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HIGHLIGHTS

« Corrosion behavior of laser powder
bed fusion produced Ti-6Al-4V
samples was investigated.

« Static and dynamic Hank’s solutions
were selected as the corrosion
environments.

« Flow solution degrades passive film of
sample and thereby the corrosion
resistance.

« Flow solution promotes the
deposition of calcium phosphate and
hydroxyapatite.
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ABSTRACT

The corrosion behavior of laser powder bed fusion produced (L-PBF-produced) titanium alloys involving
flowing body fluid is still unclear. Therefore, this work investigates in vitro corrosion behavior and the
characteristics of passive films formed on L-PBF-produced Ti-6Al-4V in both static and dynamic
Hank’s solutions. Electrochemical measurements, immersion tests, X-ray photoelectron spectroscopy
and scanning electron microscopy were conducted. In comparison to the L-PBF-produced Ti-6Al-4V in
static Hank’s solution, the samples showed lower charge transfer resistance and higher passivation cur-
rent density (anodic current density as well) in dynamic Hank’s solution. Meanwhile, a more apparent
deposition of apatite and hydroxyapatite is found on the L-PBF-produced Ti-6Al-4V in dynamic Hank’s
solution. Such outcomes mainly result from the enhancement of film/solution interfacial transportation
in dynamic Hank’s solution. The dynamic Hank’s solution provides more calcium and phosphate ions to
the surface of the passive film and also takes away the dissolved metal ions. Therefore, more salt depo-
sition and a lower-quality passive film are found.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Additive manufacturing (AM) techniques provide fast ways to
produce metallic parts by a layer-wise method from computer-
aided design (CAD) models [1-4]. As one of the most common
metallic AM techniques, laser powder bed fusion (L-PBF) uses a
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laser beam as the heat source to selectively melt metallic powder
at a controlled speed under a protective atmosphere [5-8]. By L-
PBF, metallic components with near full relative density can be
produced. In the last decades, a variety of alloys, such as Ti alloys,
steels, Al alloys and Ni alloys, were successfully produced by L-PBF,
and the produced alloys were reported to exhibit comparable or
even better mechanical properties compared with their counter-
parts produced by conventional technologies [9-15]. For instance,
the laser powder bed fusion produced (L-PBF-produced) Ti-24Sn-
47r-8Sn exhibits ultimate tensile strength (cyrs) of 665 MPa with
large elongation of 14%, which is slightly better than the forged
counterpart with the cyrs and elongation of 570 MPa and 13%
[9,10]. The L-PBF-produced Ti-6Al-4V has higher oyrs of
1267 MPa and fracture strain of 7.3% than the cast counterpart
(ours of 976 MPa and fracture strain of 5.1%) [11-13]. Hot isostatic
pressing can close or heal the pores and lack-of-fusion defects of L-
PBF-produced Ti-6AI-4V alloy, thereby further enhancing its ten-
sile ductility by about 10% [14,15]. As such, L-PBF-produced Ti
and Ti alloys have received considerable attention.

On the other hand, for long-term applications as structural
materials, corrosion resistance is also of importance since the
metallic components may serve in various aggressive environ-
ments. Taking the L-PBF-produced Ti and Ti alloys as examples,
considerable endeavors have been made to investigate their corro-
sion behavior. It was widely reported that the L-PBF-produced Ti-
6Al-4V displays significantly different microstructures from that of
commercial-grade 5 alloy [6,16-19]. L-PBF-produced Ti-6Al-4V
displays dominant acicular o/ martensite in its microstructure,
while commercial-grade 5 alloy shows a (o + B) dual-phase
microstructure [16]. The acicular of martensite is considered to
be non-equilibrium and in a “higher energy state” concerning cor-
rosion. Therefore, L-PBF-produced Ti-6A1-4V demonstrates infe-
rior corrosion resistance compared with commercial-grade 5
alloy in 3.5 wt% NaCl solution [16]. Zhang et al. [18] and Hamza
et al. [19] also found L-PBF-produced Ti-6A1-4V has worse corro-
sion resistance than a wrought counterpart in the artificial saliva
with different fluoride concentrations (0.0020-0.10 M) and pH val-
ues (pH = 2-6). Seo et al. [20] used microdroplet cell to investigate
the corrosion behavior of acicular o martensitic grains and prior B
grains in the L-PBF-produced Ti-6AI-4V and found that the passive
film formed on o/ martensitic grains exhibits lower corrosion resis-
tance and is also prone to produce pits. Notably, the volume frac-
tions of o (or o) and B phases in Ti-6Al-4V alloys influence their
corrosion resistance. Dai et al. [21] found that there exists more
B phase in the growth plane (i.e. along the build direction) than
in the build plane, thereby demonstrating better corrosion resis-
tance in 1 M HCIl. The distinction in the corrosion resistance of
additively manufactured Ti-6AI-4V resulted from the different
volume fractions of o’ (or o) and B phases were also reported by
other groups [22,23]. The corrosion behavior has also been investi-
gated in other L-PBF-produced Ti alloys, such as Ti-24Nb-4Zr-8Sn
[24], Ti-13Nb-13Zr [25], commercial pure Ti (CP-Ti) [26], Ti-TiN
and Ti-TiB composites [26]. The aforementioned literature gives
a comprehensive evaluation of the corrosion behavior of L-PBF-
produced Ti and Ti alloys. Notably, the good corrosion resistance
of Ti and Ti alloys is derived from the compact oxide film (passive
film) on their surfaces.

Ti and Ti alloys have been used as orthopedic implants for a
very long period [27-33]. In the human body, the passive film
would be naturally formed on the alloy surface [28-30]. The char-
acteristics of passive films are pertinent to the corrosion behavior
of Ti and Ti alloys [22,34,35]. Therefore, lots of works are dedicated
to understanding the corrosion behavior of Ti and Ti alloys in the
view of the formed passive films. For example, Gai et al. [34] found
that the passive film formed on the electron beam melted Ti-6Al-
4V has a lower flux of oxygen vacancy than that on the wrought
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one in simulated body fluid. Yang et al. [17] reported that the pas-
sive film formed on the heat-treated L-PBF-produced Ti-6Al-4V
has a relatively higher impedance in 3.5% NaCl solution and hence
the alloy has better corrosion resistance. Wang et al. [36] investi-
gated the re-passivation of passive films and successfully illus-
trated the difference in the pitting corrosion resistance of
commercially pure Ti (CP-Ti), Ti-6Al-4V, Ti-29Nb-13Ta-4.5Zr,
Ti-35Nb-15Zr, and Ti-25Nb-8Zr. It should be noted that such
reported corrosion investigations in literature so far on additively
manufactured Ti alloys (as well as other metals) were substantially
conducted in static solutions. However, the actual corrosive envi-
ronments in applications are involving dynamic environments. It
is believed that the corrosion behavior of Ti and Ti alloys as well
as the formed passive films is different in static and dynamic envi-
ronments. Chen et al. [27] respectively investigated the solid and
porous CP-Ti samples in a dynamic 0.9 wt% NaCl solution with a
significantly low rate (2 mL solution pouring per minute from
100 mL solution stored in the storage tank) at 37 °C and their
results showed that the passive films formed on both solid and
porous CP-Ti samples in dynamic solution have lower charge
transfer resistance. However, related works are significantly lim-
ited. Especially for laser powder bed fusion technologies, the pro-
duced Ti and Ti alloys are widely used for biomedical purposes.
Therefore, open questions are raised: how about the distinctions
in the corrosion behavior of laser powder bed fusion produced Ti
and Ti alloys in static and dynamic simulated body fluid? How
about the characteristics of formed passive films? For further
applications of laser powder bed fusion produced Ti and Ti alloys,
it is of significant importance to answer the questions above.

In this work, L-PBF-produced Ti-6Al-4V was selected as an
experimental target since Ti-6Al-4V alloys had been used as
knees, hips and elbows, and shoulders [31,37]. Such tissues are
always involving flowing body fluid. Therefore, Hank’s solution
was selected as the electrolyte. To clarify the effect of dynamic
Hank’s solution on the corrosion behavior of the samples and the
characteristics of formed passive films, electrochemical measure-
ments and 30-day immersion tests were conducted. Surface char-
acterizations, such as X-ray photoelectron spectroscopy and
scanning electron microscopy, were used to examine the mor-
phologies of passive films and salt deposits. Furthermore, the
mechanism for the corrosion behavior of L-PBF-produced Ti-6Al-
4V and the formation of the passive film in the dynamic Hank’s
solution were discussed.

