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ABSTRACT: Distinct corrosion behavior was reported in
multiphased titanium alloys prepared by additive manufactur-
ing and by traditional technologies because of different phase
constituents formed during processing. An open question is
therefore raised: is there always different corrosion behavior of
materials prepared by different methods? This work reports
resemble corrosion behavior of selective laser melted and
wrought single f-phase Ti-24Nb-4Zr-8Sn (Ti2448) in both
NaCl solution and Hank’s solution. The electrochemical
measurements showed that both samples have close calculated
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polarization resistance and corrosion potential in NaCl solution, i.e.,, 499 + 0.63 MQ cm” and —0.26 + 0.01 V for the selective
laser-melted Ti2448, and 4.42 + 0.71 MQ cm” and —0.25 + 0.01 V for the wrought Ti2448, respectively. Both samples reveal
the same variation in weight change after 180-day immersion test in Hank’s solution. Such resemblance in corrosion behavior
without pitting morphologies is attributed to the formation of monolithic #-phase during processing, which demonstrates that
titanium alloys with single phase show comparable corrosion behavior regardless of the manufacturing methods adopted.
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1. INTRODUCTION

Thanks to a considerable number of advantages in light weight,
good mechanical properties, good corrosion resistance, and
excellent biocompatibility, titanium (Ti) alloys have been
applied as biomedical implant materials for many years.'~” Ti
alloys are generally prepared by solidification/casting, powder
metallurgy, space holder technology, and foaming.®~"!
However, biomedical implants often have complex shapes
and their sizes are varied for specific patients. Therefore, the
manufacturing of biomedical implants by using conventional
technoloigies always have significant time, material, and energy
costs.'>~'* Fortunately, additive manufacturing (AM), as a new
type of emerging technology, has been employed to solve the
traditional manufacturing problems of Ti alloys.> ™"

Among the AM technologies, selective laser melting (SLM)
and electron beam melting (EBM) are the two most frequently
used AM techniques for producing metal materials; these AM
techniques use a computer-controlled heat source (laser or
electron beam, respectively) to manufacture Ti alloy parts with
complex shapes.'®'® The resultant SLM-produced (SLMed) or
EBM-produced (EBMed) Ti alloy parts have been reported to
exhibit comparable or even better mechanical properties
compared with their counterparts produced by traditional
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processing methods. For example, Zhang et a
compared the mechanical properties of commonly used Ti-
6Al-4V (in wt %, the same hereafter unless otherwise
indicated) produced by SLM and casting methods. The results
demonstrate the enhanced mechanical properties of SLMed
Ti-6Al-4V in terms of Vickers hardness (409 HV), yield
strength (1110 MPa) and ultimate tensile strength (1267
MPa) compared with the corresponding ones for the cast
counterparts (ie., Vickers hardness of 346 HV, yield strength
of 847 MPa and ultimate tensile strength of 976 MPa).
Additionally, SLMed Ti-24Nb-4Zr-8Sn (indicated as Ti2448
hereafter) also exhibits desirable Young’s modulus of 53 GPa,
yield strength of 563 GPa, and ultimate tensile strength of 665
GPa.'””’ The Young’s moduli for the EBM-produced porous
Ti2448 with different porosities have been decreased to 1 GPa
(at porosity of 79.5%) and 1.34 GPa (at porosity of 75%).'"**
In such a case, the EBMed porous Ti2448 with low Young’s
modulus could effectively reduce the stress shielding effect in
the human body when an implant made of Ti2448 alloy is
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used. Such results show that the Ti alloys produced by AM
techniques can meet the demand for industrial and biomedical
purposes in terms of their mechanical properties.

