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Abstract

The electrochemical behaviors of Inconel 718 alloy prepared by selective laser melting (SLM) were investigated and com-
pared with commercial rolled counterpart in 0.05 mol/L H,SO, solution. For this purpose, open circuit potential (OCP), elec-
trochemical impedance spectroscopy (EIS), potentiodynamic polarization, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS) analyses were performed. The corrosion resistance
of selective laser melted (SLMed) Inconel 718 alloy is superior to that of the rolled counterpart, which can be attributed to
the difference in the microstructure and the chemical compositions of the passive film. The SLMed 718 alloy suffers from
severely localized corrosion due to the micro-galvanic corrosion induced by the Laves phase. Furthermore, compared with
the rolled counterpart, the passive film formed on SLMed 718 alloy has more content of Cr,O5 and less content of NiO. The
significance of this study laid in the understanding of the corrosion behavior of Inconel 718 alloy prepared by SLM. These
findings aided in the development of strategies to further enhance the corrosion resistance and overall performance of this
alloy in various applications.
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1 Introduction

Metals, alloys and their composites especially at the
nanoscale have been well studied experimentally and the-
oretically due to their wide applications [1-9]. Methods
to process and manufacture them have been developed
[10-14]. Additive manufacturing (AM) has attracted con-
) ) ) ) ) siderable attention due to the relatively low costs and high
School of Materials Science and Engineering, Jiangsu . . . .
University of Science and Technology, Zhenjiang 212100, efficiency [15]. AM technologies such as direct laser depo-
China sition (DLD) [16-18], electron beam melting (EBM) [19],
wire arc additive manufacturing (WAAM) [20], and selec-
tive laser melting (SLM) [21], electrospinning [22, 23] have
been employed to fabricate polymers, metallic/polymer com-
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posites, metallic materials and advanced alloys. Due to the
special forming process, the microstructure and composition
distribution of additively manufactured (AMed) materials
are different from that of their counterparts fabricated by
traditional fabrication techniques, resulting in different cor-
rosion behaviors.

Corrosion resistance is one of the most important consid-
erations in the use of AMed metallic materials [24]. AM pro-
cess can alter the stability of the passive film of nickel-based
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alloys [25] titanium alloys [26], and stainless steels [27]. Piitz
et al. [20] found that the corrosion properties of WAAMed
functionally graded materials (FGM) are determined by the
micro-galvanic coupling and chemical composition of the vari-
ous phases. Zhang and Ojo [25] found that the corrosion per-
formance of WAAMed Inconel 718 was inferior to that of its
wrought counterpart in 1 mol/L H,SO,. The corrosion resist-
ance of SLMed Ti-6Al-4 V (wt.% in the present article) alloy
deteriorates with the increase of laser scan speed, which can be
attributed to the decreased densification and increased micro-
pores [28]. The corrosion resistance of EBMed Ti-6Al-4 V
alloy is slightly higher than that of its wrought counterpart
in phosphate buffered saline because of the ultrafine-grained
lamellar o/f phases and larger proportions of § phase [29].
Kong et al. [27] reported that SLMed 316L SS exhibits higher
corrosion resistance than wrought 316L SS, which is attrib-
uted to the rapid formation of a thicker passive film. High-
density sub-grain boundaries in the SLMed 316L SS provide
nucleation sites for oxide film. In addition, the micro-galvanic
couples accelerate the formation of oxide film. Dai et al. [30]
reported that the corrosion resistance of SLMed Ti-6Al-4 V
is inferior to that of commercial Grade 5 alloy owing to the
high fraction of acicular a” phase and lower fraction of f-Ti
phase. In the investigation on the electrochemical corrosion of
different phases of laser solid formed Inconel 718 in NaNO;
solution, Guo et al. [31] found that Nb-rich y phase dissolves
faster than y matrix due to its higher lattice distortion energy,
lower corrosion potential, and higher free energy of atoms on
the phase boundaries.

