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Abstract: Selective laser melting (SLM) can fabricate titanium and its alloy components with both
elaborate internal architectures and complex shapes without geometric constrictions. The corrosion
resistance of SLM-produced Ti and its alloy is crucial in some applications such as marine and
biomedical environments. Here, potentiodynamic polarization and electrochemical impedance
spectroscopy were used to evaluate the corrosion behaviors of SLM-produced Ti-6Al-4V in the four
corrosive media (simulated body fluid (SBF), phosphate buffered saline solutions (PBS), 3.5 wt.%
NaCl aqueous solution, 15 wt.% NaCl aqueous solution). The relevant results demonstrate the inferior
corrosion resistance of the SLM-produced Ti-6Al-4V sheet compared with the commercial casting
Ti-6Al-4V sheet in the four solutions. The corrosive current density of SLM-produced Ti-6Al-4V in
PBS solution is 1.78 µA cm−2 and 7.065 µA cm−2 in 15 wt.% NaCl solution, and the values of charge
transfer resistance for SLM-produced Ti-6Al-4V in the four solutions are in the order: 17.9 kΩ cm−2

(in 15 wt.% NaCl) < 25.2 kΩ cm−2 (in 3.5 wt.% NaCl) < 28.1 kΩ cm−2 (in SBF) < 39.8 kΩ cm−2 (in
PBS), demonstrating the best protective performance of the passivation film on the SLM-produced
Ti-6Al-4V sheet in PBS.

Keywords: selective laser melting; Ti alloy; corrosion resistance; PBS; SBF

1. Introduction

Titanium (Ti) and its alloys have been used in aerospace, aeronautic, automotive,
biomedical, structural, and other applications because of their less density than materials
like steel and higher stress support than Al-alloys [1–4]. In some applications, producing
Ti and its alloy parts with a high geometrical complexity or specially designed parts for
individuals are expected. For instance, in bone loss replacement orthopedic prostheses
usually need to fabricate uniform and size-controlled pore structures [5–7]. A variety of
methods have been utilized for the fabrication of porous systems, such as sintered beads [8],
fiber mesh [9], and thermal spray processes [5], space holder technique [10]. However,
they have disadvantages such as compromised microstructure, incapability to achieve
interconnected pores at optimal porosity level, lack of porosity controllability, mismatch of
mechanical properties between implants and human bone. As such, the advanced rapid
prototype technology was coming.

Rapid prototype technology or additive manufacturing (AM) is a process of adding
materials layer by layer to make objects from digital 3D models [11–13]. AM is capable of
accurately controlling both the internal architecture and complex shape without geometric
constrictions. As an important one of AM, selective laser melting (SLM) uses a fiber laser
as the energy source and selectively melts powder in an inert gas filled or vacuum chamber
which ensures higher purity by minimizing the oxygen in the environment and reducing
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the risk of hydrogen pick up [14–16]. With SLM kinds of Ti and its alloy components have
been produced successfully [17–21].