However, considering the environments in which AM-
produced Ti alloys are employed, the corrosion behavior of
AM-produced Ti alloys in corrosive media is another
significant criterion for biomedical applications. In general,
corrosion of biomedical implants takes place due to galvanic
corrosion on the contact surfaces of different metals or metal/
tissue interfaces, which may cause inflammation and even
lesions within the human body.””~>” Very recently, several
reports have addressed the corrosion behavior of AM-
produced Ti alloys. For example, Dai et al.** and Wu et al.®
found that the formation of acicular o’ phase degrades the
corrosion resistance of the SLMed Ti-6Al-4V and wire arc
additive manufactured Ti-6Al-4V in NaCl solution compared
with the commercial Ti-6Al-4V alloy, respectively. Dai et al.”’
further showed that a larger percentage of acicular o’ phase
would degrade the corrosion resistance of SLMed Ti-6Al-4V.
By contrast, Bai et al.’’ indicated that the EBMed Ti-6Al-4V
composed of refined o and f phase has slightly better
corrosion resistance than the wrought counterpart, which is
attributed to a higher volume fraction of § phase formed in the
EBMed Ti-6Al-4V and/or the formation of o phase in EBMed
Ti-6Al-4V alloy instead of & phase in the microstructure of
SLMed counterpart. In the meantime, Gong et al,®' Li et
al.">** and Chiu et al.*® respectively investigated the effect of
different phase fraction on the corrosion resistance of EBMed,
laser solid formed (another AM technique) and direct metal
printed (another AM technique) Ti-6Al-4V, and found the
samples with a lower fraction of a phase or a higher fraction of
J3 phase have better corrosion resistance. However, Dai et al.>*
elucidated that the corrosion resistance of the SLMed Ti-6Al-
4V is still unfavorable even through the transformation of o’
phase to a phase and/or the augment of f phase by heat
treatment. From the above studies, it seems that there is little
consensus of critical significance on the corrosion performance
of the AM-produced Ti-6Al-4V. One can note that the Ti-6Al-
4V studied in the previous work are always composed of
various phases (such as @, @ and f phases). The distinct
preparation methods can result in different phase constituents
in Ti-6Al-4V alloy. The other AM-produced alloys, such as
Al-Si alloys, also present different phase constituents
compared with the ones in the counterparts prepared by the
traditional methods. For example, more refined Si particles in
the SLMed Al-Si alloys could prominently enhance the
corrosion resistance.”>*° Hence, it is still unclear whether the
AM-produced alloys have better or worse corrosion resistance
compared with their traditional counterparts. Therefore, an
open question arises: how is the corrosion resistance of a Ti
alloy (and other alloys as well) with the same phase
constituents (such as single phase) prepared by AM technique
compared with the traditional counterpart? Unfortunately,
there is still a lack of existing investigation to answer this open
question. A better understanding of the corrosion resistance of
single-phase alloys prepared by AM technique and traditional
methods is urgently needed.

In our previous studies, the SLM-produced Ti-6Al-4 V has
been extensively studied.”**”** We confirmed that pitting
corrosion is prone to take place in such a biphasic Ti alloy both
prepared by SLM and traditional methods, degrading the
corrosion resistance of the Ti alloys. These results motivate us
to investigate the corrosion behavior of singe-phase Ti alloys.
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Among Ti alloys, Ti2448 alloy, as one of the potential f-type
biomedical materials, has been successfully produced by
SLM'>'® and by EBM.'®'”?* Therefore, a SLMed Ti2448
alloy was selected as the experimental alloy, and a wrought
Ti2448 alloy was used as a reference in this work. Considering
the biomedical applications of Ti2448, electrochemical
measurements, immersion tests, and microstructural character-
izations were conducted to investigate the corrosion behavior
of the experimental alloys. The results elucidate that without
the microgalvanic effect triggered by heterogeneous phases, the
corrosion behavior of the SLMed Ti2448 would be comparable
to that of the wrought counterpart.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. Two types of Ti2448 cubes (10 mm
X 10 mm X 10 mm) from different manufacturing methods were used
in this work: Ti2448 produced by SLM technique (indicated as
SLMed Ti2448) and wrought Ti2448 (indicated as wrought Ti2448).
The powder used for SLMed Ti2448 was prepared by a gas atomized
from a remolten Ti2448 ingot in a vacuum arc furnace. The produced
powder particles had a spherical shape with the diameter ranging from
4S5 to 100 ym. The SLMed Ti2448 cubes were produced using a
ReaLizer SLM 100 machine equipped with a 200 W Yb: YAG fiber
laser. The main SLM manufacturing parameters of Ti2448 were listed
in Table 1. The scanning strategy of SLM of Ti2448 was zigzag

Table 1. Main SLM Manufacturing Parameters Used in This
Work

parameter value
laser power (W) 200
laser scan speed (mm s™') 750
laser spot size (um) 40
layer thickness (um) 50
hatch space (um) 100
energy density (J mm™) 80

pattern, the scanning direction was rotated 90° between each
consecutive layer. The relative density, measured using the
Archimedes method, of the produced Ti2448 was 99.3%. The
wrought Ti2448 sample was directly cut from a wrought ingot. The
prepared samples were then welded with copper wires and sealed in
epoxy resin. Subsequently, the sample surface was mechanically
ground up to 2000 grits using SiC paper and polished with a colloidal
silica suspension to a 0.04 ym with a mirror finish. The polished
samples were ultrasonically cleaned with ethanol for 3 min and then
air-dried.

