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Bulk Ti-6Al-4V alloys have been fabricated by selective laser melting (SLM) in three recipes with different combinations
of powder sizes. Combinatorial effects of initial gas-atomized powder sizes on microstructure and corrosion properties of
SLM-ed Ti-6Al-4V alloys have been investigated by optical microscopy, X-ray diffraction, electrochemical measurements
and surface free energy. The SLM-ed Ti-6Al-4V alloys are composed of acicular o' martensite and o phases. Many pinhole
defects and twin boundaries exist in the SLM-ed Ti-6Al-4V alloys. According to electrochemical tests and surface free
energy calculation, the SLM-ed Ti-6Al-4V alloys with 0—53 pm powders have the most positive corrosion potential, the
lowest current density and the smallest surface free energy of 20.89 mJ m?. The passive film of SLM-ed Ti-6Al-4V alloys
with 0—53 um powders has superior protection ability due to their large thickness. The carrier concentration of SLM-ed
Ti-6Al-4V alloys with 0—53 um powders is the lowest by the Mott-Schottky curves. The SLM-ed samples with contact
angles higher than 90° are hydrophobic, but the small contact angle of 46.98° reflects the hydrophilic features of as-rolled
Ti-6Al-4V alloys. The combinatorial recipe of SLM-ed Ti-6Al-4V alloys with 0—-53 um powders is optimal for
improvements on the passivation and corrosion resistance.
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1. INTRODUCTION

Ti-6Al-4V alloys have been widely used in aerospace,
chemical industry and other fields due to their high specific
strength, corrosion resistance and good biocompatibility
and other excellent characteristics [1—6]. Selective Laser
Melting (SLM) technology, based on the principle of
discrete-layer-superimposition uses the high-energy laser
beam to directly melt and accumulate the metal powder raw
materials to form dense solid parts with the aid of Computer
Aided Design [7-10]. Compared with those conventional
manufacturing methods for the Ti-6Al-4V alloys, the
advantages of SLM can realize the fabrication of near-net-
shape metal parts that are difficult to process in a short time.
Therefore, Ti-6Al-4V alloys can be fabricated by SLM to
meet the requirements of the complex shapes and local
repair for the large parts. As well known, the physical
characteristics of powders, such as shapes, particle size,
fluidity, microstructure, etc., affect their fluidity, powder
spreading effect, melting process and molten pool
morphology directly. The decrease of Dsp diameters, surface
roughness and fluidity of powders mixtures with the
increase of fine particle proportion have been reported
before [11]. Some scholars investigated the effects of
different particle sizes on the properties of metal parts by
additive manufacturing. Guo et al [12] have characterized
the properties of as-built parts made of different Ti-6Al-4V
powders by hot isostatic pressing (HIP). The volume
fraction of equiaxed o phases in the bulks decreases with the
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increase of powder sizes. Gong et al [13] have also found
that the fine particles have the inclusion with small particle
sizes and these small particles’ inclusions can influence the
laser absorption on the powder beds, resulting in
imperfections in the SLM-ed parts. The results reported by
lebba [14] show that the powder size affects the internal
defects and the formation and distribution of pores are
different in the melting process with different particle sizes.
These previous researches prove that the morphology and
particle size of metallic powders are the key factors for the
quality of SLM-ed parts. Therefore, the microstructures of
SLM-ed titanium alloys are influenced by the combination
of the powder sizes which leads to the distinction in the
corrosion properties. The high cooling rates during high-
speed laser scanning in SLM processes result in the
formation of the fusion defects where the corrosion
preferentially occurs and is more serious in acidic solutions
[15].

Based on the characterization of the microstructure of
SLM-ed Ti-6Al-4V alloys, the microstructure of SLM-ed
Ti-6Al-4V alloys is mainly acicular o' phase in prior  grains,
which is different from those of traditional Ti-6Al-4V alloys
with duplex-phase microstructure [16, 17]. The higher
strength and poorer plasticity of SLM-ed Ti-6Al-4V alloys
than the as-rolled alloys are ascribed to the metastable o'
martensite phases [18]. The presence of the hard acicular o'
martensite in the duplex phase matrix plays an important
role on the higher microhardness [19]. The difference in the