Inconel 718 alloy is extensively applied in aerospace,
nuclear, oil, and gas industries due to its exceedingly supe-
rior mechanical properties, excellent oxidation resistance,
corrosion resistance, and environmentally assisted cracking
resistance [31]. Although the microstructure and mechanical
properties of SLMed Inconel 718 alloy have been investi-
gated in details, its corrosion resistance, particularly in oil-
field upstream environments, has received rare attention. The
corrosion resistance of SLMed 718 alloy in 0.1 mol/L. NaOH
solution is better than that of R (rolled) 718 alloy [32]. In con-
trast, when the corrosive medium changed to 3.5 wt. % NaCl
solution, SLMed 718 alloy exhibits poorer corrosion resist-
ance than that of R 718 alloy [33]. The corrosion resistance of
SLMed 718 alloy in 3.5 wt.% NaCl solution can be enhanced
by appropriate heat treatment through reducing micro-segre-
gation and modifying second phase morphology. However,
the corrosion resistance of SLMed 718 alloy is still inferior to
that of R Inconel 718 alloy [33]. Du et al. [34] revealed that

building orientation exerts an effect on the corrosion resistance
of SLMed Inconel 718 alloy through affecting crystallographic
texture and grain boundary density. In the study on the corro-
sion behavior of LDEDed Inconel 718 alloy in different acidic
environments (i.e., HCI, H,SO,, and HNO;), Guo et al. [35]
found that high-deposition-rate laser solid formed Alloy 718
exhibits electrochemical activity isotropy in 10 wt.% NaNO,
solution due to the formation of an amorphous bilayer passive
film. In reviewing the published literatures, an interesting but
consistent phenomenon concerning the corrosion properties of
AMed metallic alloys in various corrosive solutions emerged.
Many researchers have focused on fabricating Inconel 718
alloy using SLM in recent decades [33, 36, 37], but rare atten-
tion has been paid to its corrosion and passivity behaviors in
highly corrosive aqueous environments.

In this work, potentiodynamic polarization, electro-
chemical impedance spectroscopy (EIS), scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS) were employed to investigate the corrosion behavior
of SLMed 718 alloy and its commercial rolled counterpart
in 0.05 mol/LL H,SO, solution. In the end, their underlying
corrosion mechanisms were unveiled.

2 Experimental
2.1 Materials

The Inconel 718 alloy used in the present work was pre-
pared by SLM (SLMed 718 alloy), and the commercial
rolled Inconel 718 alloy (R 718 alloy) was used for com-
parison. The chemical compositions of SLMed 718 and R
718 alloys are shown in Table 1. The samples were sealed in
a mixture of epoxy and polyamide resins, then ground with
SiC abrasive papers up to 1200 grit, cleaned in ethanol, and
finally dried in hot air. An interface 1010E electrochemi-
cal workstation (Gamry Instruments) was used to evaluate
the electrochemical response of the samples. Typical three-
electrode cells were constructed, with a test sample as the
working electrode, a platinum with a surface aera of 30 cm?
as the counter electrode, and a saturated calomel electrode
(SCE) as the reference electrode. The electrolyte used in this
work was 0.05 mol/L H,SO, solution at the temperature of
25+1°C.

Open circuit potential (OCP) was measured and recorded
for one h to attain a relatively stable state. Potentiodynamic
polarization tests were conducted from 500 mV below OCP,

Nb Mo Ti Al Co Cu Mn Fe

Table 1 Chemical compositions Ni Cr

of SLMed 718 and R 718 alloys

(%) SLM718 5253  19.00
R 718 53.20 19.20

5.10 3.02 0.96 0.48
5.10 3.10 0.90 0.30 0.85 0.25 0.29 Bal.

0.031 0.035 0.074 Bal.
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with a scanning rate of 10 mV/min and a current density
limit of 10 mA/cm?. The specimens were immersed in the
test solution for up to 168 h with record of OCP and electro-
chemical impedance spectroscopy (EIS) results every 24 h
for the specimens. The EIS measurements were performed
at an amplitude of the sinusoidal signal of 10 mV with a
frequency range of 10%~ 1072 Hz. All electrochemical tests
were repeated at least three times to ensure repeatability.

