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In this study, the effect of rhenium addition (2, 4, and 6 wt pct) and building orientation (0 and
90 deg) on the microstructure and corrosion resistance of Inconel 718 (IN718) alloy processed
by selective laser melting (SLM) was investigated. Microstructure characterization showed that
the as-built IN718-Re alloys consist of columnar grains growing parallel to the building
direction (Z-axis). Each columnar grain was characterized by a fine columnar/cellular dendritic
substructure with Nb- and Mo-rich Laves phases and MC-type carbides embedded in the
interdendritic spaces. Rhenium addition segregated to y phase dendrites which resulted in an
increase of the columnar/cellular substructures width with increasing Re content. Due to a
strong microstructure anisotropy of SLM-processed IN718-Re alloys, the corrosion properties
were examined for mutually perpendicular planes: XY (90 deg samples) and XZ (0 deg). The
presence of rhenium enhanced the corrosion resistance of IN718 alloy in 0.1 M Na,SO4 and
NaCl solutions at both exposed planes. The corrosion current density was significantly reduced
for IN718-Re alloys and increasing Re content correlated with a more positive shift in corrosion
potential. Moreover, the XY plane possessed better corrosion resistance than the XZ plane due

to the higher fraction of laser overlapping areas observed for the XZ plane.
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I. INTRODUCTION

SELECTIVE laser melting (SLM) is an additive
manufacturing (AM) technique which enables the pro-
duction of nearly fully dense 3D metal parts in a
layer-by-layer fabrication process. Subsequent 50- to
100-pm-thick powder layers are melted and consolidated
by a focused laser beam to obtain a given com-
puter-aided design (CAD) model.l'* Such processing
allows the direct manufacture of metal parts with
complex geometries with little to no further machining.
This significantly reduces the mdterlal waste and invest-
ment cost for machining tools.”
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For the above reasons, the aircraft industry has
become increasingly interested in the fabrication of
Ni-based components by SLM. Extensive work has thus
been conducted in recent years on SLM-processed
Inconel 718 (IN718)."'"1 IN718 is a common Ni-based
(Ni-Cr-Fe) austenite (y) alloy that combines high
strength at elevated temperatures up to 700 °C with
excellent corrosion resistance. For these attributes, it is
widely used for turbine engines or high-speed airframe
parts in the aircraft industry as well as for valves,
packers, or fasteners in the oil and gas industry.["®" -20]
IN718 is an age-hardenable alloy strengthened by
precipitates of 7" (Ni3(Al,Ti)) and 7" (Ni3Nb) phases.
However, some undesirable phases, i.e., NbC, 5-NizNb
and Laves phase represented by (Ni1,Cr,Fe) (Nb,Mo,Ti),
can be also formed in IN718 alloy which leads to a
degradation of its ductility and creep properties.[®:!5:1!

Rhenium, as a refractory metal with an excellent creep
strength and re51stance to a wide range of corrosive
environments,*!! is highly effective in modifying the
properties of Ni-based superalloys. It has been shown
that Re addition significantly improves their high-tem-
perature durability by decreasing the creep deformation
rate.>*¥ This results from the fact that Re is a
slow-diffusing element in nickel® > and has a strong
tendency to segregate in the y matrix.** >l During
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high-temperature exposure, Re tends to pile up at the y/
7" interface which leads to a reduced y” coarsening
ratel”*% and the retardation of the dislocation climb at
the 7/y” interface.®!) Thereby, the creep resistance of
Re-containing Ni-based superalloys is significantly
enhanced. Recently, the effect of Re on mechanical
properties has been also investigated in the case of
SLM-processed Ni-based superalloys. Brynk et al.l'”
have found that Re addition reduces the fatigue crack
growth rate of IN718 alloy fabricated by SLM, whereas
its tensile strength at room temperature is only slightly
increased and depends strongly on the building orien-
tation of tensile samples.

On the contrary to the well-established effects of Re
on the mechanical behavior of Ni-based alloys, the
papers concerning its influence on corrosion properties
are still limited."**) Amin er al.B? reported that the
addition of 2.5 and 3.5 wt pct Re increases the corrosion
resistance of cast IN718 alloy in 1 M Na,SO; + xM
NaCl solutions while an opposite trend is observed for
higher Re content (6 wt pct). Also, Kurzynowski
et alP¥ investigated a IN718 laser surface alloyed with
Re and found that dissolution of 14 wt pct Re leads to a
shift of corrosion potential to higher value and 24 pct
reduction of corrosion current density in 3 wt pct NaCl
solution. Alloying with 28 wt pct of Re results in the
presence of some undissolved Re particles in the
processed layer on IN718 substrate which diminishes
its corrosion resistance.