microstructures might result in the different corrosion
behavior between traditional and SLM-ed Ti-6Al-4V alloys.
Dai et al [20] have stated that the microstructure of SLM-ed
Ti-6Al-4V alloy is mainly composed of acicular o' phases.
The XZ-plane of the SLM-ed Ti-6Al-4V alloy is composed
of more o'-Ti and less B-Ti phase than the XY-plane, which
leads to the inferior corrosion resistance of the XZ-plane.
The surface of passive films of alloys occurs pitting due to
the action of chloride ions in 3.5 wt.% NaCl solution [20].
The electrochemical impedance spectroscopy of SLM-ed
Ti-6Al-4V alloys displays a single capacitive arc and the
size of the capacitive arc is proportional to the corrosion
resistance in artificial seawater at 20—40 °C [21], which
indicates that the surface passive films might differ from the
traditional ones in the chemical compositions or thickness.
In comparison to as-cast Ti-6Al-4V alloys, the abundant
metastable o' martensite phases in SLM-ed Ti-6Al-4V
alloys cause the different corrosion behaviors reported by
Sharma et al [22]. The SLM-ed Ti-6Al-4V alloys have
better corrosion resistance due to the hydrophobicity than
these wrought and wrought+HT samples [23]. The
corrosion resistance of the additively manufactured Ti-6Al-
4V alloys becomes better due to the thickening of the
passive film and the decrease of carrier concentrations
[24-26].

The influence of the recipe of the initial Ti-6Al-4V
powder sizes on the microstructure and corrosion properties
of the Ti-6Al-4V alloys fabricated by selective laser melting
processes (SLM) is of importance for the control of the anti-
corrosion performances rather than their microstructure and
mechanical properties. The microstructure and phase
composition of SLM-ed Ti-6Al-4 V alloys with three kinds
of powder recipes are to be studied by optical microscopy,
X-ray diffractometer and transmission electron microscopy.
The electrochemical properties of SLM-ed Ti-6Al-4V
alloys with three kinds of powders were analyzed by
potentiodynamic scanning, impedance spectroscopy and
Mott-Schottky measurements. The combinatorial effects of
the initial gas-atomized powder sizes on microstructure and
corrosion properties of SLM-ed Ti-6Al-4V alloys are aimed
to be revealed from the aspects of the distribution of the
defects, the potentiodynamic response, the thickness of the
surface passive films and the surface energy.

2. EXPERIMENTAL PROCEDURE

The powders were produced by the electrode induction
melting gas atomization process (EIGA). The chemical
compositions of the Ti-6Al-4V alloy powders were
confirmed to be 87.7 ~90.2wt.% Ti, 55~6.8wt.% Al,
3.3~45wt% V, 0.2wt.% Fe, 0.2wt.% C, 0.2wt.% N,
0.2 wt.% H, 0.2 wt.% O. The powder size distribution was
measured by a laser particle size analyzer (Mastersizer
2000). Then the powders were sieved and mixed into three
groups (i.e. 15-53 um powder, 0—53 um powder and
mixed powder (with a weight ratio of 1:2 of 0—25 pm and
15-53 um powders) as listed in Table 1). The Ti-6Al-4V
alloys were produced using an EOS 280 system at a
scanning rate of 1.2 m/s, a scanning spacing of 140 um and
a laser power of 280 W. Hereafter the SLM-ed samples with
different initial powder size combination recipes were
abbreviated as No. 1, No. 2 and No. 3. Traditional as-rolled
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Ti-6Al-4V alloy, as a reference, was being hamed No. 4.
The samples were grounded on SiC sandpaper with grits
from 240# to 3000# and were polished. After being
mechanically polished with 0.04 micron polishing solution,
the samples were etched with Kroll’s solution (HF 1 ml,
HNO3 2 ml and H,O 7 ml). Optical microscopy (OM, Zeiss
AxioObsever D1m), scanning electron microscopy (SEM,
JEOL JIB-4610) and transmission electron microscopy
(TEM, JEOL, HC2100) were employed to analyze the
microstructure of SLM-ed Ti-6Al-4V alloys. The width of
the acicular o’ martensite was measured by Nano Measurer
software over 120 sites. The phase compositions of SLM-ed
Ti-6Al-4V alloys and rolled Ti-6AI-4V alloys were
analyzed using an X-ray diffractometer (XRD Smart Lab
TM 3KW) with Cu Kal at a scanning speed of 10°/min in
20° to 90°. The electrochemical measurements including
open circuit potential, potentiodynamic polarization curves
and electrochemical impedance spectra (EIS) were carried
outin 3.5wt.% NaCl and 0.5 M H,SQO4 solutions in the three-
electrode systems. The Ag/AgCl electrode in saturated KCI
solution was used as the reference electrode, and all
potential here was referred to the Ag/AgCI reference
electrode. To figure out the thickness of the passive films,
the EIS measurements were performed with an AC
frequency ranging from 10° Hz to 10 Hz by applying an
amplitude voltage of 10 mV. The polarization curves were
conducted at a scan rate of 1 mV/s and in the potential range
from -1V to 0.6 V. The chemical binding states and the
chemical composition of the passive films of No.1 and
No. 4 samples were investigated by X-ray photoelectron
spectroscopy (XPS, Shimadzu Kratos, AXIS-Ultra DLD)
with monochromatized Al K excitation (hy = 1486.6 eV).
The semiconducting properties of SLM-ed Ti-6Al-4V
alloys with different powders were evaluated through Mott-
Schottky plots. To investigate the adsorption capacity, the
contact angles and surface free energy of different samples
were measured by using a surface tensionmeter (Powereach
JC2000D3).