The corrosion morphologies of the specimens after poten-
tiodynamic polarization test were observed under scanning
electron microscope (SEM). The passive film was formed
on the specimen surface after immersion in the test solution
for 24 h, 72 h, 120 h and 168 h. The chemical composition
of the passive film was analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific Nexsa) with a AIK,
(1486.6 eV) radiation source, and the high-resolution spec-
tra of Ni 2p, Fe 2p, Cr 2p and Ols were recorded and the
binding energy of Cls peak was calibrated at 248.8 eV. The
surface was sputtered by argon ion bombardment with an ion
beam of 1 kV to obtain depth profiles. All XPS data were
analyzed using Thermo Avantage software.

The microstructure of SLMed and R 718 alloys was char-
acterized using optical microscopy (OM, Olympus BX51M),
scanning electron microscopy (SEM, Leo 1530 VP), and
transmission electron microscopy (TEM, FEI, Talos F200X)
equipped with energy-dispersive X-ray spectroscopy (EDS).
The microstructure of SLM-USSR was examined by TEM
(FEI, Talos F200X) with EDS. The surface topography and
Volta potential (the contact potential difference between the
probe and the sample through equilibrium potential) were
acquired using a Dimension Icon atomic force microscopy
(AFM, Bruker Corporation, CA, USA) equipped with scan-
ning Kelvin probe force microscopy (SKPFM). The selected
area on the sample surface was scanned at ambient tempera-
ture in air using Peak Force KPFM-AM mode with Nano-
probe™ SCM-PIT probe (Bruker, USA) at a scan rate of 0.5

Fig.1 TEM of the two tested
718 alloys: a SLMed 718, b R
718 alloy

Hz. A dual-scan mode was used to record a second signal
in addition to the surface topography signal. The specimens
for OM, SEM and SKPFM were prepared by grinding and
mechanically polishing followed by electrochemically pol-
ishing in the 10% oxalic acid aqueous solution. TEM images
were acquired from the topmost surface layer at a depth
of ~1 mm of samples, and the samples were prepared by
milling with a single-side ion milling instrument (Gatan,
PIPS 1I 695).

3 Results and discussion
3.1 Microstructural characterization

Figure 1 shows the TEM microstructure of the SLMed 718
and R 718 alloys. Due to the formation of thermal stress
during the SLM alloy preparation process, the samples will
deform and the grains formed at the grain boundaries hinder
the movement of dislocations, forming a dislocation entan-
glement. At the same time, a large number of dislocations
accumulate at the grain boundaries, resulting in a high dis-
location density, which indicating the higher internal stress.
The dislocations exhibit dislocation cell type, indicating
that the higher stacking fault energy of SLMed 718 alloy.
As shown in Fig. 1(b), it can be seen that the formation
positions of the carbides (i.e., NbC or M,;C¢) commonly
precipitate along the grain boundaries.

3.2 Potentiodynamic polarization

Figure 2 shows the potentiodynamic polarization curves of
SLMed 718 and R 718 alloys in 0.05 mol/L H,SO, solu-
tion. Figure 3 illustrates the SEM observation of the cor-
responding corroded surface. The two polarization curves
are roughly the same except for the corrosion potential
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Fig. 2 Potentiodynamic polarization curves of SLMed 718 and R 718
alloys in 0.05 mol/L H,SO, solution

(E,,,)- The cathodic branches are the hydrogen evolu-
tion reactions (HER) in H,SO, solution, and the anodic
branches exhibits a typical active-to-passive behavior [25,
27]. No obvious pitting corrosion is observed in Fig. 2.
The passivation of these two alloys is caused by the for-
mation of a Cr,03;-dominated passive film as presented
by Eq. (1):

2Cr + 3H,0 — Cr,0, + 6H + 6¢ )

Fig.3 SEM images of the two
tested alloys after potentiody-
namic polarization test in 0.05
mol/L H,SO,: a, b SLMed 718
alloy, ¢, d R 718 alloy

The current density of the two alloys at potential higher
than 0.79 Vg, increasing rapidly mainly due to the dis-
solution of the passive film, rather than oxygen evolution
reaction in H,SO, solution [38]. Similar degradation poten-
tials of both alloys indicate that the breakdown of the pas-
sive film is not resulted from the localized corrosion, which
is attributed to the oxidation of Cr,0; to the more soluble
Cr0,% [39]:

Cr,0,+5H,0 — 2CrO;™ + 10H" + 6¢ )