2.2. Phase Identification and Microstructure Character-
izations. X-ray diffraction (XRD, PANalytical Empyrean diffrac-
tometer) was used to study the phase constituents of the samples
using Co—K, radiation at room temperature. The XRD was
performed with a scan rate of 0.03° s™' from 30° to 110°. The
experimental data were analyzed by the Software of X'pert Highscore
Plus with PAN-ICSD database. The surface morphologies of SLMed
Ti2448 and wrought Ti2448 before and after corrosion tests were
measured by a Zeiss optical microscope and a field emission scanning
electron microscope (FE-SEM, JSM-7800F, JEOL). A Kroll’s
solution, composed of 2 vol % HF (concentration 48—51%, CAS
Number 7664-39-3, Sigma-Aldrich), 6 vol % HNO; (concentration
70%, CAS Number 7697-37-2, Sigma-Aldrich), and 92 vol % H,0,
was used to etch the alloy samples for microstructural characterization
purpose.

2.3. Electrochemical Measurements. The electrochemical tests
in this work were carried out in a 3.5 wt.% NaCl (purity >99.5%, CAS
Number 7647-14-S, Sigma-Aldrich) solution at room temperature
(about 24 °C) with a Gamry 6000 electrochemical workstation,
coupled with a conventional three-electrode system (ASTM G3-89).
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The working electrode of this system was the experimental alloy, a
platinum net was used as the counter electrode, and a saturated
calomel electrode (SCE) was used as the reference electrode.
Accordingly, the electrochemical potentials reported in this work
were referred to SCE. Prior to the electrochemical impedance
spectrum (EIS) test, an open circuit potential (OCP) measurement
for 70h was conducted to obtain a relatively stable state for each
tested sample. The frequency range of the EIS test was between 1 X
10* Hz and 1 X 1072 Hz with a low amplitude alternating current
amplitude of S mV. Finally, the potentiodynamic polarization was
tested based on the relatively stable state after the EIS test. The
potential scanning range was from —0.25 V versus the OCP to +1.80
V at a sweep rate of 0.1667 mV s™'. The experiments were repeated at
least three times to ensure data reproducibility.

2.4. Immersion Tests. Three pieces of sample sheets for each
type of Ti2448 were prepared for immersion test in simulated body
fluid (Hank’s balanced salts: MDL number MFCD00217418, Sigma-
Aldrich) at 37 °C. The simulated body fluid (Hank’s solution) in the
immersion test was adjusted by adding 0.35 g L™' NaHCO, (purity
>99.5%, CAS Number 144-55-8, Sigma-Aldrich), and the other main
compositions of Hank’s solution were 0.140 g L™' CaCl,, 0.098 g L™
MgSO,, 0.4 g L™' KCl, 0.06 g L™' KH,PO,, 8 gL~ NaCl, 0.048 gL™"
Na,HPO,, 1 g L' C;H,,04, and 0.011 g L' CoH,,0SNa. The final
pH value of Hank’s solution was modified by adding the diluted HCI
solution (concentration 36.5—38.0%, CAS Number 7647-01-0,
Sigma-Aldrich) and diluted NaOH (purity >98%, CAS Number
1310—73—2, Sigma-Aldrich) solution to reach 7.4. The size of each
sample for immersion test was 10 mm X 10 mm X 1 mm with a total
immersion period of 6 months. Surface morphologies of the immersed
samples were then studied using optical microscopy, and the weight
analysis of these samples was carried out after removing the corrosion
product using the wash solution consisted of 70 mL of HNO;
(concentration 70%, CAS Number 7697-37-2, Sigma-Aldrich) and
30 mL of H,O.