Table 1. Recipe of the initial powder sizes for the SLM-ed
Ti-6Al-4V alloys

Samples| Particle size, um | Dio, pm | Dso, pm | Dgo, pm
No. 1 0-53 14.4 317 57.7
No. 2 15-53 26.7 40.8 61.8

mixed 0—25 um
and 15-53 um
No.3 [ wders with 14.3 34.3 61.8
weight ratio of 1:2
Traditional as-rolled Ti-6Al-4V alloy (reference
No. 4 -
materials)

3. RESULTS AND DISCUSSION

3.1. Effect of the initial powder sizes on the
microstructure and defects of SLM-ed Ti-6Al-
4V alloys

The particle size distribution is presented in Fig. 1.
According to Fig. 1 a, the particle sizes of three Ti-6Al-4V
powders are all normally distributed, and the particle sizes
for No. 2 samples are distributed in a narrow range of the
powder sizes. There are almost no particles with a particle
size of less than 20 pm in 15—53 pwm powders. The powders



for No. 1 occupy a higher portion of fine particles with a
powder size less than 10 um than those for No. 2 samples.
As shown in Table 1, the Dyo of No. 1 ~ No. 3 is confirmed
to be 14.4, 26.7 and 14.3 um, respectively. Their Dsg values
are done to be 31.7, 40.8 and 34.3 um. Their Dy values are
very close. Compared with the powers for No. 2 samples,
the Do values of No. 1 and No. 3 are reduced by nearly
50 %. The Dso values of No. 1 and No. 3 dropped by 16 %
and 22 %, respectively. According to Fig.1b, the fine
powder proportion for No. 1 samples is the highest and
36 %.

The morphology of the three recipes of the EIGA
Ti-6Al-4V powders is shown in Fig. 2. The sphericity and
surface roughness of small particles are better than those of
large particles. According to Fig. 2 a, the powders for No. 1
samples present a highly spherical shape and have a
relatively smooth surface. The surface of the powders for
No. 2 samples is rough and has a nearly sphericity shape
with some oval-shaped satellite powders, as seen in Fig. 2 b.
Due to the addition of the fine powders for No. 3 samples,
the small powders tend to unit together and attach to the
surface of the large powders. The powders for No. 3
samples have many irregular-shaped powders with some
satellite spheres attached to the surface in Fig. 2 c. A small
amount of fine powders are deformed to adhere to the large
powders due to the extrusion of the grinding balls during the
mixing process [10, 11]. It can be found that there are the
higher proportions of the coarse powders in the powders for
No. 2 samples, which might cause the rough microstructure
and higher defect density in SLM-ed samples due to the
discontinuous distributions in the large gaps between the
coarse powders [11, 14].
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Fig. 1. a—size distribution; b—a cumulative fraction of different
powders (No.1l: 0-53um, No.2: 15-53pum,
No. 3: mixed Ti-6Al-4V powder in a weight ratio of 1:2 of
0—25 pm and 15-53 pm powders)
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Fig. 2. Micrographs of different powders: a—0-53 um powder;
b—15-53 um powder; c—mixed Ti-6Al-4V powder in
weight ratio of 1:2 of 0—25 pum and 15 53— pm powders