The passive performance of materials is closely related
to electrochemical parameters, such as passive potential
(Ep). passive current density (i) and passive range (AE,)
[29, 40]. Table 2 presents the electrochemical parameters
derived from Fig. 2. The similar passive range (AE,) and
trend in passive region suggest that the passive films of the
two alloys may possess analogous structure [41]. Corrosion
potential of R 718 alloy is —117.31 mVgg, lower than that of
SLMed 718 alloy (-52.63 mVgg), indicating a better ther-
modynamic stability. The corrosion current density of R 718
alloy (3.30x 107 A-cm~2) is higher than that of SLMed 718
alloy (1.91x 10® A-cm™2). The current study corresponds
well to the previous reports [27], suggesting that SLMed
718 alloy has a superior corrosion resistance. In the passive
range, the current density is on the order of 10 A-cm™2. It
is obvious that the passive current density of R 718 alloy
is slightly higher than that of SLMed 718 alloy, while the
passive potential of R718 alloy is slightly lower than that of
SLMed 718 alloy. The former characterization could be due

4 «}" phase

\T

MC carbides
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Table 2 Electrochemical . ) ) )

E,./mV /A /A AE,/mV
parameters of SLMed 718 and corr / MVgCE leorr / AACIM lp I A-Cm p/ MVscg
R 718 alloys derived from Fig. 2 g1 Med 718 alloy 52.63+1.80  (1.91+0.14)x10°  (1.34+0.06)x10°  653+7.00

R 718 alloy 117314123 (3.30+0.05)x10°  (1.81+0.05)x10°  673+9.50

to the higher reactivity of the surface. SLMed 718 alloy has
high-density sub-grain boundaries, which provide nuclea-
tion sites for the oxide film, as reported by Kong et al. [27].
The latter characterization could be attributed to the supe-
rior passivity of SLMed 718 alloy. Thus, it appears that the
passive film formed on SLMed 718 alloy surface has better
stability and protective properties.

Figure 3 shows the surface morphologies of SLMed and
R 718 alloys after potentiodynamic polarization test. It is
obvious that these two alloys suffered severely localized
corrosion. SLMed 718 alloy exhibits the typical dendrite
structure, which is similar to the micro-galvanic corrosion,
as shown in Fig. 3(a). Figure 3(b) reveals that micro-galvanic
corrosion appeared at the interfaces of dendrites, Laves
phases and matrix. The Laves phase is Nb- and Mo-rich
phase, depleted in Cr, Fe and Ni [31, 42]. The Laves phases
and matrix act as cathode and anode respectively, forming
micro-galvanic corrosion. The results agree well with the
previous studies, which show similar segregation behaviors
in laser solid formed (LSFed) Inconel 718 [31] and LDEDed
Inconel 718 [43].

However, R 718 alloy suffered severely intergranular
corrosion, as shown in Fig. 3(c). The magnified image in
Fig. 3(d) reveals that the preferential corrosion occurred

Fig.4 Topographic maps and
Volta potential maps of the two
tested alloys: a, b R718 alloy
and ¢, d SLMed 718 alloy

RYEICY 6.0 nm

along the grain boundaries or around the y'/y" phases and
undissolved NbC carbide phases. Interestingly, they were
preserved and surrounded by micro-cracks. Similar corro-
sion morphologies were also observed in previous works
[44, 45]. The micro-cracks may be induced by the serious
lattice misfit or stress induced by the precipitation and y
matrix [44], thus accelerating the anodic dissolution. As a
result, the passive film can easily break down at these sites,
leading to the formation of micro-cracks.

Figure 4 presents the AFM/SKPFM images of the origi-
nal sample surface before corrosion testing. It can be seen
from Fig. 4(a) and (c) that the surfaces of both samples of
R718 and SLMed 718 alloys are relatively flat. The Volta
potential result shown in Fig. 4(b) implies no significant
potential difference in this area, which is consistent with
the microstructural characteristics of the single-phase aus-
tenite of sample R 718 alloy. T However, the Volta potential
map exhibited in Fig. 4(d) indicates that the introduction of
second phases does not result in significant potential dif-
ferences, which is usually associated with the local corro-
sion. This is in accordance with the electrochemical test-
ing results. Furthermore, it can be deduced from this Volta
potential result that the distribution of the second phases of
SLMed 718 alloy is small and uniform.