2. Experimental
2.1. Sample and solution preparation

Ti-6Al-4V blocks with dimensions of
10 mm x 10 mm x 10 mm were produced using an MTT SLM
250 HL machine in this work. The powder feedstock was gas-
atomized from a Grade 5 Ti-6Al-4V ingot, which had a distribution
of Dy = 26.9 pum, Do = 39.5 pm, and Dgg = 48.7 um. The L-PBF pro-
cess was conducted in a high purity Ar atmosphere to protect the
samples from oxidation. The L-PBF processing parameters used
were as follows: the laser power of 200 W, the spot size of
80 pm, the laser scan speed of 1000 mm/s, the layer thickness of
50 pm, and the hatch spacing of 100 pwm. Scanning was rotated
by 90° between successive layers. The relative density of produced
Ti-6Al-4V blocks, examined by the Archimedes method, exceeded
99%. All samples used in this work were as-fabricated and no post-
processing was not applied to the samples. The samples for electro-
chemical measurements and immersion tests were sealed with
epoxy resin and then ground and polished to a mirror surface.
The edges of electrochemical samples (as well as the samples for
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immersion test) were sealed with silicone glue to prevent crevice
corrosion. Hank’s solution produced by Hank’s balanced salts
(Heart Biological Technology Co. LTD., China) with the addition of
0.35 g/L NaHCO3 was used as the electrolyte and the main compo-
sitions of Hank’s solution are 0.140 g-L~! CaCl,, 0.098 g-L~! MgSO,,
0.4 g'L-1KCl, 0.06 gL~ ! KH,PO,4, 8 g-L~! NaCl, 0.048 g-L~! Na,HPO,,
1 g-l_fl C6H1205, 0.35 g/L NaHC03 and 0.011 g~L71 C]9H1405SNH.
The pH of Hank’s solution was adjusted to 7.35 by the diluted
HCI and NaOH. The Hank’s solution was maintained at 37 + 0.5 °C
for electrochemical measurements or immersion tests. The used
solutions were prepared with distilled water and analytical grade
reagents.

2.2. Microstructural characterizations

An X-ray diffraction (XRD) diffractometer (Empyrean, PANalyt-
ical) with Co-K, radiation was used to analyze the phase con-
stituents of L-PBF-produced Ti-6Al-4V. The scanning range was
between 35° and 100° and the scanning rate was 0.03°/s. The soft-
ware Jade 6.5 was used to analyze the XRD data. An optical micro-
scope (OM, Axioskop2-MAT, Zeiss) was used to characterize the
microstructure of the etched alloy sample. The sample for OM
microstructure observation was prepared by a standard metallo-
graphic procedure and etched in a Kroll reagent (H,O: HNOs:
HF = 93: 5: 2, in vol%). A JEM-2100F transmission electron micro-
scope (TEM, JEOL Ltd., Japan) operated at 200 kV was used for
TEM characterizations. The samples for TEM characterizations
were ground to about 100 pm thick and then were thinned by a
twin-jet polishing machine with a mixed solution composed of
HCIO4: C4H9OH: CH50H = 1: 3: 6 (in vol%) at the temperature of
minus 30 °C. A scanning electron microscope (SEM, Supra 55, Zeiss)
equipped with an energy dispersive X-ray spectroscopy (EDS)
detector with an acceleration voltage of 5 kV was used to charac-
terize the morphologies of the samples after potentiodynamic
polarization tests and 30-day immersion tests in secondary elec-
tron mode. The EDS results are obtained from K radiation (includ-
ing K, and K radiation).

2.3. Electrochemical measurements

An electrochemical workstation with a three-electrode system
(CHIB60E, Chenhua) was used to examine the electrochemical per-
formance of samples in this work. In this system, the L-PBF-
produced Ti-6Al-4V was used as the working electrode, a plat-
inum sheet was used as the counter electrode and a saturated calo-
mel electrode (SCE) was used as the reference electrode. The
exposure area of the sample used for electrochemical measure-
ments was about 1.0 cm?. Open circuit potential (OCP) was mea-
sured and recorded for 1800 s to ensure the stability of alloy
samples in Hank’s solution. After OCP measurement, electrochem-
ical impedance spectroscopy (EIS) was conducted potentiostati-
cally, which was run at peak-to-peak sinusoidal voltage signals of
10 mV over the frequency range between 10~2 Hz and 10° Hz.
The EIS data processing was conducted using the software Zsimp-
Win 3.30. Afterward, potentiodynamic polarization tests were per-
formed with a sweeping range of —0.25 to +2 V (vs. OCP) at a
sweeping step of 0.1667 mV/s. The potentiodynamic polarization
results were processed by the software Cview 2.6. The potentio-
static polarization was employed to generate the passive film on
the L-PBF-produced Ti-6A1-4V. Based on the passivation region
derived from potentiodynamic polarization curves, 0.6 Vgscg, 0.7
Vscg, 0.8 Vscg, 0.9 Vs, and 1.0 Vsce were selected as the applied
potentials in the potentiostatic polarization treatments. EIS mea-
surements were subsequently conducted at each potentiostatic
potential. The acquired data were also processed by ZsimpWin
software. The capacitance vs. frequency curve of the tested sam-
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ples could be obtained. The capacitance at 1 kHz was selected as
effective capacitance [38], which was used to calculate the thick-
ness of the passive film. Afterward, Mott-Schottky measurements
were conducted at the frequency of 1 kHz, sweeping the potential
from + 0.8 V (vs. OCP) to —0.8 V (vs. OCP) with a step of 10 mV/s.
Note that, all the potentials reported in this work were reported
against SCE. Each electrochemical test was repeated at least three
times for data reproducibility.

It should also be noted that all electrochemical tests were car-
ried out in a beaker containing 800 mL Hank’s solution, respec-
tively. Hank’s solution was achieved using a Teflon cylinder
magnetic stirrer in the beaker. The stirrer used was in the dimen-
sions of 30 mm long and 8 mm diameter. During the electrochem-
ical measurements, the stirrer was set to 20 rpm to keep the
electrolyte flowing because of the following consideration. If
selecting a significantly low flowing rate of electrolyte, the results
may be not apparent; however, in laboratory conditions, the flow-
ing rate over 20 rpm would result in the overflow of electrolyte in
the beaker and the instability of electrochemical measurements.
Therefore, a flowing rate of 20 rpm was selected to obtain rela-
tively evident and stable results. Hereafter, the Ti-6Al-4V alloys
tested in the static solution were denoted as ST, while those tested
in the dynamic solution were denoted as DT. Due to the anisotropy
of L-PBF-produced metals [21], the plane of sample contacting
solution is the building plane (i.e. the X-Y plane) in all examina-
tions including microstructural characterizations, electrochemical
measurements and immersion tests.

2.4. Immersion tests

Immersion tests were also carried out in the static and dynamic
Hank’s solutions with the same parameters, respectively. In com-
parison to electrochemical measurements, the sample surfaces
were placed toward the outside of the beaker to obtain a more evi-
dent result since the flowing rate of the electrolyte increased with
increasing the distance to the center of the beaker under such a
condition. To avoid the evaporation of electrolytes, the beaker
was covered by plastic wrap during the immersion tests. Three
individual samples as a group in parallel were immersed in a bea-
ker and the immersion tests were executed for 30 days. After the
immersion test, some immersed samples were further used for
EIS measurements in the static Hank’s solution. Meanwhile, the
concentrations of Ti, Al, and V ions contained in the electrolytes
after the immersion tests were analyzed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES, 7700x, Agilent).

2.5. X-ray photoelectron spectroscopy characterization

The immersed samples were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250XI, Thermofischer) to investigate
the composition data in depth. Al K, X-ray was performed as the
source (hv = 1486.6 eV) at 15 kV and 10 mA. The diameter of the
spot was about 500 pm. During the test, the surfaces of immersed
samples were etched with Ar ions (etching rate was about 0.2 nm/
s). The XPS spectra were calibrated according to C1s standard peak
(with the binding energy of 284.6 eV). The software Thermo Avan-
tage 5.979 was used to fit the peaks in the XPS spectra, using Shir-
ley mode as the background.