The phase constitutes and microstructure of SLM-ed
samples were identified by XRD, OM, SEM and TEM. The
XRD patterns of SLM-ed No. 1 ~ 3 and the bulk samples of
No. 4 in Fig. 3 state that No. 1, No. 2 and No. 3 samples are
mainly composed of hexagonal closed packed (hcp) o
phases and o' martensite.
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Fig. 3. XRD patterns of different samples (No. 1: 0—53 um, No. 2:
15-53 pum, No. 3: mixed Ti-6Al-4V powder in a weight
ratio of 1:2 of 0— 25 um and 1553 pm powders, No.4: as-
rolled Ti-6Al-4V alloy)

According to the (0002) diffraction peak heights, the
volume fraction of o phases in No. 1 samples should be
higher than others. The phase compositions of the No.4
sample are conformed to be a and S phases. The high

diffraction peak intensity of (1010) a/o’ phases of SLM-ed
samples indicates that the high cooling rates and limited
elemental diffusions of SLM processes result in the
dominant form of the metastable o' martensite. As can be
seen in Fig. 4 a—c, the SLM-ed Ti-6Al-4V alloys consist of
acicular o' martensite, consistent with XRD results (Fig. 3).

The width of acicular o’ martensite of No. 1, No. 2 and
No. 3 samples is 1.02, 0.7, and 0.36 pm. The fractions of o
phases No. 1, No. 2 and No. 3 samples have been confirmed
to be 15.6 %, 10.4 % and 7.1 %, based on OM and SEM
data. Fig. 4 d shows the typical duplex-phase microstructure
of traditional rolled Ti-6Al-4V alloys with o phases of the
volume fraction of 13.2 %.

Due to the high cooling rates (103 ~ 108 K/s) in SLM
processes in comparison to the critical cooling rate (about
410 K/s), the P phases have no time to undergo the phase
transformation into the o phases with hep structure and are
transformed into acicular martensite through martensitic
transformation [27—29]. The yield stress, ultimate tensile
stress and elastic modulus of the SLM-ed Ti-6Al-4V alloys
with 1-80 um powders are 1156 MPa, 1228 MPa and
130 GPa, respectively [28]. The strength of traditional
Ti-6Al-4V alloys is generally 900 ~ 1050 MPa, and the
elongation is greater than 10 % [30].



Fig. 4. Low-magnified microstructure of different samples in OM
mode: a—0-53 um; b—15-53 um; c—mixed Ti-6Al-4V
powders in weight ratio of 1:2 of 0—25 pm and 15—53 pm
powders; d—as-rolled Ti-6Al-4V alloy

The tensile strength of Ti-6Al-4V alloys formed by
SLM is much higher than that of as-rolled Ti-6AI-4V alloys,
but the plasticity is poor, caused by the martensite o' phase.
The microhardness of different samples is 452.7 HV,
423.9 HVy2, 414.0 HV,o, and 340.6 HV,,, respectively,
which is consistent with the previous reports [18, 19].
According to Fig. 5, the No. 2 and No. 3 samples are more
prone to defects than the No. 1 samples. The structural
features of No. 1 SLM-ed samples are shown in Fig. 6 a and
b. The SLM-ed samples consist of both lamellar and
acicular phases. The twin morphology and electron
diffraction are presented in Fig. 6 ¢ and d. A large number
of twins can be found in the lamellar. The twins disappear
near the boundary of these martensite plates and do not cross
the martensite boundary. The generation of these twins is
related to the rapid heating and cooling of the laser melting
forming in the selected area and the large thermal stress.
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Fig. 5. High-magnified microstructure of SLM-ed alloys with
different powders in SEM mode: a-0-53um;

b—-15-53 pm; c—mixed Ti-6Al-4V powders in weight
ratio of 1:2 of 0—25 pm and 15-53 pm powders
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Fig. 6. TEM images of No.l SLM-ed Ti-6Al-4V samples:
a—lamellar structure (o'); b—acicular structure; c—twins in
lamellar structure; d — SAED patterns of twins
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3.2. Electrochemical behavior of SLM-ed Ti-6Al-
4V alloys with three recipes of the initial
powder sizes