5.5 mv

-10.0 nm 7.5 mv
7.0 nm 7.0 mv
-9.0 nm -10.0 mv
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3.3 Open circuit potential (OCP)

The OCP curves of SLMed and R 718 alloys after immer-
sion in 0.05 mol/L H,SO, solution for different time are
shown in Fig. 5. It can be seen that the OCP of both alloys
increases gradually to be positive, suggesting the forma-
tion of passive film on the sample surfaces. The phenom-
enon results from predominance of passivation during the
corrosion process, suggesting that the samples are in a
spontaneous passivation state. The OCP of the SLMed 718
alloy is always higher than that of the R 718 alloy, sug-
gesting that SLM 718 alloy is less active and susceptible
to corrosion [32]. The OCPs of SLMed 718 and R 718
alloys increase dramatically during the initial immersion
period, which is associated with the competition between
dissociation of oxide layer formed in air and formation
of passive film in 0.05 mol/L H,SO, solution. A simi-
lar phenomenon was reported for passive materials such
as Inconel alloy 718 [46], titanium and titanium alloys
[47], as well as stainless steel [48, 49] in H,SO, solution.
As the immersion time extends, the increasing trend of
OCP slows down gradually, and OCP eventually reaches
a steady value. Interestingly, the time for reaching steady
state is different for the two alloys, i.e., 144 h for SLMed
718 alloy and 96 h for R 718 alloy, respectively. Dai et al.
[30] reported that OCP of the commercial Ti-6Al-4 V
(Grade 5) stabilizes after approximately 25 h, whereas
SLMed Ti-6Al-4V stabilizes after 60 h. The stabilized
potential of SLMed 718 alloy (0.143V gg) exceeds that of
R 718 alloy (0.076 Vgcg) by 67 mVgcg. The high activity

0.20

0.143Vgcp

—&— SLMed 718
—0—R 718

S

o

<
T

0.05

Potential (V)

0.076Vgeg
0.00

0 24 48 72 96 120 144 168
Time (h)

Fig.5 OCP curves of SLMed 718 and R 718 alloys immersed in 0.05
mol/L H,SO, solution
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of AMed metallic materials indicates the formation of sta-
ble passive film, which is in good agreement with previous
findings [32, 50].

3.4 Electrochemical impedance spectroscopy (EIS)

Figure 6 presents the EIS of SLMed and R 718 alloys after
immersion in 0.05 mol/L. H,SO, solution for different time. It
is found that Nyquist plots of the two alloys exhibit a similar
shape of an incomplete semi-arc, showing a charge transfer
process at the interface of electrode/solution, as shown in
Fig. 6(a) and (c). The semicircular arcs of both alloys increase
with the prolongation of immersion time, indicating the
growth of passive film and enhancement in electrochemical
characteristics [51, 52]. Obviously, the impedance value of
SLMed 718 alloy is larger than that of R 718 alloy, implying
the superior corrosion resistance of SLMed 718 alloy. Bode
plots of both alloys are shown in Fig. 6(b) and (d). In the low
frequency region, the initial impedance modulus (|Z] ¢ 1,)
of both alloys increases with prolong of the immersion time.
In the meanwhile, the value of |Z], 5y, retains unchangeable
during a longer immersion time, implying the formation of
relatively stable passive film. In the medium—low frequency
range from approximately 107! to 10? Hz, the phase angle
approaches — 80°, indicating the formation of stable passive
film. In particular, the maximum phase angle of SLMed 718
alloy shifts to low frequency with increasing the immersion
time, implying the optimization of the corrosion resistance of
the passive film [53, 54].

Figure 7 shows the equivalent electrical circuit of the EIS
results. The constant phase element (CPE), instead of the
capacitance, was used due to the heterogeneity of electrode
surfaces [40, 55]. The symbols, such as R, is solution resist-
ance, Ry, is the resistance of the passive film, and Cy, and Ry,
are capacitance of the electric double layer and charge-transfer
resistance of the Faraday processes, respectively [52]. Table 3
shows the fitted results of the EIS data for SLMed 718 and
R 718 alloys. The fitted data is in good agreement with the
experimental data. As the immersion time prolongs, Ry, and
Ry, increase, whereas Oy, decreases, implying the defect reduc-
tion in the passive film and strong resistance of the passive
film to charging and ion transferring.