In order to explore the effect of Re addition on
corrosion resistance of Ni-based superalloys, this study
was aimed at clarifying the electrochemical behavior of
IN718 alloy with 2, 4, and 6 wt pct Re (named as
IN718-2Re, IN718-4Re, and IN718-6Re) processed by
SLM. Re has recently become one of the most expensive
metals?!! and thus, its content in the investigated
IN718-Re alloys was minimized to 2-6 wt pct which is
close to Re content in the second- and third-generation
Ni-based superalloys (3 and 6 wt pct, respec-
tively).?!2>2%1 Although SLM offers many advantages
over conventional manufacturing technologies, a strong
microstructure anisotropy can be observed in SLM parts
due to the directional heat flux during laser beam
fabrication.**! Therefore, IN718-Re alloys were manu-
factured at two building orientations to obtain a better
understanding of the relation between Re content,
microstructure, and corrosion resistance.

II. MATERIAL AND METHODS

Test specimens were fabricated using the SLM Real-
izer 11 250 (MCP-HEK GmbH) from powder mixtures
of commercially available IN718 (with the chemical
composition of Ni-19.5Fe-18.37Cr-5.43Nb-3.27-
Mo-0.91Ti) and pure Re. The powders comprised
mostly spherical particles having a good flowability.
The mean diameter of 35 4+ 12 and 20 + 12 um was
determined for IN718 and Re powders, respectively, as
measured using a Horiba LA-950 laser diffraction
particle size analyzer. Milling was performed at a
rotation speed of 200 rpm in an uni-ball mill with a
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Zr0O, container of 500 mL capacity filled with 25 balls of
25 mm diameter.

Cylindrical specimens with a diameter of § mm were
manufactured at two building orientations with the
cylinder axis perpendicular (herein referred to as 0 deg)
and parallel (90 deg) to the building direction
(Figure 1). The XY scanning strategy (consecutive
layers scanned twice in mutually perpendicular direc-
tions according to a zigzag pattern) was used for
specimen preparation with following process parame-
ters: laser power 400 W, scanning speed 500 mm s ',
layer thickness 50 um, and distance between scanning
lines (hatch spacing) 160 um. The chemical composition
of the resulting SLM-processed IN718-Re alloys mea-
sured by an X-ray fluorescence (XRF) analyzer (Olym-
pus Delta Professional) is presented in Table 1.

Microstructure was examined with a Nikon Eclipse
MAZ200 optical microscope (OM) and a Hitachi SUS000
scanning electron microscope (SEM) equipped with a
backscattered electron (BSE) detector. Sections for met-
allographic observations were ground, polished, and
etched for a few seconds using a solution of 20 mL HCI,
10 g FeCl;, and 30 mL ethanol. The energy dispersive
X-ray spectroscopy (EDS) analysis of samples and
detailed precipitates characterization were carried out
on a high-resolution scanning transmission electron
microscope (STEM) Hitachi HD-2700. Thin lamellas
for STEM investigation were prepared by focused ion
beam (FIB) lift-out technique using a FIB-SEM Hitachi
NB5000 system.

The corrosion resistance was examined at room
temperature by the potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) methods.
The two testing environments were 0.1 M Na,SO4 and
0.1 M NaCl solutions, both acidified to pH 4 by adding
H,SO,4 and HCI, respectively. The specimens for corro-
sion tests were obtained by slicing SLM manufactured
cylinders 0 and 90 deg to 1-mm-thick discs. The exposed

Building direction

Fig. 1—Building orientation of cylindrical specimens manufactured
by SLM.
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Table I. Chemical Composition (in Weight Percent) of IN718-Re Alloys Processed by SLM