3. Results
3.1. Microstructural features

Fig. 1 shows the XRD pattern and microstructural images of L-
PBF-produced Ti-6Al1-4V. As shown in Fig. 1a, only o phase is
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Fig. 1. Microstructural features of selective laser melted Ti-6Al-4V used in this work: (a) XRD pattern, (b) optical image, (c) and (d) TEM images at two random locations. The

insets in (c) and (d) are the selected area diffraction patterns for specific phases.

observed on the XRD pattern. Although Ti-6Al-4V is a dual-phase
alloy, no peaks of B phase are found. This finding indicates a very
low volume fraction of p phase in the microstructure. Similar out-
comes were also reported in the literature, e.g., Refs. [39-43]. Since
the B-stabilizer V has limited diffusion in the melt owing to the
fast-cooling rate in the L-PBF process, L-PBF-produced Ti-6Al-4V
usually has less B phase than the cast or annealed counterparts
[16,17]. A typical acicular o martensitic microstructure is observed
under OM observation (Fig. 1b). Such a microstructure is also fre-
quently observed in Ti and Ti alloys, which are fast cooled from B
region to o region due to the rapid transformation of body-
centered cubic structure to hexagonal close-packed structure [6].
To confirm the existence of B phase in the microstructure, TEM
examinations were carried out. Fig. 1c and 1d are TEM images
for the microstructure of the L-PBF-produced Ti-6Al-4V samples
at two random locations, in which many martensite laths with a
large number of dislocations are observed. It was reported that B
phase is presented between the laths in lath-structured Ti-6Al-
4V [39,44]. However, in Fig. 1c, clear lath boundaries are observed
and no separated B grains are observed. The grains with different
features are characterized as o grains (Fig. 1c insets). In Fig. 1d,
an o/ grain was characterized near an o lath with a relatively large
area. A dark rod with a length of ~ 1000 nm and a width of ~40 nm
is found in this lath, which is characterized as B grain. After a ded-
icated TEM examination of the microstructure, only a few B grains
with such a morphology are observed. Therefore, one can conclude
that the L-PBF-produced Ti-6Al-4V has a large amount of acicular

of martensite phase and considerably less B phase in the
microstructure.

3.2. Electrochemical corrosion behavior

Fig. 2 is the electrochemical results of L-PBF-produced Ti-6Al-
4V in both static and dynamic Hank’s solutions at 37 °C. As seen
in Fig. 2a, the potentiodynamic polarization curves of both alloy
samples demonstrate good reproducibility. The fitted results of
potentiodynamic polarization curves are listed in Table 1. Under
both conditions, the sample displays passivation behavior. The
DT sample has a slightly lower corrosion potential (Ecorr) (—0.627

+ 0.019 Vscg) than the ST counterpart (—0.548 + 0.016 Vscg). As
E.orr eStimates the energy of corrosion reaction, the result indicates
that the DT sample requires lower energy to be oxidized compared
to the ST sample. Fitting potentiodynamic polarization curves
using the software Cview 2.6, the corrosion current densities (I.o,r)
for both ST and DT samples are 0.008 + 0.004 pA-cm~2 and 0.030
+0.003 pA-cm~2, respectively. According to Faraday’s law, the cor-
rosion rates of both samples can be expressed as [45]:

Mlcorr (1)

Corrosion rate =
nFp

m

where corrosion rate is in mm/y, M is the molar mass of alloy
(47.87 g/mol for Ti), n is the charge of Ti ion, F is the Faraday con-
stant (96,487 C-mol~"), and p,, is the density of the alloy (4.43 g/
cm? for Ti-6Al-4V [46]). For an approximate calculation, the molec-
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Hank’s solutions at 37 °C, respectively.

Table 1
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ular weight of Ti was used. As calculated, the corrosion rates for ST
and DT are 0.071 x 10~ mm/y and 0.265 x 10~> mm/y, respec-
tively. The anodic reactions of Ti corresponding to spontaneous pas-
sivation in Hank’s solution can be simply expressed as [26]:

Ti*" +6C — [TiClg)* (2)

[TiCls)*™ + 2H,0 — TiO, + 6Cl” + 4H* 3)

For passive metals, the migration of ions during corrosion is
mainly determined by the formed passive films [47]. Therefore,
passivation potential (E,,) and passivation current density (Ipp)
are two key parameters to estimate the corrosion resistance of pas-
sivated metals. Ey,;, illustrates the starting point of metallic materi-
als entering the passivation region; in general, the lower the E,
the easier the material is passivated. I,, demonstrates the migra-
tion of ions in the passive film after complete passivation [16].
On the anodic branches of potentiodynamic polarization curves,
DT is passivated at the potential of about —0.261 + 0.014 Vs,
while ST is passivated at the potential of about —0.160 + 0.004 Vsck.
After completing passivation, the ST sample has the I, of 6.355 + 0.
167 pA-cm2, which is slightly lower than that of the DT sample (6.
683 + 0.526 pA-cm2). Therefore, L-PBF-produced Ti-6AI-4V is
more prone to be corroded in the dynamic Hank’s solution.

Fig. 2b and c represents the Nyquist diagrams and Bode dia-
grams for DT and ST samples. As seen from Fig. 2b, the capacitive
loop of ST shows a larger radius compared with that of DT. It is
known that the radius of the capacitive loop in the Nyquist dia-
gram illustrates the impedance of the formed passive film on the
sample surface; the capacitive loop with a larger radius generally
specifies the higher impedance of passive film [48]. Hence, it illus-
trates that the impedance of passive film formed on ST is slightly
higher than that on DT. In Bode impendence diagram, two distinct
regions are observed. A flat portion of the curve is found from mid-
dle to high frequency (103-10° Hz), which response to the resis-
tance of electrolyte. In the frequency of 1072-10° Hz, the
impendence increases with decreasing the frequency, displaying
a linear relationship (Fig. 2c). In the Bode phase angle diagram,
the phase angle approaches 0° at high frequency, which also indi-
cates the constant resistance of electrolytes in the EIS measure-
ments [44]. The values of phase angles show the maximum
values (over ~75°) and are independent of the frequency for both
DT and ST in the range of 10~'-102 Hz (Fig. 2c). Such results sug-
gest the non-ideal capacitive behavior of passive films formed on
the L-PBF-produced Ti-6Al-4V alloy samples [24]. Although salt
deposition may take place when Ti alloys are immersed in Hank’s
solution [49,50], open circuit potential lasted only 1800s before the
EIS tests. Therefore, it is considered that the salt deposition is sig-
nificantly slight, which would be presented in the following. As
such, a typical equivalent electrical circuit model R(QR) (Fig. 2b
inset) is used to describe the data obtained, where R; is solution
resistance, R.; indicates charge transfer resistance and CPE is a con-
stant phase element. Due to the complicated corrosion process,
capacitor of passive film is not ideal. Therefore, CPE is used to
describe the shift from the ideal capacitor. The impedance of CPE
can be defined by the following equation [51]:

Fitting results of potentiodynamic polarization curves and calculated corrosion rate for laser powder bed fusion produced Ti-6Al-4V in both static (ST) and dynamic (DT) Hank’s
solutions at 37 °C. Ecor is the corrosion potential; Icor is the corrosion current density; Ep, is the passivation potential, I, is the passive current density.

Sample Ecorr (VscE) Ieorr (LA-cm™2) Epp (Vscr) Ipp (MA-cm™2) Corrosion rate (mm/y)
ST —0.548 £ 0.016 0.008 £ 0.004 —0.160 £ 0.004 6.355 £ 0.167 0.071 x 1073
DT —0.627 £ 0.019 0.030 £ 0.003 —0.261 £ 0.014 6.683 £ 0.526 0.265 x 103
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1

ZCPE QUU))n (4)
where Q is CPE constant, e is angular frequency (in rad/s), j> = —1
is imaginary number, and n is CPE exponent. For n =0, CPE is a
resistance, whilst CPE behaves as a capacitance for n = 1. The fitted
results of EIS are listed in Table 2. 2 is less than 0.001, indicating a
good quality of fitting. R, indicates the resistance of charge trans-
ferring from metal to electrolyte. The R for ST (0.774 + 0.15 MQ
cm?) is slightly larger than that for DT (0.689 + 0.11 MQ cm?).
Therefore, ST displays better corrosion resistance than DT in Hank’s
solution.