With respect to SLM-produced Ti and its alloy components, the present attention is
mainly focused on utmost high density or sophisticated structures, expected mechanical
properties, preferable microstructures [22–25]. For example, Ti alloy bone repairment im-
plants with elastic constants falling in the range of 1.0 to 25.0 GPa (Human bones’ elastic
constants) were produced by SLM to avoid “stress shielding” [26,27]. The deliberately fabri-
cated pore structures in the Ti alloy implants reduced the elastic constant from ~110 Gpa to
~20 Gpa. Considering their application environments, such as corrosive chemical solution
systems, human body and marine environments, the corrosion resistance of SLM-produced
Ti and its alloys is another critical property. So far there have been several studies on the
corrosion behaviors of SLM-produced Ti and its alloys. Chiu et al. studied the tribocorro-
sion of SLM-produced Ti-6Al-4V in Ringer’s simulated body solution. The electrochemical
characteristics in anodic polarization were similar for the SLM-produced Ti-6Al-4V and
traditional fabricated Ti-6Al-4V sheets; both the samples possessed large and steady passi-
vation regions. However, the Ti3O and Ti6O phases in the SLM-produced Ti-6Al-4V parts
led to a superior wear resistance compared with traditional fabricated Ti-6Al-4V [17]. The
corrosion behavior of SLM-produced Ti-6Al-4V alloy in NaCl solution was also evaluated,
and the critical potentials (Ecp) of the commercial Grade 5 alloy and SLM-produced Ti-
6Al-4V were compared. The value of Ecp is usually used to describe the stability of the
film on the surface of metal. The greater the value of Ecp, the more stable the passive film.
The greater value of Ecp in the commercial Grade 5 alloy indicated that the SLM-produced
Ti-6Al-4V sample exhibited a worse corrosion resistance, and its unfavorable corrosion
resistance was attributed to the dominant α′ and less β–Ti [19]. Cui et al. discovered the
metastable pitting corrosion behavior of SLM-produced Ti-6Al-4V in Hank’s solution, and
concluded that the passive films formed on the sample exhibited a higher flux of oxygen
vacancies, resulting in the absorption of more aggressive ions, thereby producing more
cation vacancies [21]. In this work, given the practical applications of Ti alloys, we chose
four different solutions (simulated body fluid (SBF), phosphate buffered saline solutions
(PBS), 3.5 wt.% NaCl aqueous solution, 15 wt.% NaCl aqueous solution) as corrosion media
to evaluate the corrosion resistance of SLM-manufactured Ti-6Al-4V.

2. Materials and Methods
2.1. Materials

Ti-6Al-4V alloy powder with the particle size of 15–45 µm was purchased from com-
mercial route. Sodium chloride (NaCl), sodium bicarbonate (NaHCO3), potassium chloride
(KCl), dipotassium hydrogen phosphate trihydrate (K2HPO4•3H2O) and magnesium
chloride hexahydrate (MgCl2•6H2O), calcium chloride dihydrate (CaCl2•2H2O), sodium
sulfate (Na2SO4) HCl solution (37%) were bought from Kelong Company (Chengdu, China).
Deionized water was used as needed.

2.2. Preparation of Samples

Here, the selective laser melting (SLM) was employed to fabricate Ti alloy sheets
(20 mm × 20 mm × 1.5 mm) in a MTT SLM 250 HL machine containing a 400 W Yb:
YAG fiber laser with an 80 µm spot size. The SLM-produced samples were manufactured
using a laser power (at the part bed) of 200 W (λ = 1.07 µm) and laser scan speeds of
1250 mm/s. Both the hatch spacing (distance between scan lines) and the layer thickness
were 100 µm. The direction of scanning was rotated of 90◦ between successive layers. The
shape and size of the SLM-produced Ti-6Al-4V (noted as ST) sheet and commercial Ti-6Al-
4V (noted as CT) sheets were illustrated in Figure 1. The density of ST was determined the
value > 99% using the Archimedes method. Table 1 lists the chemical compositions of ST
and CT, which indicates that the compositions of the two samples are similar. In order to
evaluate their electrochemical properties, the samples were embedded in epoxy resin, and
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the surfaces were mechanically abrased with silica carbide paper up to 2000 grit, and then
were ultrasonically cleaned in deionized water, rinsed in ethanol and dried in cool air.
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Figure 1. Size parameters of prepared titanium sheets.

Table 1. Chemical composition (wt.%) of Commercial Casting Ti-6Al-4V and SLM-produced Ti-6Al-4V.

C H O N Fe Al V Ti

ST 0.01 0.015 0.19 0.021 0.23 6.15 4.03 Bal.
CT 0.02 0.001 0.11 0.016 0.53 6.18 4.04 Bal.