Polarization resistance (R,,, R, =Ry, +Ry,) is usually used
to assess the corrosion properties of metallic materials. In the
immersion initial stage (0 h), R, values for the two alloys are
1.98x10° Q-cm? and 1.38x 10° Q-cm?, respectively. With pro-
longing the immersion time, R, rises substantially. When the
immersion time reaches 168 h, R, increases by nearly two orders
of magnitude. Noticeably, R, of SLMed 718 alloy is always
higher than that of R 718 alloy, indicating much more excellent
corrosion resistance of SLMed 718 alloy. The thickness of the
passive film can be estimated using Egs. (3) and (4) [51]:
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Fig.6 EIS of the two tested alloys after immersion in 0.05 mol/L H,SO, solution for different time: a Nyquist, b Bode plots of SLMed 718

alloy; ¢ Nyquist, d Bode plots of R 718 alloy

R
C =0 R 3
g ggpA

- “4)

where d is the thickness of passive film, ¢ is the dielec-
tric constant of the passive film, g, is the vacuum permit-
tivity constant (8.8542 X 107" F-em™), A is the electrode

Fig. 7 Schematic of equivalent
circuit modeling of EIS

surface area (0.785 cm?), and C; is capacitance of passive
film. Although the dielectric constant of the passive film
cannot be accurately obtained, the thickness of the passive
film is inversely proportional to the capacitance. Thus, the
decrease of C; with the increase of immersion time indicates
the increase of passive film thickness. The passive film of
the SLMed 718 alloy is thicker than that of the R 718 alloy,
as indicated by its slightly lower C;. Thus, the passive film
of the SLMed 718 alloy has stronger protective ability than

On
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Table 3 Electrical parameters

€ ¢ Time/h R, B n Ry Cp Ry
obtained by fitting EIS data of /Qem? /O lem g™ /Q-cm? JF-cm™2 /Q-cm?
SLMed 718 and R 718 alloys
SLMed 718 alloy 0 1405  592x107° 0.89  9.8x10* 8.95x10°  1.0x10°
24 1434  5.18x107 090 9.90x10* 3.10x10° 1.53x10°
48 13.49  4.98x107 088 125x10° 3.67x10° 238x10°
72 13.90  4.73x107 091 147x10° 6.11x10° 2.93x10°
96 13.65  4.66x107 092 1.52x10° 3.74x10° 4.87x10°
120 1440  4.40x107 098 232x10° 1.80x10° 5.65x10°
144 1404  4.03x107 0.99 3.84x10° 4.72x10° 6.26%x10°
168 13.84  3.80x107 099 5.53x10° 4.03x10° 8.18x10°
R 718 alloy 0 11.34 8.66% 107 0.88 4.82x10° 3.54x10° 9.00x10*
24 11.96 8.31%x107 090 5.63x10° 2.04x10° 3.60x10°
48 1192 7.86x107 0.89 691x10° 2.88x10° 530%x10°
72 1182  6.83x107 090 7.31x10° 2.06x10° 6.10x10°
96 1176  6.59%107 092 9.94x10° 549x10° 2.67x10°
120 11.91 6.10x107 091 9.72x10° 421x10° 5.15x10°
144 1140  5.65x107 093 9.87x10° 447x10° 558x10°
168 11.87  5.01x107 094 998x10° 4.56x10° 7.33x10°

that of the R 718 alloy. The larger imaginary component
indicates an enhanced capacitance characteristic of the film
which contributes to the improved protective ability.