Additionally, SEM images with corresponding EDS spectra for
the morphologies of ST and DT samples after potentiodynamic
polarization tests are shown in Fig. 3. Before presenting the results,
it should be noted that EDS is a semi-quantitative method for the
chemical compositions of the analyzed materials. The electron
beam penetrates the examined surface at a certain depth (about
1 pum) depending on the accelerated voltage of SEM and the ana-
lyzed materials [52]. Meanwhile, due to the size of the beam spot
(about 1.5 pum in diameter in this work), the data were collected
from a small area but not an exact point [52]. Therefore, the exam-
ined region in the L-PBF-produced Ti-6A1-4V material was a cylin-
der with a diameter of 1.5 um and a depth of 1 um. As known, the
passive films formed on Ti-6Al-4V alloys are extremely thin,
which is only several to dozens of nanometers in thickness [53].
As a result, the obtained EDS results might contain the composi-
tions of the substrate. Hence, the presented EDS results are only
a qualitative analysis for the corroded surface but not quantitative
results. Three typical morphologies, namely, manufacturing
defects (Fig. 3a and d), pits (Fig. 3b and e), and corrosion products
(Fig. 3¢ and f) in both static and dynamic Hank’s solution are pre-
sented. Unlike the conventional Ti-6Al-4V [54], different phases
are hardly distinguished from the surface of the passive film due
to the significantly low fraction of B phase. As mentioned in Sec-
tion 2.1, Hank’s solution contains a variety of salts and hence the
elements in such salts may be found on the surfaces of corroded
samples. Fig. 3a shows the manufacturing defect (pore) on the sur-
face of ST sample. Trace P is found at the corner of pore, indicating
the deposition of trace compounds containing P is deposited.
Although the detected contents of P are very low, the presence of
a small peak confirms the existence of P (Fig. 3a-A). In comparison
to the corrosion in NaCl solution, corrosion in Hank’s solution
could result in salt deposition, caused by preferential adsorption
of phosphate ions [49,50,55]. Therefore, it is reasonable to detect
P on the surface of the corroded sample. Fig. 3b shows a typical
morphology of the pit, which results from the rupture of the pas-
sive film [20]. Pitting corrosion of L-PBF-produced Ti alloys was
reported by Dai et al. [21] and Seo et al. [20]. The EDS results show
that the corrosion products containing Ca and P are accumulated in
the pit. It is also found that Al is preferentially dissolved in the pit
(Fig. 3b-B). This finding confirms that this is a pit but not a manu-
facturing defect due to the preferential dissolution. A similar find-
ing was reported in Al-Ti alloys [56]. Meanwhile, in the view of the
formation of manufacturing defects in the L-PBF-produced Ti
alloys, the defects are always deep and in irregular shape, if it is
produced by unmelted particles or imperfect collapse (keyhole)

Table 2
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[6]. Such two aspects differentiate the corrosion pits from manu-
facturing defects in the L-PBF-produced Ti-6Al-4V. Some corrosion
products are also observed on the surface of ST sample (Fig. 3c).
Due to the small size of corrosion products (below 1 pum), only
trace Ca and P are detected (Fig. 3c-C), indicating that the corrosion
products may consist of calcium phosphate, which is consistent
with the results in Refs. [49,50]. Similar phenomenon is also
observed in the dynamic Hank’s solution. By contrast, more P
and Ca are found on the surface of corroded DT sample, in all three
typical morphologies (Fig. 3d-f). Especially, the size of corrosion
products on DT sample reaches several microns (Fig. 3f), which is
significantly larger than that on ST sample (Fig. 3¢). Such a finding
demonstrates salt deposition is prone to take place in the dynamic
Hank’s solution, even in such a short period.

3.3. Characteristics of passive films formed on samples after
potentiostatic polarization

During corrosion, the growth of passive films on metals stems
from the migration of ions and point defects [57]. Therefore, to fur-
ther understand the characteristics of passive films formed on ST
and DT, potentiostatic polarization and subsequent Mott-
Schottky (M-S) measurements were conducted. Fig. 4 reveals the
potentiostatic polarization curves for both ST and DT in the range
of 0.6-1 Vscg. The values for the current density in all curves
rapidly decrease with increasing time, indicating the formation of
passive films. Subsequently, the current density is stabilized. The
insets in both Fig. 4a and 4b are the magnified images from
25 min to 30 min. Within this period, the current density decreases
at a significantly low rate. The quasi-steady-state current density
produced by high applied potential is higher than that produced
by low applied potential [34]. After 30-min potentiostatic polariza-
tion, the quasi-steady state current density for DT ranges from
about 0.03 to 0.08 pA cm?, which is almost 1.5 times larger than
that for ST (about 0.02 to 0.05 pA cm?). According to Macdonald’s
model [57], the following equation can be used to fit the growth
kinetics of passive film:

logi =logA + nlogt (5)

where i is the current density, t is the polarization time (in sec-
ond), A and n are constants. When the value n approaches -1, a
compact and protective passive film forms [44]. The fitting results
of n are —0.73 + 0.02 and —0.69 * 0.03 for ST and DT, respectively,
elucidating that the passive film formed on ST is relatively compact
compared with that formed on DT.

Fig. 5 shows the M-S curves of passive films on ST and DT
formed from 0.6 Vscg to 1 Vscg, respectively. A typical linear region
with a positive slope in the applied potential of about —0.3 V¢ to
—0.5 Vscg indicates that the passive films on ST and DT show typ-
ical n-type semiconductive properties. Therefore, electron donors,
which are in the form of oxygen vacancies, exist in the passive film
[58]. The density of the donor (Np) is calculated to better under-
stand the semiconductive properties of passive films, which can
be derived from the following equation [58]:

-2 2 2 kT
C"=C/ = cc0eNy E—Ep — - (6)

Fitting results of electrochemical impedance spectra for laser powder bed fusion produced Ti-6Al-4V in both static (ST) and dynamic (DT). Ry means solution resistance, R
indicates charge transfer resistance, CPE describes charge transfer capacitance, n is the exponents of CPE, and % is the sum of squares of the differences between theoretical and

experimental points.

Sample R, (Q-cm?) CPE x 107° (F-cm™2) n Re (MQ-cm?) v
ST 17.30 £ 0.79 2.58 +0.75 0.9127 £ 0.0191 0.774 £ 0.15 529 x 1074
DT 20.03 £0.72 2.98 +0.82 0.9083 + 0.0185 0.689 £ 0.11 8.82 x 1074
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Fig. 3. Secondary electron SEM images of surface morphologies of the selective laser melted Ti-6Al-4V samples after potentiodynamic polarization tests: (a), (d)
manufacturing defect, (b), (e) pits and (c), (f) corrosion products on the surfaces of ST and DT samples. The corresponding EDS spectra are below the SEM images. ST and DT
indicate the selective laser melted Ti-6AI-4V tested in static and dynamic Hank’s solutions at 37 °C, respectively.

where C,, is the space charge capacitance; ¢ is the relative dielectric
constant of the passive film (considering the main phase con-
stituent of TiO, in the passive film; ¢ is taken as 60 in this work
[34]); & is the vacuum dielectric constant (8.85 x 10~'* F.cm™!);
e is the electronic charge (1.60 x 107'° C); k is the Boltzmann con-
stant (1.38 x 10723 J.K™1); T is the absolute temperature; E is the
film formation potential; Egs is the flat band potential. & is signifi-
cantly small at room temperature, hence it can be neglected. There-
fore, in terms of Eq. (6), C2 is inversely proportional to Np. Fig. 6a
displays the changes in Np as a function of applied potential. Appar-
ently, Np declines with increasing the applied potential for both
samples, specifying the reduction in the conductivity of passive
films. The passive film of ST reveals lower Np, indicating better pro-
tectiveness in Hank’s solution.

Meanwhile, the thickness of the formed passive film (L) can be
calculated by the following equation [34]:

Lss = (7)

where A is the effective passivation area of Ti electrode, Cf is the
effective capacitance that can be derived from EIS data. In general,
the electrochemical impedance exhibits a nearly pure capacitive
behavior above the frequency of 1 kHz [59]. As such, the thicknesses
of passive films formed on ST and DT samples can be obtained,
which is plotted in Fig. 6b. At the same applied potential, the pas-
sive film formed on DT samples is slightly thicker. Meanwshile, the
diffusion coefficient of oxygen vacancies can be deduced based on
the calculated Np. It was also reported that the relationship
between Np and film formation potential can be written as [38]:

Np = w, e(~bE) + )y (8)

where w1, w, and b are fitted constants using Eq. (8). The values of
, for ST and DT are shown in Fig. 6a, which are 1.97 x 10'® and
1.96 x 10'°, respectively. According to the Nernst-Plank transport

equation [60], w; = ‘é‘;—’fno; therefore,
i,RT
=_P 9
° 7 4eFgm, (3)

where i, is the quasi-steady-state current density, which could be
derived from Fig. 4, R is gas constant (8.314 J-mol™'), and ¢; is the
electric field intensity in the formed passive film, which can be cal-
culated from the relationship between Lgs and E, illustrating as the
Eq. (10):

(1-o)E

o B (10)

LSS =
where o is the polarizability of the passive film/solution interface
(taking the o = 0.5 [34]) and B is a constant. The calculated ¢&; for
ST and DT are 1.47 x 107 V/m and 1.00 x 107 V/m, respectively.
Therefore, D, for the passive films formed on ST and DT can be esti-
mated, which is plotted in Fig. 6¢c. Apparently, the passive film
formed on Ti-6Al-4V in the dynamic Hank’s solution has a higher
D,. Based on these results, one can conclude that the passive film
formed on DT has a higher growth rate. Although the passive films
formed on DT are thicker (Fig. 6b), the DT still has higher quasi-
steady-state current densities than the ST at the given potentials,
illustrating that the dynamic Hank’s solution degrades the quality
of the formed passive film on L-PBF-produced Ti-6Al-4V.
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Fig. 4. Anodic polarization curves from 0.6 to 1 Vscg: (a) ST and (b) DT. The insets
are the magnified images from 25 min to 30 min. ST and DT indicate the selective
laser melted Ti-6AI-4V tested in static and dynamic Hank’s solutions at 37 °C,
respectively.