3. RESULTS

3.1. Phase Constituent and Microstructural Feature.
Figure 1a shows the XRD patterns for the SLMed Ti2448 and
wrought Ti2448. The result shows a board range of peaks at
44.9°, 65.4°, 82.9°, and 99.6° for both samples, corresponding
to (011), (002), (112), and (022) planes of § phase in Ti
(ICSD 44391), respectively. The above result indicates that
both experimental alloys have a single body-centered cubic
(BCC) structure. The crystallographic data extracted from the
software of Jade 6.5 are 0.33037 and 0.33095 nm for SLMed
Ti2448 and wrought Ti2448, respectively, which are
significantly close to the crystallographic data of pure BCC
Ti (0.33065 nm). The optical microstructures of the etched
SLMed Ti2448 and wrought Ti2448 are revealed in Figures
1b, c. The SLMed Ti2448 shows a lot of SLM scan tracks
associated with small grains. The wrought Ti2448 presents
several processing flows accompanied with fragmentary grains,
indicating an incomplete recrystallized state. Furthermore, the
grain size in SLMed Ti2448 is significantly smaller than that in
wrought Ti2448. Some studies indicated that the refined
microstructure would improve the corrosion resistance of an
alloy.’>**~*” For example, the refined a grain of Ti-6Al-4 V
produced by EBM enhances the corrosion resistance compared
with the wrought counterpart; the refined Si particles of Al-
12Si produced by SLM significantly minimize the micro-
galvanic effect of the coarse Si particles in the cast counterpart,
thereby improving the corrosion resistance.

3.2. Electrochemical Measurements. The OCP results
for 70 h immersion in 3.5 wt.% NaCl solution are shown in
Figure 2. The OCP curves show distinct fluctuations at the
initial stage of the tests. Such a phenomenon results from the
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Figure 1. (a) XRD patterns for the selective laser melted Ti2448 and
wrought Ti2448; and optical microstructures of: (b) selective laser
melted Ti2448 and (c) wrought Ti2448. Ti2448 indicates Ti-24Nb-
4Zr-85n.
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Figure 2. OCP vs time for the selective laser melted Ti2448 and
wrought Ti2448 immersed in 3.5 wt.% NaCl solution at room
temperature. The final relatively stable OCPs for both samples are
between —0.3 and —0.4 V, indicating no significant difference in OCP
between these two samples. Ti2448 indicates Ti-24Nb-4Zr-8Sn.

transfer of electrons between the metal surface and the solution
at the beginning of the immersion of the working electrode in
the corrosive environment until an equilibrium of electro-
chemical potential is reached for both sides.”” Dai et al.***’
also mentioned that the formation of the passive film on the
surface of the electrode would result in a suppressed anodic
process and a positive shifted potential. Therefore, two distinct
stages can be found in Figure 2 for both SLMed Ti2448 and
wrought Ti2448. The first stage is the quick dissolution in the
first 2 h, which is indicated by the large drops of the OCP

curves. The second stage is the formation of the passive film on
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the surface of the electrode. In the second stage, a relative
stabilized positive shift is observed on the OCP curve until the
70th hour. The final relatively stable OCPs for SLMed Ti2448
and wrought Ti2448 are between —0.3 V and —0.4 V, which
indicates that there is no prominent OCP difference between
the SLMed Ti2448 and wrought Ti2448 samples.

Figure 3 reveals the EIS results of SLMed Ti2448 and
wrought Ti2448. The Nyquist plots in Figure 3a show that
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Figure 3. EIS results of selective laser melted Ti2448 and wrought
Ti2448 immersed in 3.5 wt.% NaCl solution at room temperature: (a)
Nyquist plots (the inset is the equivalent circuit diagram) and (b)
Bode plots (the solid blue arrow indicates the Bode impedance plot

and the hollow arrow illustrates the Bode phase angle plot). Ti2448
indicates Ti-24Nb-4Zr-8Sn.