Fig. 7a shows the polarization curves of SLM-ed
Ti-6Al-4V alloys with three recipes of the initial powder
sizes in 3.5 wt.% NaCl solution. The fluctuations of current
density ranging from -0.2 to 0.1 V reflect the passivation-
dissolution-repassivation of the surface passive films of
No. 1, No. 2 and No. 3. Although the fluctuations of the
currents of No. 1 samples are large, they can repassivate at
the lower levels than others. CI- ions, as well-known
causative agents, are adsorbed into the interior of the oxide
film on the metal and the surface of passive films and
chemically induce the breakdown of the passive films [31].
The corrosion parameters extracted from the polarization
curves are shown in Fig. 7 b.
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Fig. 7. a—polarization curves; b—the values of Ecorr, lcorr and Ep of
different samples in 3.5wt.% NaCl solution (No. 1:
0-53 um, No. 2: 15-53 um, No. 3: mix7ed Ti-6Al-4V
powder in a weight ratio of 1:2 of 0—25 pm and 15-53 pm
powders, No. 4: as-rolled Ti-6Al-4V alloy)

The Ecorr Of the No. 1, No. 2 No. 3 and No. 4 samples
are confirmed to be -0.31, -0.34, -0.35 and -0.42V,
respectively. The Ecor Of the No.1 sample is the most
positive, 30 mV higher than No. 2 sample, 40 mV higher
than No. 3 and 110 mV higher than No. 4 samples. The
corrosion current density of No. 1, No. 2 and No. 3 samples
is 2.81x107, 1155x107 and 15.67 x107 A cm?
respectively. The corrosion current density of the No. 4
sample is 31.48 x 107 A cm?2. No.1 sample with the
smallest corrosion current density and highest corrosion
potential among all samples might be attributed to the
thickness of the surface passive films.

The Nyquist plots of different samples in 3.5 wt.%
NaCl solution are shown in Fig. 8 a. All the SLM-ed Ti-6Al-
4V alloys exhibit a larger size of capacitive reactance arc
than as-rolled alloys. In general, the diameters of the



capacitive reactance arcs have a great relationship with the
corrosion resistance. The corrosion resistances become
better with the larger capacitive reactance arcs [32], and the
No. 1 sample has the most optimal corrosion resistance. The
inset in Fig. 8 a displays the equivalent circuit (EC) for
fitting the EIS results.
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Fig. 8. a—Nyquist plots; b—Rp1 values of and Lss of different
samples in 3.5wt.% NaCl solution

The equivalent circuit model consists of an electrolyte
solution resistance (Rs), constant phase element (CPE;) for
passive oxide film, charge transfer resistance (Rpz), constant
phase element (CPE,) for electrochemical double layer and
the polarization resistance (Rp2). The capacitance is defined
by Eq. 1:

C= (Rpll_nCPEﬂl/nn 1)

where Ry is the charge transfer resistance; n is an exponent
of CPE;. The passive film thickness (Lss) can be estimated
based on the parallel plate expression in Eq. 2 [33]:
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where ¢ is the dielectric constant of the passive film on Ti-
6Al-4V alloys (assumed to be equal to 45 F cm™), & is the
vacuum dielectric constant (8.854 x 10'* F cm™) [34], and
A is the surface area of the specimen (1 cm?). The fitted
results are shown in Fig. 8 b. The Ry values of No. 1, No. 2,
No.3 and No.4 samples are 4.09 x 105 3.92 x 10°,
3.23x10°% and 3.16 x 10°Q cm?, respectively. The Rp
values of SLM-ed Ti-6Al-4V alloys are larger than that of
as-rolled Ti-6Al-4V alloys. The Lg values of No. 1, No. 2,
No. 3 and No. 4 samples are calculated to be 10.4, 9.2, 6.33
and 4.06 nm, respectively. Particularly, No. 1 sample has
the highest Rp: of 4.09 x 10° Q cm? and the largest Lss of
10.4 nm, indicating that No. 1 sample has better corrosion
resistance than other specimens. It is worth noting that the
passive films on as-rolled Ti-6Al-4V alloys are much
thinner than those of SLM-ed ones. Moreover, the
breakdown potential reflects the protective ability of the
passive films. The E, of No. 1, No.2, No.3 and No. 4
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samples is 0.15, 0.1, 0.08 and -0.09V, respectively,
indicating that the passive films of No. 1 sample have a
better protective ability than others.