Material Ni Fe Cr Nb Mo Ti Re Other
IN718 51.98 19.54 18.69 5.03 3.03 1.01 — 0.72
IN718-2Re 50.97 18.99 17.77 4.80 2.87 1.16 2.16 1.28
IN718-4Re 49.66 18.95 17.23 4.78 2.96 1.02 4.23 1.17
IN718-6Re 48.26 18.73 17.25 4.44 2.69 0.90 6.52 1.21

area of these ~ 0.5 cm? discs corresponded to XZ and
XY planes, respectively. Before exposure, all surfaces
were ground with SiC papers down to 1200 grit and
cleaned ultrasonically in acetone. The potentiodynamic
and impedance tests were conducted in a three-electrode
setup (consisting of tested sample, saturated calomel
electrode (SCE), and auxiliary platinum electrode) using
an AutoLab PGSTATI100 potentiostat. The potentio-
dynamic curves were recorded from the potential of
approximately 150 mV below the corrosion potential
(Ecorr—150 mV) to 1500 mV at a potential scan rate of
0.2 mV s~ . Corroded specimens were then investigated
by SEM. Impedance tests were carried out in the
frequency range from 10° to 107> Hz at a sinusoidal
signal amplitude of 5 mV. The impedance spectra were
recorded in the potentiostatic mode at open circuit
potential (Epcp) and, subsequently, analyzed by Bou-
kamp’s Equivert software.

III. RESULTS AND DISCUSSION
A. Microstructure of IN718

The microstructure of as-built IN718 samples is
shown in Figure 2, in mutually perpendicular planes
XY and XZ. A typical microstructure for SLM-pro-
cessed materials with laminar structure and columnar
architecture is observed. Considering the XY plane, the
laser scan tracks with a width of about 150 um are
clearly visible (Figures 2(a) and (b)). The parallel scan
tracks are oriented in a zigzag pattern resulting from the
building strategy and their width corresponds to the
applied hatch spacing of 160 um. A similar effect was
observed in the literature.!”'*! The individual tracks
consist of elongated grains which are mutually parallel.
Also, equiaxed grains with a size of 10 to 30 um can be
recognized  between  neighboring scan  tracks
(Figure 2(c)). This is likely caused by a re-melting
process in the overlapping areas.["'3 SEM observations
in the XZ plane also reveal that the microstructure of
as-built samples is dominated by columnar grains with a
width of 10 to 30 um and a length of several hundred
microns (Figures 2(d) and (e)) which are elongated
along the building direction (Z-axis). The individual
columns are created by solid solution y phase which has
been shown previously in References 6, 7 and 10.
Moreover, the arc-shaped melt pools can be noticed in
the XZ plane (Figure 2(d)) which demonstrates the
development of layers during laser beam manufacturing.
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The melt pool size is determined by the applied layer
thickness (50 um) and hatch spacing (160 um).

The observed unidirectional columnar grains which
are longer than the thickness of scanned layers are a
result of epitaxial grain growth occurring during SLM
processing in the direction determined by heat flux.!'!=*!
Since the heat dissipates mostly in the building direction
(negative Z-direction), the highest temperature gradient
and solidification rate appear along the Z-axis. Such
processing conditions cause formation of fine colum-
nar/cellular dendritic substructure in the as-built IN718.
Each grain consists of columnar/cellular dendrites which
are visible as equiaxed cellular structures in the XY
plane (see the inset in Figure 2(c)) and columnar/cellular
dendrites growing nearly parallel to the building direc-
tion in the XZ plane (Figure 2(f)). The typical width of
the cellular and columnar structures is about the same
and lies in the range between 700 and 1100 nm. It should
be mentioned that such fine dendritic substructure is a
standard in the case of SLM-processed IN718
alloy [011-14]