3.4. 30-day immersion test

All tests conducted above specify the corrosion resistance of L-
PBF-produced Ti-6AI-4V in both static and dynamic Hank’s solu-
tions and the characteristics of formed passive films in a short
term. However, for corrosion-resistant materials, long-term perfor-
mance is a critical consideration for their lifetime in service envi-
ronments [61]. Therefore, 30-day immersion tests for L-PBF-
produced Ti-6AI-4V in both static and dynamic Hank’s solutions
were conducted. In such a case, passive films are spontaneously
formed on sample surfaces but not driven by the electric field.

3.4.1. lons release and surface morphologies

The ion release is an important consideration for the applica-
tions of Ti and Ti alloys, especially for biomedical use [49]. The con-
centrations of Ti, Al, and V ions in Hank’s solution after 30-day
immersion tests were examined by ICP-AES (Fig. 7). This value is
the sum of ion release from three samples with a total surface area
of 3 cm? after 30-day immersion. The concentration of Ti ion
released by ST is only 0.0011 mg/L. In comparison, the DT sample
releases significantly more Ti ions (0.0363 mg/L). Similarly, ST

Materials & Design 208 (2021) 109907
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Fig. 5. Mott-Schottky behavior of passive films formed on (a) ST and (b) DT at 0.6-1
Vsce. ST and DT indicate the selective laser melted Ti-6A1-4V tested in static and
dynamic Hank’s solutions at 37 °C, respectively.

releases less Al ion (0.0363 mg/L) than DT (0.0516 mg/L). A wide
range of diseases may be triggered by taking excessive Al ions,
including Alzheimer’s disease and osteoporosis [62]. In this work,
the volume of Hank’s solution is 0.8 L and hence the total content
of ion release is lower than 1 mg after a 30-day immersion test. The
upper limit of daily intake for humans is evaluated to be 1 mg/kg of
body weight [62]. For a simple calculation, the weight of an adult
male is estimated to be 70 kg, indicating that a patient with
implants cannot intake more than 70 mg Al ions daily. This amount
includes the ion release from implants and daily intake from food
and water. Although the exposure surface of the sample is only
1 cm?, the ion release would not exceed the upper intake for the
human body when using a Ti implant (at most hundreds of square
centimeter surface). The concentration of V is extremely low in
both static and dynamic Hank’s solutions, even lower than
0.001 mg/L (lower than the accuracy of the instrument). These
results can be illustrated by the Ellingham-Richardson theory
[34]. In a large range temperature, the Gibbs free energy needed
for the oxidation of elements is Al < Ti < V. Therefore, Al is most
likely to be oxidized during corrosion. On the other hand, Al ions
are always associated with oxygen vacancies in the oxide formed
on Ti and Ti alloys to keep local electroneutrality [63]. Therefore,
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Fig. 6. Calculated semiconductive properties of passive films formed on ST and DT
after anodic polarization at 0.6-1 Vscg: (a) donor densities, (b) thicknesses and (c)
diffusion coefficients of oxygen vacancy. ST and DT indicate the selective laser
melted Ti-6Al-4V tested in static and dynamic Hank’s solutions at 37 °C,
respectively.

Al ions on the passive film surface are prone to be ejected to the
electrolyte [64].

Furthermore, salt deposition is more apparent on the surfaces of
samples after 30-day immersion. Although the samples still have
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Fig. 7. Contents of Ti and Al ions in Hank’s solution after a 30-day immersion test:
(a) ST and (b) DT. Inset shows Hank’s solution before and after the test under
different conditions. ST and DT indicate the selective laser melted Ti-6Al-4V tested
in static and dynamic Hank’s solutions at 37 °C, respectively.

flat surfaces, 30-day immersed samples show somewhat different
and complicated corroded surfaces due to the salt deposition.
Fig. 8 shows some characteristic morphologies on both samples.
Fig. 8a shows the manufacturing defect (irregular-shaped pore)
on the surface of the ST sample, resulted from an unmelted parti-
cle. Only trace P is detected in the pore (Fig. 8-A), which is similar
to the finding in the manufacturing defect of the sample after the
potentiodynamic polarization test. However, salt deposition
becomes apparent on the surface of the 30-day immersed ST sam-
ple. Fig. 8b shows a balling (another type of manufacturing defect)
on the surface of the ST sample. No cracks, pits, and large-sized
corrosion products are found. Trace P, Ca and about 2 wt% O are
detected at location B beside the compositions of the substrate
(Fig. 8-B). It was reported that calcium phosphate could be natu-
rally formed on the surface of Ti and Ti alloys in Hank’s solution
at 37 °C [49]. Fig. 8c reveals the features of the general surface with
no manufacturing defects and large-sized corrosion products. The
EDS result (Fig. 8c-C) is approximate to that in Fig. 8b, further con-
firming that salt deposition takes place after 30-day immersion. A
small corrosion product with a size of ~1 pm is found in Fig. 8d. As
seen in Fig. 8d inset, the corrosion products are assembled in a
small manufacturing defect. A considerable amount of P and Ca
are found in the corrosion products (Fig. 8d-D), which are the
deposited calcium phosphates as described in Ref. [50]. In the
dynamic Hank’s solution, more salt deposits are found. Fig. Se
shows that plentiful corrosion products are assembled in the man-
ufacturing defect. Such a phenomenon is also found after the
potentiodynamic polarization test (Fig. 3d). Nevertheless, there
exist a significantly higher amount of corrosion products in the
manufacturing defect of the 30-day immersed DT sample, specify-
ing preferential sites for the salt deposition. Besides the general
surface like that of ST sample (Fig. 8c), island-like surface is
observed on the 30-day immersed DT sample (Fig. 8f). From EDS
examinations at different locations, more salt deposits are detected
at island-like features (Fig. 8f-G). The surface without the coverage
of the island presents relatively low contents of Ca, P, and O (Fig. 8-
f-F). Therefore, such islands are salt deposits. Fig. 8g shows scat-
tered corrosion products on the surface of the 30-day immersed
DT sample. Corrosion products are unevenly distributed. Higher
contents of Ca, P, and O are detected at location H with more
assembled corrosion products (Fig. 8f-H). Hodgson et al. [65]

demonstrated that selective interactions of Ca®" and PO}~ take
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Fig. 8. Secondary electron SEM images of surface morphologies of the Ti-6Al-4V samples after 30-day immersion tests: (a) manufacturing defect, (b) balling, (c) general
surface and (d) corrosion product on the ST sample; (e) manufacturing defect, (f) island-like surface, (g) and (h) corrosion products on the surface of DT sample. The
corresponding EDS spectra are below the SEM images. ST and DT indicate the selective laser melted Ti-6Al-4V tested in static and dynamic Hank’s solutions at 37 °C,

respectively.

place on the surface of passive films formed on Ti, Ti-6Al-4V, and
Ti-6AI-7Nb in simulated body fluid. Therefore, the surface of the
passive film would be remodeled after exposure. Fig. 8h represents
the assembled corrosion products with relatively large sizes on the
surface of the 30-day immersed DT sample. Only 16.07 wt% Ti is
detected at location ] (Fig. 8h-]). Therefore, it can be speculated
that such assembled corrosion products have relatively higher
thickness than those found in other locations, including those on
the surface of the ST sample. Such assembled corrosion products
are also rarely found on the surface of the 30-day immersed DT
sample. In comparison, such assembled corrosion products are
hardly found on the surface of the 30-day immersed ST sample
during dedicated SEM examinations. Combining with the results
in Fig. 3, several outcomes with respect to salt deposition can be
simply concluded: (i) dynamic Hank’s solution accelerates salt
deposition; (ii) salt deposits are unevenly distributed; (iii) manu-
facturing defects are preferential sites for salt deposition; (iv) the
amount of salt deposit increases with increasing the immersed
time.