2.3. Electrochemical Measurement

Electrochemical measurements including open circuit potential (OCP), potentiody-
namic polarization and electrochemical impedance spectroscopy (EIS) were conducted
using a SolartronSI1280 electrochemical station in a conventional three-electrode cell. The
working electrode was the as-prepared commercial and SLM-produced Ti-6Al-4V samples
with an exposed apparent surface area of 4 cm2. A platinum sheet was used as counter
electrode and a saturated calomel electrode (SCE) as the reference electrode. SBF, PBS,
3.5 wt.% NaCl solution, 15 wt.% NaCl solution and were utilized as the electrolytes. SBF
and PBS were prepared according to the processes reported in the literatures [28,29]. Prior
to the polarization and EIS tests, the samples were kept in the electrolyte for enough time
to attain a stable OCP. The potentiodynamic polarization curves were performed from the
potential range of −0.5 to 1.0 V versus OCP at a sweep rate of 1 mV/s. EIS was performed
at the OCP potentiostatically. The frequency range for EIS was from 100 kHz to 10 mHz
with an amplitude of 5 mV. All reported potentials in this work were relative to SCE, and
the electrochemical measurements were carried out at the temperature of 25 ± 1 ◦C. The
Zview 3.4 and VersaStudio 2.1 softwares were used to determine the EIS curve fitting and
corrosion rate, respectively. Triplicate experiments were carried out for all samples to
ensure reproducibility.

2.4. Characterization of Samples

The morphology of SLM-fabricated sample and commercial Ti-6Al-4V sheet were
evaluated by Scanning Electron Microscopy (SEM, S-4800, Hitachi, Tokyo, Japan). The
elements in the samples were analyzed by energy-dispersive X-ray Spectroscopy (EDS,
JSM-5610LV, JEOL, Tokyo, Japan). The phase constituents of the samples were examined by
X-ray diffraction (D8Advance, Bruker, Karlsruhe, Germany) using Cu Kα radiation with 2θ
ranging from 15◦ to 100◦ at room temperature. An optical microscope (GX51, Olympus,
Tokyo, Japan) was used to further distinguish the microstructural difference between ST
and CT. As for microstructural studies, the specimens were etched in a Kroll’s solution
consisting of 10 mL HF, 15 mL HNO3 and 75 mL H2O.

3. Results and Discussion
3.1. Characterization of the Samples

The SEM images of ST and CT are show in Figure 2A,B,D,E. Accordingly, ST and
CT show the obviously different microstructures. In the ST sheet, white β layer phase is
arranged in bundles, which separates the gray α′phase. Some tiny holes can be found in the
gap between the parallel β layers. These micropores may weaken the corrosion resistance
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of the titanium sheet. In contrast, in the CT sheet the β layers are thicker and the micropore
structures are less common than in CT. The phase compositions in the two samples were
clearly distinguished by etching and optical microscope observation. A typical acicular-like
α′ phase martensitic microstructure in ST could be found (Figure 2G), which was mainly
caused by the fast-cooling rate in the SLM process. The CT sheet presents a dual-phase
structure with α + β phases (Figure 2H). Compared with Electron beam melting (EBM),
another typical additive manufacturing technology, the EBM Ti-6Al-4V alloy is generally
characterized by a predominant α phase from diffusion-controlled phase transformation
and small amount of residual β, giving rise to distinct microstructure compared to its SLM
counterpart [30–32].
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Figure 2. SEM images of (A,B) ST and (D,E) CT; EDS spectrum of (C) ST and (F) CT; optical images
of (G) ST, (H) CT; (I) XRD patterns for the two samples.

The XRD test further evaluates the phase composition of the samples. ST primarily
consists of α′ phase, while α phase is dominant in CT. The peaks of α and α′ phases are
almost coincident in the XRD pattern (Figure 2I), so it is difficult to distinguish α′and α

phases simply in terms of the results of XRD. According to the EDS spectrum (Figure 2C,F)
of the two samples, elemental composition can be acquired as: Al-8.6%, Ti-87.2%, V-4.2% in
ST and Al-8.29%, Ti-87.44%, V-4.27% in CT. Obviously, the two materials have the same
chemical composition. Based on the above results, the following conclusions can be drawn:
SLM-produced Ti-6Al-4V and Commercial Casting Ti-6Al-4V have the same chemical
composition, but their metallographic microstructures are different. This conclusion has
been demonstrated by several previous research [21,33].

