pitting region and the formation of oxide
particles originating from corrosion products (Figure 12). The
chemical elements found in the corrosion area are given in
Table 3. It appears that the quantity of titanium oxide is higher
compared to that of aluminum and vanadium oxides.
Concerning the HT- and HIP-treated samples, the corrosion
was more uniform instead of localized for HT1 (Figure 11b—
e) and HIP1 (Figure 1lc—f). Furthermore, the f-phase is
clearly visible in the corroded region of the HT1 sample due to

Table 3. FESEM—EDS Area Analysis Performed on the
Corrosion Area at Figure 11

element EBM (wt %) HTI1 (wt %) HIP1 (wt %)
C 6.26 9.15 31.15
(@] 26.57 18.65 13.36
Al 3.85 3.64 1.76
Cl 3.71 1.44 11.35
Ti 58.37 64.25 39.05
Vv 1.24 2.88 3.33
total 100 100 100

the HT process (Figure 1le). It should be noted that the
presence of the B-phase was also found on XRD peaks for HT1
(Figure 5). However, the analysis of the uncorroded and
corroded region with EDS line showed increase of oxygen
suggesting formation of oxide corrosion product. In adverse, a
slight decrease of the Ti, Al, and V element concentration was
spotted except that C was at some region increased (Figure
12). This may be explained by the presence of the f-phase and
continuous grain boundary ay, phases, which act as protective
barriers against corrosion degradation. According to Xiu et al,
both a and f# phases had almost similar composition, and -
phase had shghtly hlgher V and Fe, while the a-phase had
higher Al element.** Regrading to the EDS area of HT1, the V
and Ti were higher compared to corroded area of EBM (Table
3), which may explain the better corrosion resistance of HT'1
versus EBM.

On the other hand, it was noticed that the corrosion
continued in a columnar form for HIPI, similar to what was
observed in the EBM sample (Figure 11c—f). Furthermore, the
presence of the f-phase (white color) with the a-phase was
observed in the corroded area. The semiquantitative analysis
with EDS line elucidated a sudden increase of aluminum and
oxygen at the intersection of uncorroded and corroded region.
Nevertheless, Ti and V element concentration decreased in the
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corroded area (Figure 12). The increase in the Al element can
indicate the high presence of the a-lath phase as reported in
the literature.”® Meanwhile, it was noted that the pitting
corrosion occurs predominantly at the a-phase, while the f-
phase seems more resistant against corrosion for EBM TigAl,
V. On the other hand, carbon quantity was found higher in the
corroded area for HIP1 (Figure 12 and Table 3). The carbon-
alloying element is used as a-stabilizing element such as Al, O,
and N. It can be deduced from this finding that the a-phase
was more pronounced in the corroded area than fS-phase.
The properties of the protective oxide layer of heat-treated
samples were investigated by EIS measurement. The Nyquist
plots are given in Figure 13 with the EEC fitting plots. At first
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Figure 13. Nyquist curve of samples collected in 3.5 wt % NaCl
solution.

glance, all samples exhibited a capacitive loop at high
frequency, indicating a resistance of the surface against
corrosion. Additionally, HIP2 exhibited a medium capacitive
loop, while HT2, HTS, and HIP3 showed an incomplete
capacitive loop at low frequency.

The plots were fitted to the one-time constant circuit, as
presented in Figure 14. This circuit was chosen because the 3.5
wt % solution was considered aggressive. In this circuit, the
elements Ry, R, and R, of the EEC correspond to the solution

Solution Oxide layer Metal

—

01
%‘—h—-\/\/\/\—cl T ,_.._
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Asd |
R1 Q2
n
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R2

Figure 14. Equivalent circuit model of the samples.
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resistance, oxide layer, and charge transfer resistance,
respectively. The fitted results of Rl revealed that the HT
HT1 sample had an excellent passivity in the 3.5 wt % NaCl
compared to the other samples, which is in good agreement
with the findings of Tafel study (see Table 2). According to the
literature,* a larger radius loops represent better resistance of
the protective oxide layer against corrosion. Based on this
consideration, the spectra of HT1 had larger radii when
compared to those of its counterparts. This improvement can
be attributed to (i) the presence of a coarser a-lath phase and
(ii) a well-defined f phase, which likely acted as barriers during
corrosion. Conversely, the lowest R, value was observed for the
HIP1 sample, and this can be attributed to the larger grain size
distribution and the presence of the f phase. This worse
corrosion behavior of HIP1 was also observed during E,,
measurement, where the measured E,, after 2 h was more
cathodic than the as-built EBM, HT, and HIP samples (see
Figure 9). Regarding the charge transfer (R,) resistance at the
interface between the oxide layer and the metal, it was higher
for HT'4 and lower for HIP2. These results are consistent with
the E_,, behavior of HT4 and HIP2 in Figure 10; HT4 had
more cathodic, while HIP2 had more anodic corrosion
potential (see Table 2). Furthermore, it was reported that
conventional TigAl, V exhibited better charge transfer
resistance than AM-manufactured TigAl, V, regardless of the
sample plane, in a 3.5 wt % NaCl solution.”’