As suggested by Tucho er al.® the formation of a
columnar/cellular dendritic substructure seems to be
accompanied by microsegregation. SLM processing
characterized by a high solidification rate of the molten
pool prevents macrosegregation of alloying elements
with high susceptibility to segregation, i.e., Nb or Mo.
However, it is not possible to completely avoid
microsegregation of such elements.!**® Figure 3 pre-
sents the EDS analysis results of as-built IN718 sample.
The interdendritic regions are highly enriched in Nb and
Mo which leads to formation of irregularly shaped
Laves phases (with a size of about 1 um) and MC-type
carbides between dendritic cells. Moreover, the spherical
MC-type carbides rich in Nb and Ti with a size less than
100 nm can be also recognized in the matrix as well as a
few fine Al oxides. The occurrence of Laves phase and
MC-type carbides in the interdendritic spaces can be
explained based on phase transformation sequence of
IN718 alloy during cooling. The solidification process in
IN718 alloy starts with liquid (L) phase to austenite
matrix y phase reaction (L — y). Then, it is followed by
the enrichment of interdendritic liquid in Nb, Mo, Ti,
and C and a sequence of eutectic-type reactions. As
temperature decreases, the eutectic-type reaction
L — (y + NbC) occurs causing depletion of the remain-
ing liquid in C. Afterwards, the concentration of Nb and
Mo in the remaining liquid is sufficiently high and a
second eutectic-type reaction L — (y + Laves) leads to
Laves phase formation.?” 3"
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Fig. 2—Microstructure of as-built IN718 samples: (a, b) in the XY plane showing laser scan tracks consisting of mutually parallel elongated
grains and (c) fine equiaxed grains in the overlapping areas; (d, ¢) in the XZ plane showing arc-shaped melt pools and columnar grains growing
parallel to the building direction. Fine cellular/columnar dendritic substructure is presented in (c) (see inset) and (f).

Fig. 3—EDS mapping analysis of as-built IN718 sample (XY plane).

B. Microstructure of IN718-Re Alloys

The addition of rhenium does not cause any drastic
changes in the microstructure of SLM-processed IN718
alloy. The columnar architecture with fine dendritic
substructure is still maintained in the case of IN718-Re
alloys. The spherical MC-type carbides as well as Laves
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phases in the interdendritic spaces enriched in Nb and
Mo are also present in the IN718-Re alloys as shown in
Figure 4. Rhenium has dissolved mostly in the y phase
matrix (Figure 4(b)). However, some undissolved Re
particles with a size ranging from several microns to
20 um can be also seen (Figure 4(a)).
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Fig. 4—Microstructure of IN718-6Re alloy in the XZ plane: (¢) TEM micrograph showing the presence of Laves phase, carbides, and
undissolved rhenium particle; (b) chemical composition profile acquired across y phase matrix-Re particle interface.
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Fig. 5—The dendritic substructure within individual grains of (a) IN718, (b) IN718-2Re, (¢) IN718-4Re, and (d) IN718-6Re alloys in the XY
plane with (e) plot summarizing the effect of Re content on the width of columnar/cellular dendrites.

The main microstructural change due to the presence
of Re atoms in the y phase matrix is the size of
columnar/cellular dendrites. The width of columnar/cel-
lular structures increases with increasing Re content
(Figure 5) from 893 £ 223 to 1936 &+ 515 nm observed
for IN718 and IN718-6Re, respectively. A similar effect
of Re addition was observed by El-Bagoury ez al.*” for
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cast IN718 alloy. Higher Re content resulted in the
increased volume fraction of y phase and enlarged
dendrite arm spacing. Such microstructural change can
be explained by the redistribution of alloying elements.
Rhenium is known as a solid solution strengthener in
Ni-based alloys®®*” and tends to segregate to y den-
drites.”**! As a result, the volume fraction of y phase
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columnar/cellular dendrites increases with higher Re
content at the expense of interdendritic regions enriched
in Nb and Mo.

El-Bagoury er al.* have also shown that the enlarged
dendrite arm spacing in Re-modified IN718 alloy is
observed for a wide range of cooling rates during the
solidification process (from 1 to 100 K min~'). The
relation between dendrite arm spacing d (expressed
in um) and cooling rate V (expressed in K min~') for
Re-free IN718 and IN718 alloy with 3.5 wt pct Re
addition, respectively, can be given as*

d=142.9 .03 1]
d=1455. 7039, 2]

The cooling rate of about 10° K s™' is reported for
SLM manufacturing®***! which is a few orders of
magnitude higher than for traditional casting (0.01-0.33
K s '), Considering this value of cooling rate and
Egs. [1] and [2], the following size of dendrites can be
expected: 830 nm for SLM-processed Re-free IN718 and
1350 nm for Re-modified IN718 alloy. These values are
in good agreement with the average size of dendrites
obtained in this paper (Figure 5(e)) which suggests that
the formation of such fine dendritic substructure results
mainly from the extreme solidification conditions.
Moreover, it has been shown that at high cooling rates
the primary dendrite shape is altered to a more equiaxed
cell-like form"** and thus, in the SLM process, cellular
or mixed columnar/cellular dendritic substructure is
formed™***Y as shown in the current work (Figures 2
and 5).