both SLMed Ti2448 and wrought Ti2448 only consist of a
considerable large semicircle, and the semicircles have a nearly
identical radius, which is consistent with the similar charge
transfer resistance (R,) from the EIS fitting results in Table 2.
The radius of semicircle presented in the Nyquist plot usually
indicates the imgpedance of the formed oxide film on the
sample surface.”*>"***® Generally, a larger radius of the
semicircle means a denser oxide formed on samples surface
with higher impedance, which results in better corrosion
resistance of the sample.””~* The similar semicircle radii of
the tested samples in this work illustrate the approximated
impedances of the formed oxide films on both SLMed Ti2448
and wrought Ti2448. The Bode impedance plots in Figure 3b
(as indicated by solid blue arrow) reveals two distinct regions
for both SLMed Ti2448 and wrought Ti2448. The nearly flat
part in the high-frequency range corresponds to the solution
resistance. Then the impedance increases up to 1 X 10° Q cm?
in the following frequency range between 1 X 10°> Hz and 1 X
107> Hz. Meanwhile, in the bode phase angle plot (as indicated
by hollow arrow), a wide plateau of phase angle above 70° is
represented between the frequency range of 1 X 10” Hz and 1
X 107! Hz in Figure 3b, explaining a dense passive film formed
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Table 2. Fitting Results of EIS for the SLMed Ti2448 and
Wrought Ti2448 Immersed in 3.5 wt % NaCl Solution

R, (ZQ CPE (x 107 Q7! R,
cm?) cm™2 S7") n (MQ cm?) 7
SLMed 577 2.95 0.94 3.83 0.0006
Ti2448 7.25 412 0.92 1.60 0.0004
5.82 4.53 0.93 1.03 0.0007
average 6.28 3.87 0.93 2.15 0.0006
standard 0.84 0.82 0.01 1.48 0.0001
deviation
wrought 643 273 0.94 1.74 0.0007
Ti2448 10.67 4.08 0.92 1.50 0.0007
6.34 3.97 091 3.34 0.0015
average 7.81 3.59 0.93 2.19 0.0010
standard 2.47 0.75 0.02 1.00 0.0004
deviation

“R, and R, are the fitted solution resistance and charge transfer
resistance, respectively; CPE is the constant phase element; n
corresponds to the deviation from capacitor; y” indicates the fitting
quality between the experiment data and the fitting data.

on the sample surface for both SLMed Ti2448 and wrought
Ti2448.7 7%

It was indicated that the oxide film formed on the surface of
the experimental alloys could be composed of a dense inner
layer and a porous outer layer.*’ Therefore, after considering
with the EIS results in this work and the reported results from
the literature,”***** an electrical equivalent circuit diagram
(model of R(QR)) was chosen to fit the EIS results. The
schematic drawing of the layer and the equivalent circuit
diagram is shown in Figure 3a inset. The components of the
equivalent circuit diagram include a solution resistance (R;), a
constant phase element (CPE), and a charge transfer resistance
(R.). The CPE is used instead of capacitance because the
distribution of the electric is nonuniform and the outer layer of
passive film formed on the sample surface could increase the
surface roughness.””*® Accordingly, the fitting results of n in
Table 2 represent the deviation from ideal capacitor,” which
indicates an ideal capacitor response in the system if the fitted
value 7 is close to 1. The other fitting results, such as R, are
much smaller than R, in which the effect of the solution
resistance is significantly small or the corrosion resistance of
the samples in this system is mainly affected by the density of
the oxide film formed on the sample surface. Furthermore, the
R, means the transferability of the ions between the electrode
surface and the electrolyte; the higher value of the R,
illustrates less charge transfer between the electrode surface
and the electrolyte and lower corrosion rate of the
sample.”**”** The value of R, for the wrought Ti2448 is
only 2.19 + 1.00 MQ cm?, which is slightly higher than that for
the SLMed Ti2448 (2.15 + 1.48 MQ cm?) and is within the
standard deviation.

The potentiodynamic polarization curves for the SLMed
Ti2448 and wrought Ti2448 are shown in Figure 4. An evident
passivation region is observed in this figure for both samples
and divides the whole potentiodynamic curve into three typical
regions: a Tafel region, a passivation region, and a transpassive
region. The corrosion current density (j.,) and corrosion
potential (E,) could be calculated by fitting the Tafel
region.””*® For example, the j.,,, and E.,,, could be obtained by
fitting two tangent lines in Tafel region (as shown in Figure 4).
The intersections in x-axis and y-axis corresponds to j.,, and
E..y and the slopes of these two tangent lines are the f, and

DOI: 10.1021/acsbiomaterials.8b01341
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Figure 4. Potentiodynamic polarization curves for the selective laser
melted Ti2448 and wrought Ti2448 immersed in 3.5 wt % NaCl
solution. Ti2448 indicates Ti-24Nb-4Zr-8Sn.