Fig. 9 a shows the polarization curves of all samples in
0.5M H,SO, solution. The polarization curves of all
samples have a passivation platform and the passivation
state becomes similar eventually. It can be seen that the
current density of No. 1 and No. 3 samples has potential
fluctuation in the range of -0.05-0.1V and 0.05-0.3V,
respectively, indicating that the surface passive films occur
dissolution and passivation. The electrochemical parameters
in Fig. 9 b show that the Ecor 0f the No. 1, No. 2, No. 3 and
No.4  samples is -04, -047, -051 and
-0.56 V and the corrosion current density of the No. 1,
No. 2, No. 3 and No. 4 samples is 1.13 x 106, 5.08 x 10,
10.18 x 10%and 15.64 x 10 A cm, respectively. The No.1
sample has the most positive Ecor and the smallest Icor,
which indicates No.1 sample has the best corrosion
resistance in 0.5 M H,SO4 solution.
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Fig. 9. a—polarization curves; b—the values of Ecor and lcorr Of
different samples in 0.5M H2SOs solution (No. 1:
0-53 um, No.2: 0-53 um, No. 3: mixed Ti-6Al-4V
powder in a weight ratio of 1:2 of 0—25 pm and 15-53 pm
powders, No. 4: as-rolled Ti-6Al-4V alloy)
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The identical difference in the capacitive arcs of
different samples in the 0.5 M H,SO4 solution can be seen
in Fig. 10 a. The capacitive reactance arc reflects the charge
transfer on the metal/solution interface [35]. The larger the
capacitive reactance arc, the greater the corrosion resistance
[36, 37]. Hence, the native oxide layer of No. 1 sample has
the best corrosion. The values of Ry and Lss of different
samples in 0.5 M H,SO4 solution are calculated, and shown
in Fig. 10 b.

The Rp1 values of No. 1, No. 2, No. 3 and No. 4 samples
are 54, 50, 49 and 46 Q cm?, respectively. The Ry values of
SLM-ed Ti-6Al-4V alloys are larger than that of as-rolled
Ti-6Al-4V alloys. The Ls values of No. 1, No. 2, No. 3 and
No. 4 samples are 12.6, 10.5, 9.7 and 4.8 nm, respectively.
Particularly, the No.1 sample has the highest
Rp1 (54.09 Q cm?) and the largest Ls (12.6 nm), indicating



that the No. 1 sample has better corrosion resistance than

others in 0.5 M H,SO, solution.
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Fig. 10. a—Nyquist plots; b—the values of Rp1 and Lss of all
samples in 0.5 M H2SO4 solution

The change regularity of corrosion resistance of
different samples in 0.5 M H,SO4solution is consistent with
that in 3.5 wt.% NaCl solution.

XPS spectra, the valent states and the ratios of the SLM-
ed alloys (No. 1) and as-rolled alloys (No. 4) are shown in
Fig. 11 and Table 2.
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Fig. 11. High-resolution spectra of No. 1 and No. 4 samples: a—Ti
2p; b—Al 2p; c-V 2p; d—0O 1s. Solid and dashed lines
represent measured and fitted spectra

The doublet peaks at 453.13eV for Ti2pl/3 and
458.53 eV Ti 2p2/3, and the satellite peaks from the No. 1
sample indicate that Ti element exists in the valent form of
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Ti#*, Ti**and Ti® in Fig. 11 a. The peak shift 0.01eV of
binding energy for the Ti 2p2/3 peak is detected. The Al 2p
spectra for No. 1 and No. 4 samples in Fig. 11 b suggests
metallic Al and Al>Os.

Table 2. The valent state and ratios of the Ti, Al and V elements
in the passive films of No. 1 and No. 4 samples

Samples Elements Valent state Ratios, %
Ti° 2.0
. Ti% 2.9
i Tio" 14.7
No. 1 Ti* 7.1
Al° 1.6
Al AlR* 3.4
V A 0.9
Ti0 1.7
. Ti* 2.6
i Tio" 14.8
No. 4 Ti* 7.4
Al° 1.7
Al AR* 4.4
\ VO 0.8

The V elements exist in the form of metallic V instead
of V05 (Fig. 11 c). The proportion of metallic V of No. 1
and No. 4 samples is much lower than the designed one due
to the higher Gibbs free energy for the formation, which is
consistent with the previous reports [38 —40]. The subpeaks
in O 1s spectra for No. 1 and No. 4 samples belong to
M-OH and M-O bonds (Fig. 11 d). The binding energy of
M-OH bonds for the No. 1 sample is 530.08 eV and 0.1 eV
higher than that for the No. 4 sample. The passive films of
No. 1 and No. 4 samples are mainly composed of TiO, TiO,,
Ti,03 and minor Al;Os.