3.4.2. XPS analysis of passive films

Fig. 9 shows the depth profile of Ti, Al, V, Ca, P and O in the pas-
sive films obtained by XPS. A large fraction of O (77.7 at% for ST
versus 82.5 at% for DT) and a certain fraction of Ca and P (Ca: 3.0
at% for ST versus 3.3 at% for DT; P: 1.7 at% for ST versus 2.7 at%
for DT) are found at the surface of immersed samples. Such a high
fraction of O is influenced by salt deposits on the surface of sam-
ples, which is attributed to the calcium phosphates [55]. The
higher volume fractions of P and Ca also illustrate the higher
amount of salt deposits on the surface of DT, which is consistent

10

with the outcome in Fig. 8. At the depth of 2 nm, the fraction of
O rapidly decreases with the increase in the fraction of Ti. How-
ever, P is not detected at the depth of 2 nm for ST, while only 0.9
at% P is detected for DT. At the depth of 4 nm, P is neither detected
for DT. Therefore, one can conclude that the average thicknesses of
salt deposits are less than 2 nm for ST and less than 4 nm for DT
after 30-day immersion. Although some salt deposits seem to be
thicker than 4 nm in Fig. 8, it should be noted that the XPS spot
is about 500 um in diameter in this work and the obtained data
is the summation of the detected area. The changes in the fractions
of O and Ti become mild from the depth of 2 nm to 10 nm. With
increasing the depth, the fractions of Ti and Al increase with the
decline in the fraction of O, indicating that the growth of passive
film formed on ST follows Fick’s law [66,67]. As well known, the
main components in the passive film formed on Ti alloys are Ti oxi-
des, namely, TiO,, Ti»O3, and TiO. In contrast, the DT always has a
slightly higher fraction of O compared to the ST at the same depth
of the passive film, specifying the easier ingression of O in the pas-
sive film formed on DT. Furthermore, V is almost undetected in the
measured depth of passive film formed on both samples.

To clarify the corrosion products, Ti 2p, O 1s, Ca 2p and P 2p
spectra obtained from the surfaces of the immersed ST and DT
samples were analyzed, and the results are shown in Fig. 10. At
the outer surface, Ti*" state is revealed for both samples. Other
states of Ti are not found. Such a result indicates that the passive
films formed on the sample surfaces essentially consist of TiO,.
Nevertheless, hydroxyl groups are often found on the surfaces of
corroded Ti and Ti alloys, in the form of titanium hydroxide and
hydroxyapatite (HA, Ca;o(PO4)s(OH),, one of the salt deposits)
[49,55]. Therefore, O 1s spectra were analyzed and deconvolved
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Fig. 9. Elemental fractions obtained from XPS results at different depths in the
passive films formed on (a) ST and (b) DT. ST and DT indicate the selective laser
melted Ti-6Al-4V tested in static and dynamic Hank's solutions at 37 °C,
respectively.

into three components, which originate from oxide, hydroxyl
groups, and water. For the ST sample, the fractions of oxide, hydro-
xyl groups, and water are 62.9 at%, 34.6 at%, and 2.5 at%, respec-
tively. In comparison, the fractions of oxide, hydroxyl groups, and
water are 35.2 at%, 50.3 at%, and 14.5 at%%, respectively for the
DT sample. As shown in Fig. 8 and reported in Ref. [55], the salt
deposits are discontinuous. Hence, both oxides and hydroxyl
groups are detected within the spot of the XPS test. Oxide indicates
the TiO, in the passive film, and hydroxyl groups play an important
role in adsorbing phosphate ions to form HA. A larger fraction of
hydroxyl groups detected on the surface of DT indicates the pro-
duction of a larger amount of HA. Because the surface of the
immersed sample is covered by salt deposits, the uncovered
regions would be detected as oxides and hence high fraction of
oxide is found for the immersed ST sample. Ca 2p and P 2p spectra
confirm the existence of Ca?* and P>*. Such two ions mainly exist in
the apatite and HA [49,55]. Combining with the results in Fig. 9,
one can confirm that the salt deposits on both samples main con-
sist of apatite and HA and DT shows more salt deposits.

Since the passive films formed on Ti-6A1-4V are predominantly
composed of Ti oxides (TiO,, Ti,O5, and TiO), the Ti 2p spectra
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Fig. 10. Ti 2p, O 1s, Ca 2p and P 2p spectra for ST and DT samples after 30-day
immersion in the static and dynamic Hank’s solutions at 37 °C. ST and DT indicate
the selective laser melted Ti-6Al-4V tested in static and dynamic Hank’s solutions
at 37 °C, respectively.

obtained at different depths of passive films are analyzed to inves-
tigate the ingression of O. Fig. 11 shows the deconvolution of Ti 2p
spectra obtained at the depths of 2 nm, 6 nm, and 10 nm. As the
sputtering depth increases, the peaks in XPS spectra generally shift
to the region with lower binding energy. This finding indicates the
decrease in the valence of Ti ion. The ratios of Ti oxides in the pas-
sive films can be quantitively obtained after deconvolution, as
listed in Table 3. At the depth of 2 nm, the spectra of Ti 2p1/2
and Ti 2p3/2 are respectively deconvolved into three components,
corresponding to Ti**, Ti** and Ti?* [34]. For ST, Ti**, Ti®" and Ti%*
are 44.2 at%, 32.0 at% and 23.8 at%, respectively. By contrast, for
DT, the corresponding ratios for Ti**, Ti>* and Ti?* are 53.6 at%,
35.8 at% and 10.6 at%, respectively. Hence, multi-step oxidation
takes place for the formation of passive films on both samples.
The passive film on DT has a relatively higher ratio of Ti** than that
on ST. A similar scenario is also found at the other depths of passive
films; the passive film formed on DT always has a higher ratio of
highly charged Ti ions than that on ST at the same depth. As the
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Fig. 11. Deconvolution of Ti 2p spectra at the depth of 2 nm, 6 nm and 10 nm for ST
and DT samples after 30-day immersion in the static and dynamic Hank’s solutions
at 37 °C. ST and DT indicate the selective laser melted Ti-6Al-4V tested in static and
dynamic Hank’s solutions at 37 °C, respectively.

sputtering depth increases, the fraction of Ti*" gradually decreases
and the fraction of Ti** gradually increases for both samples. As
known, the oxygen content always gradually decreases with
increasing the depth of passive film formed on the passive metals
[34,66]. Such a finding illustrates that the passive film formed on
Ti-6Al-4V would be thicker in dynamic Hank’s solution than in
static Hank’s solution. This is well consistent with the Mott-
Schottky measurement after potentiostatic polarization (Fig. 6).

3.4.3. Electrochemical impedance spectra of immersed samples

Fig. 12 shows the electrochemical impedance spectra of
immersed samples. In comparison to the results presented in
Fig. 2, the differences in the passive films formed on ST and DT
samples become more apparent, indicating distinct corrosion
behavior of L-PBF-produced Ti-6A1-4V samples in dynamic Hank’s

Table 3

Ratios of different valence Ti ions in the passive films formed on the laser powder bed
fusion produced Ti-6AI-4V alloy at different depths after 30-day immersion in the
static (ST) and dynamic (DT) Hank’s solutions at 37 °C.

Depth Samples Ti** (at%) Ti* (at%) Ti%* (at%)
2 nm ST 44.2 32.0 23.8
DT 53.6 35.8 10.6
4 nm ST 273 42.8 299
DT 31.6 51.7 16.7
6 nm ST 22.0 39.2 38.8
DT 273 46.7 26.0
8 nm ST 19.7 40.4 39.9
DT 25.6 443 30.1
10 nm ST 19.5 40.8 39.7
DT 24.6 432 32.2
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Fig. 12. Electrochemical impedance spectra of ST and DT samples after 30-day
immersion: (a) Nyquist diagram and (b) Bode diagram. ST and DT indicate the
selective laser melted Ti-6Al-4V tested in static and dynamic Hank’s solutions at
37 °C, respectively.

solution in a long term. Considering the salt deposits, an alterna-
tive of R(Q(R(QR))) is used to fit the EIS data obtained from the
samples after 30-day immersion. The fitted results from Fig. 12
are listed in Table 4. The significantly low y? illustrates the good
quality of fitting. R4 means the resistance of salt deposits and R¢
indicates the resistance of the passive film. Other symbols have
the same meaning as the corresponding ones described in Sec-
tion 3.2. As indicated in Sections 3.4.1 and 3.4.2, DT exhibits a lar-
ger quantity of salt deposits. Therefore, ST has a significantly lower
Rq(24.03 +3.70 kQ-cm?) than DT (37.49 + 2.10 kQ-cm?). Both sam-
ples demonstrate larger R values by one order of magnitude than
their corresponding R4. Hence, R basically determines the corro-
sion resistance of both immersed samples. After 30-day immer-
sion, ST still shows a higher Ry (1.44 = 0.03 MQ-cm?) than DT
(1.07 £ 0.37 MQ-cm?), which is similar to the results after OCP test.
Therefore, one can find that the dynamic Hank’s solution degrades
the corrosion resistance of L-PBF-produced Ti-6Al-4V samples.