3.5 XPS analysis

Figure 8 displayed the XPS spectra of Ni 2p, Fe 2p and Cr
2p of the passive film formed after deconvolution. It can
be observed that the XPS spectra of Ni 2p, Fe 2p and Cr
2p were deconvoluted to two constituents of the metallic
and oxidized states, reflecting that the main components
of passive film were Cr,05, NiO and Fe,O. The XPS
spectra of Ni 2p record Ni 2p;,, and Ni 2p,,,, which are
mainly separated into several constituents of the metallic
Ni, NiO and satellite peaks (SAT). The peak positions for
Ni 2p;,, (Ni), Ni2p, ), (Ni), Ni2p;;, (NiO), Ni2p,,, (NiO),
Ni2p;;, (SAT), and Ni2p,,, (SAT) are 852.6 eV, 869.9 eV,
855.2 eV, 872.8 eV, 860.7 eV, and 875.2 eV, respectively
[33, 56, 57]. It is well-known that oxide species play an
important role in the properties of passive film. The peak
area ratio of NiO decreases with the increase of immer-
sion time, indicating the reduction of NiO in the pas-
sive film. The XPS spectra of Fe 2p are divided into the
metallic Fe (706.8 eV) and Fe,05 (711.3 eV). According
to the previous studies [25, 58], the Fe,0; film was also
detected in passive films of AMed 718 alloy. The XPS
spectra of Cr 2p is deconvoluted to the metallic Cr (573.6
eV for Cr 2p5,, and 582.8 eV for Cr 2p,;,) and Cr,0;
(576.6 eV for Cr 2p5,, and 586.3 eV for Cr 2p,,,). In the
initial immersion stage, the intensity of Cr,0j5 is slightly

@ Springer

lower than that of Cr. With the immersion time extending,
the intensity and percentage of Cr,0; increase from the
transformation of Cr.

XPS analyses were conducted to determine the variation
in film composition with depth. Figure 9 presents the depth
distribution of elements in passive films on SLMed and R
718 alloys after immersion in 0.05 mol/L H,SO, solution for
different time. The film composition analysis indicates that
the passive corrosion behavior of Nickel-Based Alloys is
primarily controlled by the presence of Cr, which can form
a layer of Cr,0; film to protect the surface.

It can be observed that the O content decreases signifi-
cantly and the Ni content increases in the passive film with
increasing sputtering time, which indicates that the passive
film is consumed and oxide species are gradually converted
to metals for all cases. Fe is depleted in the outer layer of
the passive film. Cr is usually enriched in the inner layer
of the passive film [24, 46]. Due to the preferential dis-
solution of Fe in the acidic environment, the passive film
changes from a Cr-rich inner layer to a Cr-rich outer layer
[58, 59]. Furthermore, the Cr content first increases and
then decreases with increasing sputtering time until reach-
ing a steady value. This indicates that Cr is more easily
enriched in the subsurface layer. Meanwhile, the Cr content
first increases and then decreases slowly with increasing
immersion time, indirectly evidencing that the passive film
is thicker and more compact.

The percentages of different components in the passive
film were calculated by normalization, as shown in Fig. 10.
The main components of the passive film for SLMed alloys
are NiO, Cr,0; and Fe,0;, which are consistent with the
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previous reports [25]. The Cr,0; content in the passive
film increases significantly, whereas the NiO content
decreases with increasing immersion time. Since the Cr,0;
is compact while the NiO is porous, the passive film of
SLMed 718 alloy becomes more compact and protective
with increasing immersion time. Moreover, with the pro-
longation of immersion time, the passive films of SLMed
718 alloy gradually thicken, and their ability to block cor-
rosive medium becomes stronger, resulting in an enhanced
protective ability.

594 592 590 588 586 584 582 580 578 576 574 572 570
Binding Energy (eV)

594 592 590 588 586 584 582 580 578 576 574 572 570
Binding Energy (eV)

3.6 Potentiostatic polarization test

Figure 11 shows the i-f response of SLMed 718 and R
718 alloys in 0.05 mol/L H,SO, solution under poten-
tiostatic polarization conditions. The inset figure in
Fig. 11(a) shows that the stable state current densities
(i) of both alloys are 2.17x 10”7 A-cm™ and 3.12x 107’
A-cm™2, respectively. The lower i, of SLMed 718 alloy
indicates an enhanced protective capability of the film,
due to the greater transfer resistance that hinders species

@ Springer
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Fig. 10 Depth distribution of different compositions in the passive film for SLMed 718 alloy (a), (b), (c), (d) and R 718 alloy (e), (f), (g), (h)
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transportation across the film. In Fig. 11(b), when the
polarization time is less than 10 s, the near coincidence of
the two curves evidently suggests that the electrochemi-
cal response of the two alloys is almost identical. There
is a linear relationship of logi — logt when the polariza-
tion time is longer than 10 s. The film growth rate can be