In addition, constant phase elements Q; and Q, were used to
fit the plot due to the inhomogeneity of the surface, such as
roughness and porosity. When the values in Table 4, it
becomes evident that the HT1 sample had a superior
protective layer with low porosity compared to all the other
samples. Meanwhile, HIP1 also exhibited improved corrosion
resistance within the group of HIP samples. Additionally, both
HT1 and HIP1 treatments resulted in lower roughness when
comparing the Q, values.

4. CONCLUSIONS

The TicAl, V specimens produced via the EBM process
underwent various HT's and HIP cycles to enhance corrosion
resistance. Based on the findings, the thermal process
parameters affect the microstructure and therefore the
corrosion behavior of EBM parts. In summary, the following
conclusions can be drawn from this study:

e The HT with aging process led to the disappearance of
the f phase in the obtained microstructure. A similar
observation was made when increasing the temperature
and decreasing the pressure during HIPing. Additionally,
both thermal processes resulted in an increase in the a-
lath thickness.

e The E,, of HIP3 (supertransus temperature) was more
anodic compared to other samples. In addition, wider
passivation region formation was observed during anodic
test. The impedance resistance test proved a larger
capacitive loop implying a better oxide film resistance.
This can be explained by the equiaxed grain structure
with a coarser columnar structure/higher a-lath thick-

ness and absence of the f phase.

e In the HT group, the E,, of HT1, which only
underwent solution annealing, exhibited superior
corrosion resistance compared to the other HT samples
and the as-built one. Furthermore, anodic polarization
revealed three passivation zones, with two of them being
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Table 4. Data Were Extracted after Fitting the Nyquist Curves in Figure 13 with the ECC Model Presented at Figure 14

sample Ry, (ohms) R, (ohms) R, (ohms) Q, (S xs%)
EBM 1.212 1.75 x 10* 1.00 X 10° 1.90 x 107
HIP1 1.368 1.01 x 10* 8.27 x 10* 220 x 107+
HIP2 1.792 7.74 X 103 1.45 X 10* 124 x 107*
HIP3 1.030 343 x 10° 8.81 x 10? 2.06 X 107*
HT1 1.657 4.10 x 10° 7.73 x 10° 410 x 107*
HT2 1.406 2.80 x 10° 242 x 10? 1.05 x 107*
HT3 1.671 3.30 X 10* 2.02 x 10° 251 x 1074
HT4 1.683 1.27 X 10* 5.02 x 10° 2.10 x 107*
HTS 1.611 3.34 x 10° 1.17 x 103 3.09 x 107*
HT6 1.888 531 x 103 3.07 x 10* 321 x 107*

m Q, (S xs%) N goodness of fit
6.80 X 107! 9.63 x 107* 9.96 X 107! 1.68 X 1072
7.04 X 107! 1.10 X 107° 1 1.40 X 1072
8.78 x 107} 411 x 107 5.59 x 1071 2.59 x 107*
8.30 x 107" 417 x 107* 6.40 X 107! 2.03 x 1073
8.39 X 107! 1.31 x 107 7.65 x 107! 8.86 X 1073
8.10 x 107" 334 x 1074 495 x 107! 3.14 x 1074
7.17 x 107! 9.25 X 107° 1.62 X 1072 1.07 X 1072
525 x 107! 1.80 x 1078 2.50 X 107! 1.34 X 1072
8.79 x 107" 349 x 1074 6.98 X 107! 275 x 1073
6.95 x 107! 1.08 5.00 X 1071 3.53x 1073

wider. This was also confirmed by the larger radius
obtained with impedance test. This enhanced corrosion
resistance can be attributed to the coarser a phase and
well-defined f phase, which act as effective corrosion
barriers. On the other hand, it was observed that the
corrosion resistance of the solution-annealed and aged
HT1 sample was superior to that of the as-built EBM
sample.

e The imaging of the corroded area suggested pit
formation for EBM, while corrosion was uniform for
the HT and HIP samples. The corrosion progress was
lamellar for HT and HIP. The presence of the § phase
was observed in the corroded region for HT1 and HIP1
samples.
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