P.. The polarization resistance (RP) could be calculated by
using the following equation:*”*°
AIA) 1

PT 2.303(8 + 151) (1)

The corresponding results are listed in Table 3. It is clear that
the average values of the corrosion current densities for the

]COl’l'

Table 3. Fitting Results of Potentiodynamic Polarization
Curves for the SLMed Ti2448 and Wrought Ti2448
Immersed in 3.5 wt % NaCl Solution

ﬁa ﬂC jCOl’l’ (ﬂA ECO“’ (MQ

(mV)  (mV) cm™?) ( cm?)

SLMed Ti2448 334 72 0.005S —-0.26 4.74

278 113 0.0077 -0.25 4.52

278 74 0.0045 -0.26 5.71

average 297 86 0.0059 —0.26 4.99

standard 32 22 0.0017 0.01 0.63
deviation

wrought Ti2448 214 130 0.0078 —-0.24 4.51

117 123 0.0071 —-0.26 3.67

294 110 0.0069 -0.25 5.08

average 209 121 0.0073 —-0.25 4.42

standard 88 10 0.0005 0.01 0.71
deviation

“p, and f. are the fitting anode and cathode slope of Tafel region,
respectively; j... is the fitted corrosion current density; E., is the
corrosion potential, and R,, is the calculated polarization resistance.

SLMed Ti2448 and wrought Ti2448 are 0.0059 + 0.0017 pA
cm™? and 0.0073 + 0.0005 yA cm™?, respectively. In addition,
the polarization resistance of each sample in the potentiody-
namic polarization test can also be calculated.*® The calculated
polarization resistance indicates that both materials have an
approximated polarization resistance, i.e., 4.99 + 0.63 MQ cm*
for the SLMed Ti2448 and 442 + 0.71 MQ cm’ for the
wrought Ti2448. In the meantime, the same corrosion
potential (E,,) of —0.25 V is found for the SLMed Ti2448
and wrought Ti2448. In the passivation region, the passivation
potential ranges from 0.35 to 1.2 V for both samples. There is
no pitting phenomenon observed within the passivation region,
this is confirmed by no sudden increase in corrosion current
density without any potential changes in the passivation region.
Furthermore, the passivation current density (Ipp) of the
SLMed Ti2448 is almost the same as that of the wrought
Ti2448, where the values are around 1.41 A cm™> for both
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samples. Above the passivation region, the current density
begins to increase as the potential passes over 1.2 V (E,
breakdown potential). The passivation at this stage is
considered as a temporary finish, and the CI™ reaches the
metal surface.’™*® Afterward, quick secondary passivation is
observed above the breakdown potential, which illustrates both
materials have a robust repassivation ability of oxide film.

Figure S shows the SEM morphologies of SLMed Ti2448
and wrought Ti2448 before and after electrochemical tests. It
is distinct that the surface morphologies of both samples are
similar. No significant corrosion trace and pitting could be
found on both sample surface except for the intrinsic defects in
the SLMed Ti2448. This phenomenon indicates that both
SLMed Ti2448 and wrought Ti2448 are corrosion-resistant to
NaCl solution. Such similar surface morphologies of both
samples also demonstrate their similar electrochemical
behavior in this work.

3.3. Immersion Tests. After 180-days of immersion in
Hank’s solution, the morphology of mixed oxide film and
corrosion products were obtained for all immersed samples.
The optical microscopy observations (Figure 6) indicate that
large quantities of pellet-like corrosion products are observed
for both SLMed Ti2448 and wrought Ti2448 samples. Such a
result illustrates that it is difficult to find any difference in the
morphologies of both immersed samples. After removing the
oxide film and corrosion product, the immersed SLMed
Ti2448 and wrought Ti2448 samples also have the almost
same weight (1.432 + 0.00S g for the SLMed Ti2448 and
1.570 + 0.005 g for the wrought Ti2448, respectively)
compared with the sample weight before the immersion test
(the original sample weight is 1.432 + 0.005 g for the SLMed
Ti2448 and 1.570 + 0.005 g for the wrought Ti2448,
respectively). This elucidates that the spontaneous passivation
film (such as the TiO, and Nb,O¢***") formed on Ti2448 is
stable and resistant to corrosion in Hank’s solution. Therefore,
the immersion test results are in line with the electrochemical
results, where the SLMed Ti2448 and wrought Ti2448 with
single f-phase have a similar and strong resistance to corrosion
in 3.5 wt % NaCl solution.