4. Discussion

4.1. Influence of dynamic Hank’s solution on the corrosion behavior
and salt deposition

In this work, the corrosion behavior of experimental targets is
respectively investigated based on the L-PBF-produced alloy sam-
ples and 30-day immersed samples in both static and dynamic
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Table 4

Fitting results of electrochemical impedance spectra of the laser powder bed fusion produced Ti-6Al-4V alloy after 30-day immersion in the static (ST) and dynamic (DT) Hank'’s
solutions at 37 °C. Ry means solution resistance, Ry means film resistance, R.; indicates charge transfer resistance, CPE describes charge transfer capacitance, n; and n, are the
exponents of CPE; and CPE,, ? is the sum of squares of the differences between theoretical and experimental points.

Sample R (Q-cm?) Ry (kQ-cm?)  CPE; x 107° (Fcm™2)  my R (MQ-cm?)  CPE; x 107° (F-em™2)  ny %7
ST 18.69 £ 0.64 24.03+3.70  1.99 + 0.09 0.8843 £ 0.0060  1.44 + 0.03 1.00 £ 0.04 0.5947 £ 0.0097  6.62 x 1074
DT 18.92+0.10 3749+2.10 1.98 +0.01 0.8694 + 0.0009  1.07 £ 0.37 1.84 + 0.02 0.5414 £ 0.0069  9.39 x 1074

Hank’s solution, which can be regarded as short-term corrosion reduce the corrosion resistance of L-PBF-produced Ti-6Al-4V
and long-term corrosion. L-PBF-produced Ti-6Al-4V alloy displays (Figs. 2 and 4).

a typical passivation phenomenon in Hank’s solution due to the The passive films formed on both samples exhibit close chemi-
high chemical activity of Ti [53]. However, passive films formed cal compositions as well as phase constituents, indicating that both
on L-PBF-produced Ti-6Al-4V alloy in a dynamic Hank’s solution ST and DT samples have a similar electrochemical process during

demonstrate lower protectiveness despite a relatively low flow corrosion (Figs. 9-11). However, the mass transfer on the surface
rate. For instance, a thin passive film would be spontaneously of samples seems to be different. The electrolyte has a definite sol-
formed during the OCP measurement which can be considered as ubility for ions at specific pH and temperature [71]. Therefore, the

30-min corrosion in Hank’s solution. The subsequent EIS measure- dissolving ions can easily approach the solubility of the solution in
ment shows that the DT sample has a lower R compared with the the vicinity of the film surface in static Hank’s solution, which
ST counterpart (Table 2). Since the value of R, indicates the resis- reduces the concentration gradient of metal ions at the film/solu-
tance of the electrode process, the lower R of the passive film tion interface and therefore the dissolution rate of passive films.

formed on the DT sample elucidates its lower protectiveness. A Kain et al. [71] reported that the flowing electrolyte would take
similar scenario is found the Ref. [27]. The EIS results also show away a large number of dissolved metal ions and supply the ions
that the 30-days immersed samples have lower R (Table 4). Nesic consumed in the solution. Hence, a high dissolution rate of metal
et al. [68] pointed out that the passive films on metals can be ions maintains. As a result, more metal ions are released from L-
locally or globally thinned in a dynamic electrolyte. This outcome PBF-produced Ti-6Al-4V in dynamic Hank’s solution (Fig. 7). On
is further confirmed by the results of potentiostatic polarization the other hand, the high dissolution rate of metal ions increases

(Fig. 4). The quasi-steady-state current densities for DT are approx- their concentration gradients in the passive film, resulting in the
imately 1.5 times larger than those for ST at varied applied poten- continuous transformation of metallic atoms to metallic ions and
tials. Generally, quasi-steady state current can be considered as the electron-vacancy pairs (oxygen vacancy) [47]. As such, the higher
ratio of applied potential and impedance of passive film. Regard- density of oxygen vacancy and higher vacancy diffusion coefficient
less of the instinct characteristics, passive films with lower thick- are achieved for the DT sample (Fig. 6a and 6¢). Such results are

nesses generally have lower impedance when formed under the consistent with the outcomes mentioned in the previous para-
same condition [34]. Therefore, higher quasi-steady-state current graph. In the dynamic solution, the consumed ions can be supplied
density often corresponds to lower thickness of passive films under on the surface of sample [71]. Therefore, the higher concentration

a specific condition (as indicated by the function of film thickness of 0%~ on the surface of the DT sample and higher vacancy diffusion
and applied potentials, Figs. 4, and 6b). However, the passive films coefficient in the passive film corporately contribute to a higher
formed on DT with larger thicknesses exhibit higher quasi-steady- growth rate of passive film (Fig. 6).

state current densities compared with those formed on ST at the Furthermore, it was reported that the formation of apatite in
same applied potential. Therefore, one may conclude that the qual- Hank’s solution results from the reaction between PO*~ and Ca?*
ity of passive films formed on DT is not as good as that on ST. Sim- [55]. The surface of the passive film formed on Ti and Ti alloys is
ilar results are also obtained from the 30-day immersed samples, generally negative-charged at pH = 7.4 in simulated body fluid
by EIS examinations. One should note that the quasi-steady state due to the absorption of OH™ [72]. Hence, positive-charged ions,

current density (including the passivation current density) is a such as Ca®* and H*, would be electrostatically attracted. Mean-
result of ion migration in the passive film formed on metals, which while, the passive films are still capable of adsorbing species with
is determined by both the concentration diffusion gradient (J-) and negative charges; exchange reaction with phosphate groups to
potential gradient (J,) of oxygen vacancy [38]. J, is proportional to form Ti-phosphates can take place on the hydrated surface of pas-
the product D, and Np [34]. In this work, the DT sample have a sive films, which further produces apatite by reacting with
higher D, and Np than the ST sample under each applied potential adsorbed Ca?* [72]. Both Ca?* and PO*~ come from Hank’s solution.
(Fig. 6a and c). Hence, the DT sample undoubtedly has a higher Jp. The DT samples have more salt deposits on their surfaces (Figs. 3
According to the results in Fig. 6a and c, the Jp of DT sample is about and 8-10). Such a finding also can be attributed to the supplement

two times larger than that of ST sample under each potential. Fur- of new Ca?* and PO*" from fresh solution provided by flowing
thermore, it is known than the oxygen vacancy is closed to Ti** and Hank’s solution. Siriphannon et al. [73] found that more apatite
Ti%* in passive film [69]. Hence, J can be assessed by the fraction of can be formed on the sample in the flowing simulated body fluid
Ti>* and Ti%* at different depth. As seen from Fig. 10, only Ti*" is at a relatively low rate. In this work, the flow rate of Hank’s solu-

detected on the surfaces of ST and DT samples. Meanwhile, the tion is also low, which is in line with the result in Ref. [73]. Another
fractions of Ti>* and Ti?* are 40.8 at% and 39.7 at% for the ST sample phenomenon, “flow mark”, was observed by Xu et al. [45] on cor-

and 43.2 at% and 32.2 at%, respectively (Table 3). Based on the elec- roded X65 pipeline steel due to the high shear stress on the surface
troneutrality principle [70], Ti** and Ti** may produce (or stabilize) sample (produced by flowing electrolyte in a high rate). However,
one and two oxygen vacancies in a location. Therefore, it can be no such “flow marks” are observed on the surface of the DT sample,
understood that the difference in the J. of ST and DT sample is which is also attributed to the relatively low flowing rate of elec-
not apparent. As such, J, is dominant in the ion migration of pas- trolyte in this work. However, there is still evidence that the
sive film and the DT sample has higher the quasi-steady state cur- dynamic Hank’s solution has a mechanical effect on the passive
rent density in the potentiostatic polarization test and the films. As seen in Fig. 8, calcium phosphates are prone to be depos-
passivation current density in the potentiodynamic polarization ited in the pores. Notably, the amount of calcium phosphate is rel-

test. Such results indicate that the flowing electrolyte would atively low at the other locations (besides the large-sized corrosion
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products). Therefore, it is speculated that the adsorbed ions or
exchanged ions may be taken away by the flow solution. Relatively,
such a mechanical effect would not be apparent in the pores.
Therefore, pores become the preferential sites for salt deposition.
Unlike other Ti parts produced by some conventional technologies,
pores are unavoidable in the L-PBF-produced Ti parts. Therefore,
the salt deposition phenomenon of L-PBF-produced Ti parts would
be more apparent, especially in the dynamic Hank’s solution. Based
on the above discussion, one can understand that the corrosion
resistance of Ti-6A1-4V is reduced in the dynamic Hank’s solution
and the lifetime of this alloy may be not expected as in static
Hank’s solution.