3.2. Electrochemical Studies

To discover the corrosive performance of SLM-produced titanium sheets in plausible
applicational environments (such as marine and biomedical applications), here four solu-
tions were used as corrosion media. NaCl solutions with different concentrations were
employed to simulate the systems containing different contents of Cl−; PBS buffer solution
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was utilized to mimic the ion concentration, osmolarity, and pH of human body fluids; SBF
was employed to imitate the ion concentration of human blood plasma.

The potentiodynamic polarization curves of ST and CT in the four solutions (3.5 wt.%
NaCl solution, 15 wt.% NaCl solution, PBS and SBF) are shown in Figure 3. Before polariza-
tion tests, the samples were allowed sufficient time to achieve a stable OCP value. Accord-
ing to Figure 3A, the anode regions of the polarization curves of ST and CT in 3.5 wt.% NaCl
solution present the characteristics of metal passivation. The initiating passive potential of
ST (0.279 V) is greater than that of CT (0.020 V), which manifests that CT is more easily in
formation of passivation film. In addition, CT also has the lower passive current density
than ST. This suggests that CT is more prone to passivation than ST. During the passivation
process, CT exhibits the inferior maintaining passivity current density. Generally, the
maintaining passivity current density is directly proportional to the corrosion rate of a
metal after passivation. The smaller maintaining passivity current density of CT illustrates
the passivation film formed on the surface of CT had better protection performance, that
is, the corrosion resistance of CT in 3.5 wt.% NaCl solution is better than that of ST. When
in the 15 wt.% NaCl solution, both ST and CT do not show obvious passive features in
the anode polarization region of the polarization curves (Figure 3B). This indicates that
with the increase of Cl− concentration, the passivation film on the metal surface was locally
destroyed, which makes the metal activated and leads to the disappearance of the anode
passivation zone. From Figure 3C,D, it can be seen both ST and CT have obvious passi-
vation in the PBS and SBF solutions. The initiating passive potential and passive current
density of ST are higher than that of CT, demonstrating that the corrosion resistance of CT
in the two systems is better than that of ST.
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Figure 3. Potentiodynamic curves for ST and CT in (A) 3.5 wt.% NaCl solution, (B) 15 wt.% NaCl
solution, (C) PBS buffer solution and (D) SBF solution.
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The fitting results of potentiodynamic polarization tests for ST and CT in the four
solutions are listed in Table 2. The corrosion resistance of ST was the best in PBS solution
(jcorr = 1.78 µA cm−2), and the lowest in 15 wt.% NaCl solution (jcorr = 7.065 µA cm−2).
This may be due to the pores in the passivation film on the surface of ST, in which Cl− in
the solution would be accumulated, causing the local rupture of the passivation film, and
then aggravated the corrosion of ST. The concentration of Cl− in PBS solution is the lowest
among the four solutions. So, the local rupture in PBS was relatively mild. In addition, both
PBS and SBF contain phosphate ions, calcium ions. These ions entered the passivation film
during the process of the depassivation and repassivation of titanium element, causing the
structure changes of the passivation film and reinforcing the protection of the passivation
film [34].

Table 2. Fitting results of potentiodynamic polarization tests for ST and CT in the four solutions.

Sample Solution Ecorr/V jcorr/µA cm−2 βa/V βc/V Ep/V ip/µA cm−2

ST

3.5wt.% NaCl solution −0.292 2.511 ± 0.036 114.8 −109.5 0.279 136
15wt.% NaCl solution −0.563 7.065 ± 0.041 179.3 −156.2 - -

PBS buffer solution −0.189 1.780 ± 0.025 115.6 −154.3 0.233 105
SBF solution −0.225 2.433 ± 0.029 164.4 −189.2 0.247 124

CT

3.5wt.% NaCl solution −0.547 1.493 ± 0.031 146.7 −154.6 0.020 41.6
15wt.% NaCl solution −0.708 5.972 ± 0.027 98.97 −138.4 - -