The Mott-Schottky plots and donor density of different
samples are illustrated in Fig. 12. As shown in Fig. 12 a, the
slopes of the Mott-Schottky curves of different samples are
all positive, indicating that the passive films of different
samples all exhibit typical n-type semiconductor
characteristics [41]. The semiconducting properties of the
passive films can be evaluated by the Mott-Schottky
relationship as follows [42]:

iz: 2 (E_Efb _k_T) ’
C® &geN, e

©)

where ¢ is the vacuum dielectric constant (8.85 x 1024
Fcm?); ¢ 45 is the relative dielectric constant of passive
films [43]; e is the electro charge; Nq is the donor density at
the film/metal interface; Es, is the flat band potential, k is the
Boltzmann constant and T is the absolute temperature. The
Nq can be calculated by Eq. 3, as shown in Fig. 12 b. The Ng
of No. 1, No.2, No.3 and No.4 samples is 1.1 x 10%,
1.3x10%, 1.5x10% and 3.0 x 1022cm™, respectively.
Based on point defect theory of the passive films [44], when
the carrier concentration in the passive films of alloys
becomes lower and the oxygen vacancy content becomes
higher with the increase of linear fitting slope, the alloys
have the better corrosion resistance [45]. As shown in
Fig. 12 b, the donor density of the passive film of the No. 1
sample is lower than others, which leads to the best
corrosion resistance of the No. 1 sample.
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Fig. 12. a—Mott-Schottky plots of passive films on the surface;
b—Na of different samples in 3.5wt.% NaCl solution
(No. 1: 0—53 pum, No. 2: 15-53 pm, No. 3: mixed Ti-
6AI-4V powder in weight ratio of 1:2 of 0—25 um and
15-53 pum powders, No.4: as-rolled Ti-6Al-4V alloy)

The contact angles of distilled water on the different
samples are carried out. The contact angles of SLM-ed
samples with different Ti-6Al-4V powders are all higher
than 90° indicating that the surfaces of SLM-ed samples are
hydrophobic features and the surfaces of commercial Ti-
6AIl-4V alloys are hydrophilic features in Fig. 13. Surface
free energies of different samples are calculated by Eq. 4
and Eq. 5 [46]:

nﬂ+wm9%=2h&5+2h&? 4)

Ys = Y2 + Y5, (5)

where y, is the interfacial free energy of liquid-gas per unit
area, y? and y? are the discrete parts of the free energy of
the solid and liquid surface, y& and y are the polar parts of
the free energy of the solid and liquid surfaces, y, is the
surface free energy of the solid, 4 is a contact angle on a
solid surface. The surface energies were calculated to be
20.1 mJ m? for the No. 1 sample, 21.4 mJ m? for No. 2
sample, 24.2 mJ m2 for the No. 3 sample and 55.2 mJ m
for the No. 4 sample, respectively. The as-rolled Ti-6Al-4V
alloy has the highest surface free energy of 55.19 mJ m2and
the surface free energy of the SLM-ed sample with
0—53 pum powder is the lowest. The fine powder content of
0-53 um powder is the highest and the surface roughness
of SLM-ed alloys with 0—53 pum powder is the lowest. The
surface roughness has an effect on the wettability of solid
surfaces. The surfaces are more easily wetted by the
corrosive media and the adsorption performances become
better when the contact angles are smaller or the surface
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energy is higher [47]. Therefore, the as-rolled Ti-6Al-4V
alloys with higher surface energy are more likely to react
with external media than SLM-ed Ti-6Al-4V alloys.
Combining with capacitive semi-loops of different samples
(Fig. 8 and Fig. 10), it can be found that the corrosion
resistance of SLM-ed Ti-6Al-4V samples is better than as-
rolled alloys and the No. 1 sample has the best corrosion
resistance, which is considered to be the thicker passive
films and lower defect density.
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Fig. 13. Surface free energy of different samples (No. 1:
0-53 um, No.2: 15-53 um, No.3: mixed Ti-6Al-4V
powder in a weight ratio of 1:2 of 0—-25um and
15-53 um powders, No.4: as-rolled Ti-6Al-4V alloy)