4.2. Formation of passive film in the dynamic Hank’s solution

It is well known that the growth of passive film is determined
by the diffusion of oxygen vacancies and metal vacancies between
the film/solution and metal/film interfaces [34]. In terms of the
point defect model (PDM) [47], the passive film formed on L-PBF-
produced Ti-6A1-4V can be rationalized as schematically shown
in Fig. 13. In Fig. 13, defects are denoted according to Kroger-Vink

notation [74]; Tiy; and Al}i are Ti and Al ions in the cation sites of

passive film, V, and V‘T‘; are oxygen vacancy and Ti ion vacancy in
the passive film, Vy; is vacancy in the substrate, € is an electron,
0, is oxygen ion in anion site of the passive film, Ti,, and Al
are Ti and Al ions in solution. During the corrosion of Ti and Ti
alloys in the aqueous solution, five reactions primarily take place
in the following sequence. (i) Ti (or Al) atoms enter the passive film

and become Tiy; (or Al’T,.); meanwhile, V; are produced due to the
incomplete oxidation of metallic ions (local electroneutrality
[63]). (ii) Ti (or Al) atoms enter passive film by exchanging with
V‘T‘; and produce Tiy; (or Al/T,-) in the passive film. Such two reactions
take place at the metal/film interface. (iii) Tiy; or AI'T, on the surface

and AP} due

of the passive film may be ejected and becomes Ti*" Taq)

(aq)
to their thermal motion; meanwhile, V‘T‘i is produced at the original

Ti-6Al-4V

Ti - Tip; + 2V + 4e’
241 - 2Aly; + V,

Bt V2 - Tig; + Vg + 4’

(ii) s
Al + Vi — Aly; + Vi + 3e’

Passive film

(v)

Materials & Design 208 (2021) 109907

positions of Tiy; or Al'ﬁ. (iv) The produced V, migrates to the film/-
solution interface and reacts with H,O to produce H* and O,. (v)

TiO, and Al,O; on the surface of passive films react with the H*
in the solution and produce Tl4+ Al3+ and H,O0. Notably, reactions
(ii), (iii) and (iv) involve the movement of ions across the bound-
aries and hence conserve the passive film. Reaction (i) indicates
the formation of new passive film and reaction (v) illustrates the
dissolution of passive film. Such a process for the formation of pas-
sive films on the Ti and Ti alloys have also been reported in Refs.
[47,75].

Actually, the formation mechanism of passive films in the static
and dynamic Hank’s solution would be identical. However, as men-
tioned above, dynamic Hank’s solution accelerates the mass trans-
fer on the surface of the passive film. Since the migration of oxygen
vacancies is significantly faster than that of metal vacancies, a con-
siderable number of metal vacancies are accumulated at the sur-
face of the passive film (Fig. 6¢). Therefore, the surface of the
passive film formed on metals is generally negative-charged [38].
In this situation, H" in the solution would be captured, resulting
in the dissolution of the passive film due to the reaction (v). As
mentioned above, the DT sample has a higher fraction of Ti*" in

the vicinity of the film surface (Table 3). Therefore, VT, is prone
to be produced at the surface of the passive film (reaction (iii)).

The produced VT,, in turn, promotes the capture of H*. Therefore,
the dissolution of passive film is accelerated in the dynamic Hank’s
solution. In the meantime, the consumption of H" also activates the
reaction (iv). Therefore, V, on the surface of passive film is easier to
be consumed in the dynamic Hank’s solution, which may also
result in a higher concentration gradient of V, between metal/film
and film/solution interfaces and promote the transformation of
metallic atoms to ions and oxygen vacancy (reaction (i)). In addi-
tion, AI>* is less charged than Ti** in the passive film. Oxygen
vacancy is inevitably generated to keep the local electroneutrality
in the passive film [63]. Therefore, the higher Al ion release (Fig. 7)
also indicates the continuous transformation of metallic Al to ionic
Al and electron-vacancy pairs at the metal/film interface (reaction

Solution

PN

( — Cation ejection

Nt

5 .4 !
iy Time ™ Tigeq + V1

(V)Vy" + Hy0 - 0, + 2H*

TiO, + 4H* - Ti(q) + 2H,0
Al203 + 6H+ - ZAl(aq) + 3H20

Fig. 13. Schematic illustration of the formation and dissolution of passive film formed on selective laser melted Ti-6Al-4V4V alloy in Hank’s solution in terms of point defect
model. Tiz; and AITI are Ti and Al ions in cation sites of passive film, V, and VT, are oxygen vacancy and Ti ion vacancy in passive film, Vy; is vacancy in Ti-6Al-4V substrate, €’ is

an electron, O, is oxygen ion in anion site of passive film, Tl(an and AI
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(i)). Such a result, in turn, increases the concentration gradient of
V, therefore the oxygen diffusion coefficient in the passive film.
As a result, DT samples have higher oxygen diffusion coefficient
at various applied potentials (Fig. 6¢). Hence, the growth rate of
passive film is facilitated in the dynamic Hank’s solution. The
entire corrosion process of the sample is accelerated by dynamic
Hank’s solution, resulting in higher growth rate, higher density of
donor and higher oxygen diffusion coefficient of passive film as
well as higher ion release (Figs. 6 and 7).

5. Conclusions

In this work, the corrosion behavior of laser powder bed fusion
produced (L-PBF-produced) Ti-6Al-4V alloy in both static (ST) and
dynamic (DT) Hank’s solutions at 37 °C was investigated based on
the as L-PBF-produced alloy samples and 30-day immersed sam-
ples. The characteristics of formed passive films were examined
by electrochemical measurement, scanning electron microscopy,
and X-ray photoelectron spectroscopy (XPS) to disclose the under-
lying mechanism. Some key conclusions can be drawn as follows:

1. ST and DT samples show similar potentiodynamic polarization
behavior. However, ST has a slightly lower passive current den-
sity (6.355 = 0.167 pA.cm~2) than DT (6.683 + 0.526 pA-cm™2).
Electrochemical impedance spectroscopy (EIS) results show
that the passive films formed on DT after immersion for
1800 s have a lower charge transfer (0.689 + 0.11 MQ-cm?)
impedance compared with those on ST (0.774 + 0.15 MQ-cm?).

2. The passive films, which were respectively prepared by poten-
tiostatic polarization ranging from 0.6 Vscg to 1.0 Vscg, formed
on both samples show typical n-type semiconductor properties.
The calculated density of donors for DT is higher than those for
ST at varied potentials. Meanwhile, the calculated diffusion
coefficients of oxygen vacancy and film thickness for DT are also
higher than those for ST, indicating that passive film has a faster
growth rate in the dynamic Hank’s solution.

3. 30-day immersion tests were conducted to examine the long-
term corrosion behavior of both samples. XPS results indicate
that the passive films formed on both immersed ST and DT sam-
ples mainly consist of TiO,, Ti»O3 and TiO. The passive film
formed on DT has a higher oxygen concentration than that
formed on ST at the same depth. Meanwhile, DT has a higher
ion release (e.g. Ti** and AI**) than ST after 30-day immersion.
Both findings illustrate a higher rate of formation and dissolu-
tion of passive film formed on DT.

4. Salt deposition, which mainly results from the calcium and
phosphate ions in Hank’s solution, takes place for ST and DT
samples both after the potentiodynamic polarization test and
the 30-day immersion test. The salt deposits on both samples
main consist of apatite and hydroxyapatite. The dynamic Hank’s
solution accelerates the salt deposition and the amount of salt
deposit increases with increasing the immersed time. Mean-
while, manufacturing defects on the surface of the sample are
preferential sites for salt deposition.

5. The distinct corrosion behavior of L-PBF-produced Ti-6Al-4V
alloy as well as their different characteristics of passive films
are mainly attributed to the mass-transfer effect of dynamic
Hank’s solution. Dynamic Hank’s solution provides more cal-
cium and phosphate ions to the surface of the passive film,
resulting in more salt deposits. In terms of point defect model,
dynamic Hank’s solution results in a higher dissolution rate of
metal ions and therefore the continuous transformation of
metallic Ti to ionic Ti and oxygen vacancy, leading to a higher
density of oxygen vacancy and a higher oxygen diffusion coeffi-
cient of the passive film formed on the DT sample.

15

Materials & Design 208 (2021) 109907

6. Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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