Figure 7 shows the SEM image of the cross-section of the
corroded samples after 180-day immersion in Hank’s solution
at 37 °C. The figure shows three distinct regions for all tested
samples, including resin on top, corrosion products mixed with
an oxide film in the middle, and the substrate on the bottom. It
is significant that the corrosion products formed on the SLMed
and wrought Ti2448 have the similar thicknesses of around 3
um. Such a result elucidates the resemble corrosion behavior of
the SLMed and wrought Ti2448. If both samples have a
distinctive corrosion mechanism, they would possess rather
different corrosion products in morphology. Therefore, the
outcomes of the immersion test are consistent with the results
of the electrochemical measurements.

4. DISCUSSION

Galvanic corrosion is one of the most common corrosion types
for alloys in electrolyte solutions, which always results from the
formation of (micro-)galvanic couple due to the potential
difference between the anode phase and cathode phase.”' In
general, the microgalvanic couple in multiphase Ti alloys could
cause severe corrosion in the anode phase. Taking examples
from the literature,*”****** the corrosion mechanism of
multiphase or single-phase Ti alloys prepared by SLM can be
understood further. Ti-6Al-4V alloy is a typical dual-phase Ti
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Figure 5. Secondary electron SEM images of (a) selective laser melted Ti2448 and (b) wrought Ti2448 before electrochemical corrosion test in
NaCl solution, and (c) selective laser melted Ti2448 and (d) wrought Ti2448 after electrochemical corrosion test in NaCl solution. No distinctive

corrosion is found for both alloys. Ti2448 indicates Ti-24Nb-4Zr-8Sn.

Figure 6. Surface morphologies of (a) selective laser melted Ti2448
and (b) wrought Ti2448 after 180-day immersion in Hank’s solution.
No distinctive corrosion morphologies are found for both alloys.
Ti2448 indicates Ti-24Nb-4Zr-8Sn.

28,30,34

alloy which consists of the @ (or @) phase and S phase.
Figure 8a gives the schematic illustration of the corrosion
mechanism by using the model of a galvanic microcell for Ti-
6Al-4V alloy. The microgalvanic corrosion process takes place
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Figure 7. SEM image of the cross-section of the corroded samples:
(a) selective laser melted Ti2448 and (b) wrought Ti2448 after 180-
days immersion in Hank’s solution at 37 °C.

between the a phase and f phase. During the corrosion, the
phase containing the a-stabilizer (e.g., Al) would act as the
microanode, and the § phase containing the f-stabilizer (e.g,
V) would act as the microcathode. Due to the electrochemical
reaction, the microcathode accelerates the dissolution of the
microanode where especially dissolves the spontaneous oxide
film formed on the sample surface.” In this case, as revealed in
Figure 8a, severe pitting corrosion takes place in the
microanode. Therefore, galvanic corrosion is commonly
found in the SLMed Ti-6Al-4V. This is especially significant
because of the fast cooling rate; the large generated amount of
acicular o’ phase with high energy state, which acted as the
microanode, is more prone to be corroded in the SLMed Ti-
6A1-4V.*" A similar scenario is elucidated in the SLMed Ti-
SCu alloy in our previous study; The microcathode of Ti
matrix would tremendously accelerate the dissolution of the
small amount of microanode a’ phase presented in the
boundaries of melting pools.*’
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Figure 8. Corrosion mechanism of: (a) dual phase Ti alloy, and (b)
single f-phase Ti alloy. Because of the existence of a heterogeneous
phase, the microgalvanic effect is prone to form and accelerates the
dissolution of microanode in dual-phased Ti alloy. Therefore, severe
pitting corrosion is always found in dual-phase Ti alloy. By contrast,
microgalvanic effect between different phases is absent in single j-
phase Ti alloy. Hence, only uniform corrosion is observed.