PBS buffer solution −0.470 1.019 ± 0.033 131.0 −113.5 −0.0836 69.8
SBF solution −0.497 1.085 ± 0.037 122.8 −94.41 0.0503 89.9

The EIS measurements were carried out to investigate the surface conditions of ST and
CT immersed in the four solutions, and the relevant Nyquist plots are shown in Figure 4.
All the Nyquist plots exhibit only a big capacitive loop for each sample, and the radii of
the capacitive loops for CT are larger than that for ST in all solutions. Generally, the large
radius of the capacitive loop in the Nyquist plot indicates the difficulty in the electron
transfer between solution and substrate [33]. Therefore, the impedance of the formed
passive film on CT was higher than that on ST irrespective of the kind of the solution.
The equivalent circuit (Figure 5) was used to fit the EIS results, where Rs is the solution
resistance; CPE is the solution double-layer capacitance; Rct corresponds to the charge
transfer resistance. Zsimpwin software was used to fit the test data and the fitted results are
summarized in Table 3. Accordingly, in the same solution, the value of Rct for ST is much
lower than that for CT, which indicates the passive films formed on CT possess superior
corrosive resistance. The similar conclusion had been demonstrated as SLM-produced
Ti6Al4V sheets were immersed in Hanks’ solution [21]. The values of Rct for ST in the four
solutions are in the order: 17.9 kΩ cm−2 (in 15 wt.% NaCl) < 25.2 kΩ cm−2 (in 3.5 wt.%
NaCl) < 28.1 kΩ cm−2 (in SBF) < 39.8 kΩ cm−2 (in PBS). This suggests that ST had the best
corrosion resistance in PBS. This is in accordance with the results of the potentiodynamic
polarization. Furthermore, the parameter of n is the dispersion constant, and the larger
value of n means a denser passivation film. In the four solutions, CT always possess the
values of n closer to 1 than ST, indicating the passivation films on CT were denser than that
on ST, and the films on CT can provide better corrosion resistance.
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Figure 4. Nyquist plots for ST and CT in (A) 3.5 wt.% NaCl solution, (B) 15 wt.% NaCl solution,
(C) PBS buffer solution and (D) SBF solution.
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Table 3. Fitting results of EIS tests for ST and CT in the four solutions.

Sample Solution Rs/(Ω cm−2) Y0×10−4/(S Secn cm−2) n Rct/(kΩ cm−2)

ST

3.5wt.% NaCl solution 7.86 ± 1.76 1.06 0.87 25.2 ± 0.4
15wt.% NaCl solution 16.8 ± 1.93 1.85 0.83 17.9 ± 0.2

PBS buffer solution 28.4 ± 2.58 0.80 0.88 39.8 ± 0.1
SBF solution 22.6 ± 2.40 0.78 0.89 28.1 ± 0.2

CT

3.5wt.% NaCl solution 8.61 ± 3.11 0.93 0.93 36.8 ± 0.3
15wt.% NaCl solution 13.4 ± 2.79 1.93 0.85 21.3 ± 0.1

PBS buffer solution 27.9 ± 2.82 0.97 0.93 84.0 ± 0.1
SBF solution 24.3 ± 1.65 1.16 0.93 63.4 ± 0.2
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4. Conclusions

Based on the promising applications of ST, we evaluated the corrosion performances of
ST in the four solutions using the potentiodynamic and EIS measurements. We found that
CT always presented better corrosion resistance than ST regardless of the kind of solution.
This was mainly caused by the differences in the phase composition of the two samples. In
ST a considerably large amount of α′ acicular martensitic phases were found. The acicular
α′ phase is metastable and possesses the “higher energy state” regarding corrosion, leading
to the easy dissolution of α′–Ti. For the four solutions, PBS signified the highest solution
resistance, and ST possessed the largest charge transfer resistance in PBS. This suggests
passivation films formed on ST in PBS had the best corrosion resistance.
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