C. Corrosion Resistance

1. Potentiodynamic polarization

In order to observe the effect of rhenium addition on
the corrosion resistance of IN718 alloy, potentiody-
namic polarization measurements were conducted in 0.1
M Na,SO4 and 0.1 M NaCl solutions (both acidified to
pH 4). All electrochemical parameters for IN718-Re
alloys manufactured at two building directions, i.e., 0
and 90 deg, are listed in Table II.

Figure 6(a) presents polarization curves for IN718-Re
alloys manufactured at 0deg, in a 0.1 M Na,SO,
environment. The passive and transpassive regions can
be noticed according to the current response. IN718
alloy is in the passive state within a wide range of
potentials with a passivation plateau observed between 0
and 700 mV. The transpassive region is visible as a rapid
increase in the current density of around 1000 mV
corresponding to the dissolution of chromium com-
pounds (the change of oxidation state from Cr’" to
Cr®"). Further anodic polarization above 1000 mV
leads to a degradation of passive film, and to a thick and
cracked chromium-based oxide layer.

The electrochemical behavior as well as corrosion
current density i.,. and corrosion potential E.., of
IN718-Re alloys (0 deg) differ slightly from Re-free
IN718 (Figure 6(a) and Table II). One of the differences

6484—VOLUME 49A, DECEMBER 2018

is lower current density in the cathodic branch and in
the active-passive domain for IN718-Re alloys which
suggest easier reduction of the air-formed passive film
on the IN718 alloy. On the other hand, the addition of
rhenium reduced passive layer durability, as demon-
strated by a shortened passivation plateau (up to 500
mV) and a shift of polarization curves within the range
of 500 to 900 mV to lower potential values. It should be
also noticed that the curves are shifted further for higher
Re content. Nevertheless, the major differences between
IN718 and IN718-Re alloys are i, and E.,., values
(Table II). The addition of Re results in the enhanced
corrosion resistance of IN718 alloy. The corrosion
current density i.o. is reduced significantly from 0.20
t0 0.07-0.09 uA cm 2 observed for IN718 and IN718-Re
alloys, respectively. Moreover, the corrosion potential
E .. is shifted to positive values with increasing Re
content. The overall increase of its value for IN718-6Re
alloy is about 60 mV (from — 110 to — 50 mV observed
for IN718 and IN718-6Re, respectively).

Building orientation of 0 and 90 deg yielded similar
electrochemical behavior and corrosion resistance
(Figures 6(a) and (b)). The corrosion current density
icorr values are slightly reduced for 90 deg samples,
whereas 0 deg samples (expect of IN718-6Re) exhibit a
more positive E. (Table ITI). Even so, the positive
effect of rhenium addition on corrosion resistance of
IN718 alloy is still observed as the corrosion potential
E..,, increases with increasing Re content.

The results of potentiodynamic measurements in a
chloride containing environment (0.1 M NaCl, pH 4)
also exhibit the enhanced corrosion resistance of
IN718-Re alloys in comparison to Re-free IN718 alloy
(Figures 6(c) and (d) and Table II). The corrosion
current density i.. 18 significantly reduced and corro-
sion potential E.,, is shifted to more positive values for
IN718-Re alloys. Samples manufactured at 0 and 90 deg
show similar corrosion resistance. Moreover, the addi-
tion of Re stabilizes the passive layer in Cl~ containing
environment. This is demonstrated by the presence of
sharp current density spikes within the potential range
of 300 to 600 mV for IN718 and IN718-2Re alloys
(Figure 6(c)). Such current density spikes correspond to
a metastable pit growth*® and do not occur for
IN718-4Re and IN718-6Re alloys.

Figure 7 presents SEM images of IN718 samples
manufactured at two building orientations 0 and 90 deg
after potentiodynamic polarization to around 1000 mV
in 0.1 M NacCl solution (pH 4). In the case of the 0 deg
sample, the whole exposed surface has been etched
showing the initial microstructure elements, i.e., the
arc-shaped melt pools (Figure 7(a)) and fine colum-
nar/cellular dendritic substructure (Figure 7(c)). On the
contrary, SEM observations of sample 90 deg revealed
that the sample’s surface is locally corroded
(Figure 7(b)). The thicker oxide layer is formed within
the mutually parallel bands separated by approx.
150 um from each other which correspond to the
overlapping areas between adjacent laser scan tracks.
Meanwhile, the thinner oxide layer with still visible
grinding scratches is present between the overlapping
areas (Figure 7(d)). It should be noted that the current
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Table II.