corrosion 1

However, the S-type Ti2448 alloy only consists of the single
P-phase that eliminates the effect of the microgalvanic couple
between the different phases during corrosion. As shown in
Figure 8b, the Ti2448 alloys (both for SLMed Ti2448 and
wrought Ti2448) would be corroded simultaneously without
prior microgalvanic corrosion between the different phases.
Hence, the corrosion of the f-type Ti2448 alloy potentially
occurs at the grain boundaries where the lattice mismatch is
presented and in the high-energy state.’’ However, the
passivation abilities of Ti and Nb elements in Ti2448 alloy
are extremely strong that could generate a spontaneous
passivation film (such as Nb,O; and TiO,) and greatly prevent
the corrosion at the grain boundaries.’®*”*! Therefore, no
evident pitting corrosion could be found in the morphology of
the corroded SLMed Ti2448 and wrought Ti2448 after
immersion tests. Similar to the study of Navarro Laboulais et
al,>* the corrosion resistance of the f-type Ti3SNb10Ta-xFe
alloys produced by powder metallurgy method does not
change significantly with increasing the Fe concentration in 1
M H,SO, solution, and there is no film breakdown
phenomenon up to 2 V for all tested samples during the
potentiodynamic polarization. Bai et al.” studied the corrosion
behavior of hot-rolled f-type Ti4SNb alloy under different
solutions. The result demonstrates that the Ti4SNb has an
excellent corrosion resistance in simulated body fluid and
Fusayama—Meyer artificial saliva solution but not in
fluoridated acidified artificial saliva solution. There is also no
film breakdown up to 3 V for all tested samples during the
potentiodynamic polarization, suggesting the occurrence of
uniform corrosion and the formation of a spontaneous oxide
film (such as TiO,, Nb,Os). However, not all -type Ti alloys
have the same phenomenon. The corrosion behavior during
the electrochemical test always depends on the sample surface
condition, temperature, electrolyte, etc. For example, Li*? has
studied the corrosion properties of nanostructured Ti2448
alloy under different fluoride concentration. The result
indicates that as the fluoride concentration increases, the
corrosion resistance of the tested samples is reduced and the
pitting phenomenon takes place at the fluoride concentration
above 0.1%. This work confirms that the SLMed single f-phase
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Ti2448 alloy has comparable corrosion behavior with the
counterpart manufactured by a conventional method (Figures
2—6). Thus, this work advances a new understanding for the
corrosion behavior for Ti alloys prepared by SLM.

5. CONCLUSIONS

In this work, a Ti-24Nb-4Zr-8Sn (Ti2448) alloy with single /-
phase was produced by selective laser melting (SLM). The
corrosion behavior of the selective laser melted Ti2448 alloy
was investigated by electrochemical measurements and
immersion tests together with some microstructural character-
izations. A wrought Ti2448 alloy was used as a reference for
comparison. The main conclusions can be drawn as follows:

(1) The results from microstructural characterizations and
X-ray diffraction reveal that both the selective laser
melted Ti2448 and wrought Ti2448 consist of only
single f-phase but different grain size. The crystallo-
graphic data extracted from the software of Jade 6.5 are
0.33037 and 0.33095 nm for SLMed Ti2448 and
wrought Ti2448, respectively, which are significantly
close to the crystallographic data of pure BCC Ti
(0.33065 nm).

(2) The electrochemical impedance spectrum (EIS) testing
result shows that the calculated polarization resistance is
2.15 + 148 MQ cm? for the selective laser melted
Ti2448 and 2.19 + 1.00 MQ cm’ for the wrought
Ti2448. Meanwhile, the fitting results of potentiody-
namic polarization curves indicate that the corrosion
current densities for the selective laser melted Ti2448
and wrought Ti2448 are 0.0059 + 0.0017 yA cm™* and
0.0073 =+ 0.0005 #A cm™ and the corrosion potentials
for the selective laser melted Ti2448 and wrought
Ti2448 are —0.26 =+ 0.02 and —0.25 + 0.01 V,
respectively. These results demonstrate that the
corrosion behavior is significantly similar for the
Ti2448 alloys prepared by selective laser melting and
by traditional processing method.

(3) The comparable corrosion behavior of the selective laser
melted Ti2448 and wrought Ti2448 is attributed to the
existence of single f-phase in both alloys. Therefore,
uniform corrosion is observed instead of pitting
corrosion for both alloys. This work confirms that the
distinction in the corrosion behavior of Ti alloys is not
triggered by the manufacturing methods but by the
formation of various phase constituents in the micro-
structure, which advances a new understanding of the
corrosion behavior of Ti alloys prepared by selective
laser melting.
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