@ Springer

obtained by the slope (k) of the descending line segment
of the logi — logt curve [60, 61]. The lower k values of
SLMed 718 alloy indicate the higher film growth rate and
the superior protective properties of the film [26], which is
consistent with the XPS analysis. As a result, the corrosion
resistance of the R 718 alloy was improved.
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Fig. 12 C;é vs. E curves of SLMed and R 718 alloys in 0.05 mol/L
H,SO, solution

3.7 Mott-Schottky analysis

The space-charge capacitance of an n-type and p-type
semiconductor can be given by Eqgs. 5 and 6 [51]:

1 2 kT

—= E—Ep— —)

C? seoeND< B e ®)
1 2 kT

—=- E—Epp— —>

c? esoeNA( B o (6)

where e is electron charge (1.60x 107" C), Np/N,, is the
donor/acceptor density in the passive film, k is Boltzmann
constant (1.38x 1072 J-mol K1), T'is temperature (K), and
E is the applied potential and Egg is the flat band potential.
Figure 12 presents Cs‘é vs. E plots of passive films formed
on both SLMed 718 and R 718 alloys. The two regions
with positive and negative slope characterized by different
capacitance behavior. The same phenomenon was observed
in Fe—Cr alloys, stainless steels and CoCrFeMnNi high-
entropy alloys [62—64]. When the applied potential is below
0.7 Vgcg, the slop of the curves is negative, corresponding
to the p-type semiconductivity of the chromium inner oxide
layer. In contrary, the region of E> 0.7 Vg corresponds to
the outer layer of the film, which is primarily composed of
Fe;0, and/or Fe,0;, behaving as an n-type semiconductor.
The difference in the Cgé vs. E plots is related to the
thickness of the electron depletion layer or the number of
carriers of the charge [62]. Therefore, the acceptor density
(N,) and donor density (Ny) of SLMed 718 and R 718
alloys can be calculated by the slope of the linear region
in the Mott-Schottky curve. The values of Ny and N, for
both SLMed 718 and R 718 alloys reach the order of 10°'
cm™, which is consistent with the results obtained by Liu

et al. [65]. The N, and N, of the SLMed Inconel 718 alloy
passivation film are 5.97 x 10*! cm™ and 3.24 x 10! cm ™3,
respectively. Meanwhile, the Ny and N, of the R 718 alloy
passivation film are 7.16 X 10*' cm =3 and 4.05x 10*' ¢cm 3,
respectively. The donor density N4 and the acceptor density
N, of SLMed 718 alloy are relatively lower compared
with those of R 718 alloy. The lower N4 and N, inhibit the
migration of ions, which can inhibit the electrochemical/
chemical reactions in the passivation film in turn. The lower
the carrier density, the more difficulty the ions to diffuse
in the passive film. Therefore, the corrosion resistance of
SLMed 718 alloy in 0.05 mol/L. H,SO, solution is superior
to that of R Inconel 718 alloy.

4 Conclusions

In this work, the microstructure and electrochemical behav-
iors of SLMed 718 alloy were systematically investigated
and compared with the commercial rolled counterpart.
SLMed 718 exhibits superior corrosion resistance with
lower corrosion current density and passive current den-
sity compared with rolled counterpart. Stable and compact
passive films form on the surface of both alloys during
immersion test, and their corrosion resistance and protec-
tive ability become stronger as immersion time increases.
The passive film of SLMed718 alloy is composed of NiO,
Fe,05 and Cr,0;. It thickens gradually, and meanwhile,
the Cr,0; content increases while the porous NiO con-
tent decreases with increasing immersion time, resulting
in the enhanced protective ability. In addition, the passive
film gradually thickened with time, which exhibited the
better protective properties due to less porous NiO and
more compact Cr,05. The significance of this study lied
in revealing the advantages of SLMed 718 alloy in terms
of corrosion resistance, and providing a foundation for in-
depth understanding of its electrochemical behavior and
the formation mechanism of surface passive films. Fur-
thermore, the results of this study could guide material
design and engineering applications, such as developing
more corrosion-resistant materials to extend service life
and improve performance in corrosive environment.
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