Potentiodynamic Test Results of IN718-Re Alloys Manufactured at Two Building Orientations 0 and 90 deg Exposed in

0.1 M Na,SO,4 and 0.1 M NaCl Solutions (pH 4)

Building Orientation

0 deg 90 deg

Environment Material feorr (LA cm™2) E o (mV) ieorr (A cm2) Ecorr (mV)

0.1 M Na,SO, (pH 4) IN718 0.200 — 110 0.091 — 160
IN718-2Re 0.070 — 105 0.093 — 140
IN718-4Re 0.090 - 170 0.053 — 100
IN718-6Re 0.080 - 50 0.051 - 50

0.1 M NacCl (pH 4) IN718 0.150 — 200 0.106 — 195
IN718-2Re 0.018 — 125 0.048 — 110
IN718-4Re 0.029 — 80 0.027 — 125
IN718-6Re 0.025 — 103 0.017 — 85
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(d)

Fig. 6—Potentiodynamic polarization curves of IN718-Re alloys by building orientation and solution: (a) 0 deg in 0.1 M Na,SOy, (b) 90 deg in
0.1 M Na,SOy, (¢) 0 deg in 0.1 M NaCl, and (d) 90 deg in 0.1 M NaCl. For all solutions, pH 4.
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Fig. 7—SEM images of IN718 alloy manufactured at (a, ¢) 0 deg and (b, d) 90 deg after electrochemical polarization to around 1000 mV in 0.1

M NaCl solution (pH 4).

density for potential of 1000 mV for sample 0 deg is
almost one order of magnitude higher than for sample
90 deg. Therefore, considering the potentiodynamic
polarization measurements and SEM observation
results, the overlapping areas seem to be the preferential
sites for corrosion of SLM-processed IN718-Re alloys.
This may result from the fact that the overlapping areas
are characterized by the higher fraction of grain
boundaries (Figure 2) and higher accumulated energy.
Further electrochemical corrosion leads to the forma-
tion of a uniform oxide layer on the sample’s surface
and the revealing of the initial microstructure elements
resulting from the laser beam manufacturing such as the
arc-shaped melt pools or laser scan tracks.

2. EIS measurements

The potentiodynamic polarization tests showed that
IN718-Re samples manufactured at 90 deg have slightly
higher corrosion resistance (lower corrosion current
density i.or;) than samples 0 deg in the Na,SO,4 envi-
ronment. To investigate the effect of building orienta-
tion and Re addition on the electrochemical behavior
more precisely, EIS measurements were performed for
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IN718 and IN718-6Re alloys fabricated at 0 and 90 deg
in 0.1 M Na,SO, solution (pH 4).

The equivalent electrical circuit (EC) used to fit the
experimental data is presented as an inset in Figure 8(a).
It is a model commonly used for a locally corroded
systems which provides the best fit with the smallest
error.*”*8! In the present study, circuit elements in this
model are as follows: R corresponds to the electrolyte
resistance; CPE, and R; are constant phase element
(CPE) and resistance, respectively, representing the
capacitance and resistance of the passive film formed
on the substrate surface; CPE, and R, are associated
with processes occurring within the overlapping areas.

Figure 8 depicts the Nyquist and Bode plots for
IN718 and IN718-6Re alloys fabricated at 0 and 90 deg
in the acidified 0.1 M Na,SO4 at the Epcp of each
sample. The fitted impedance parameters for all tested
samples are summarized in Table I1I. The Nyquist plot
(Figure 8(a)) shows the significantly higher impedance
of samples manufactured at 90 deg in comparison to
those fabricated at 0 deg. Also, the enhanced impedance
of IN718-6Re is observed at both building orientations.
From the Bode plot (Figure 8(b)), the occurrence of two
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Fig. 8—(a) Nyquist and (b) Bode plots of IN718 and IN718-6Re manufactured at 0 and 90 deg exposed in 0.1 M Na,SO, solution (pH 4). Inset

in (a) shows an equivalent electrical circuit employed to fit the raw data.