3.3. Discussion

In the different recipes of the initial powder sizes for
No. 1, No.2 and No. 3, the different morphology with
different defect distribution, the volume fractions of /o'
phases have been achieved. Based on the size distribution of
the initial powders (Fig. 1 and Fig. 2), the phase constitutes
of the different samples by XRD (Fig. 3) and features of the
SLM-ed microstructure and defects by SEM and TEM
analysis (Fig.5 and Fig.6), the powders for No.1
(0—53 um powders) have more portions of the intermediate
fine powders which help to fill into the gaps between the
large-sized powders coarse powder particles and form the
microstructures with less defects. The higher « phases in
No. 1 are considered to be due to the accumulation of the
more uniform heat distribution during SLM [14, 48].
Moreover, the thickness of the passive films differs much
for the different recipes of the initial powder sizes for No. 1,
No. 2 and No. 3, as shown in Fig. 8 b and Fig. 10 b. The fine
powders with a much larger surface area mean that the
higher oxygen content in the SLM-ed samples, which is
good for the formation of the passive films due to the higher
concentration gradient [11, 14, 49]. The decrease of the
binding energy indicates that the oxygen vacancy densities
of the No. 4 sample increase and were higher than the No. 1
sample [50]. At the same time, the point defect model
proposed by Macdonald [45] points out that the growth of
the surface passive films in the solution is due to the
generation of oxygen ion vacancies at the interface between
the alloys and the passive films. The oxygen atoms can enter
the solution or the solution/passive film interface, resulting
in the growth of surface passive films. It is worth noting that
the thickness of the passive films of SLM-ed samples is
much higher than that of as-rolled
Ti-6Al-4V alloys. The thicker passive films (10.4 nm in
NaCl solution and 12.6 nm in H,SO, solution) in Fig. 8 b
and Fig. 10 b, the less defects in Fig. 5 and lower donor
density in Fig.12 for No.1 samples than others are



responsible for the better performances in Fig. 7 and Fig. 9
and lower surface energy in Fig. 13. On the other hand, the
content of the /o' phases affects the corrosion performances
[2, 5, 51, 52]. The corrosion resistance of SLM-ed Ti-6Al-
4V alloys become better as the volume fraction of a phases
increase. The acicular o' martensite phases with higher
electrochemical activities are highly sensitive to pitting and
hydrogen embrittlement in the presence of acidic media
[17, 18, 53]. The combinatorial recipe of No. 1 is optimal
for reducing the appearance of the pinhole defects and twin
boundaries. According to the above stated results, the SLM-
printed Ti-6Al-4V alloys for the recipe of 0-53 pm
powders combination has the best passivation and corrosion
resistance.

4. CONCLUSIONS

Ti-6Al-4V alloys were produced by SLM technology
using different combinatorial recipes of the initial powder
sizes of Ti-6Al-4V powders. Based on the analysis of the
microstructure and corrosion properties characterized by
XRD, optical microscopy, SEM and TEM methods, the
combinatorial effects of the recipes of the initial powder
sizes on microstructure and electrochemical properties were
analyzed. SLM-ed alloys are composed of hcp o and
martensite o' phases. No. 1 sample has the least defects
among all SLM-ed and as-rolled Ti-6Al-4V alloys. The
volume fractions of a phases in No.1 samples are higher
than in others. The different behavior of the breakdown and
repassivation of all SLM-ed alloys is resulted from the
defects, twin boundary. Among SLM-ed alloys, the
combinatorial recipe of No. 1 is optimal for reducing the
appearance of the pinhole defects and twin boundaries due
to the higher portion of the fine powders. The surfaces of
SLM-ed Ti-6Al-4V alloys are all hydrophobic features, but
that of as-rolled Ti-6Al-4V alloys are hydrophilic. The
passivation and corrosion resistance of the No. 1 sample is
the best due to its passive films with a larger thickness, less
donor density and higher volume fractions of a phases.
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