Table III. Impedance Parameters of IN718 and IN718-6Re Alloys Manufactured at Two Building Orientations 0 and 90 deg
Exposed in 0.1 M Na,SO, Solution (pH 4)
R, R CPE, R, CPE,

Material (Orientation)  (Qcm?)  (kQcm?)  (uF em ™2 s'™) n (kQcm?  (uF em~2s'™) n, R, (kQ cm?)
IN718 (0 deg) 40 148 55 0.91 29 558 0.90 177
IN718-6Re (0 deg) 41 302 51 0.91 37 789 0.97 339
IN718 (90 deg) 38 433 48 0.94 228 152 0.97 661
IN718-6Re (90 deg) 40 710 40 0.94 314 135 0.98 1024

time constants with high coincidence can be seen. The
broader phase angle peaks are also evident for samples
manufactured at 90 deg.

Corrosion resistance of all tested samples can also be
evaluated by the polarization resistance R, which is
inversely proportlonal to the corrosion rate (49.301 ¢ js
defined here as R, = R, + R,. The analysis of R,, values
(Table III) shows that the corrosion resistance increases
in the following order: 0 deg IN718 < 0 deg IN718-6Re
< 90 deg IN718 < 90 deg IN718-6Re. The higher
corrosion resistance of samples manufactured at
90 deg is associated with the one order of magnitude
higher value of R, which refers to the resistance of oxide
layer in the overlapping areas. It has been shown that R,
is 1nversel[y proportional to surface area undergoing
corrosion.” Thus, the lower value of R, observed for
samples manufactured at 0 deg indicates the greater
surface area undergoing corrosion. This is consistent
with the microstructure observations (Figure 3). In the
case of 0 deg samples, the corroded surface corresponds
to the XZ plane which exhibits a higher number of
overlapping areas than the XY plane (90 deg samples).
This result also confirms that the overlapping areas are
the preferential sites for corrosion of investigated
SLM-processed IN718-Re alloys.

The enhanced corrosion resistance of samples manu-
factured at 90 deg can also be inferred from the changes
of the parameter n. This is an empirical exponent
between 0 and 1 which describes the corrosion process
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(the higher the value, the more homogeneous the
process). When n = 1, the CPE is a pure capacitor
with a perfectly smooth surface, whereas n = 0 repre-
sents a resistor.’? The high values of parameter n
(Table IIT) demonstrate that all tested samples are in the
passive state with high corrosion resistance. However,
the higher n values for 90 deg samples with respect to
0 deg samples indicate that the corrosion process occurs
more homogeneously for 90 deg samples and the oxide
layer formed on their surface exhibits higher durability.

Moreover, the EIS measurements confirm the positive
effect of Re addition on the corrosion resistance of
IN718 alloy. This can be inferred from the changes of
the polarization resistance R, (Table III) which
1ncreases due to 6 wt pct Re addition from 177 to 339
kQ cm? for samzples manufactured at 0 deg and from 661
to 1024 kQ cm~ for 90 deg samples.

IV. CONCLUSIONS

In the present study, the effect of rhenium addition on
microstructure and corrosion resistance of the
SLM-processed IN718 alloy is investigated. The main
conclusions can be summarized as follows:

1. The microstructure of as-built IN718-Re alloys
predominantly consists of columnar grains growing
across several layers parallel to the building

VOLUME 49A, DECEMBER 2018—6487



direction. Each columnar grain is characterized by
the fine columnar/cellular dendritic substructure.
The interdendritic spaces are highly enriched in Nb
and Mo which results in the formation of Laves
phases and MC-type carbides between dendritic
cells.

2. Rhenium addition tends to segregate to y phase
dendrites and leads to the change of columnar/cel-
lular dendrites size. The width of columnar/cellular
structures increases with increasing Re content from
893 + 223 to 1936 £ 515 nm observed for IN718
and IN718-6Re, respectively.

3. The potentiodynamic polarization tests show that
the Re addition results in the enhanced corrosion
resistance of IN718 alloy in 0.1 M Na,SO, and
NaCl solutions (pH 4). The corrosion current
density is significantly reduced for IN718-Re alloys,
whereas the corrosion potential is shifted to more
positive values with increasing Re content.

4. The corrosion resistance of IN718-Re alloys has
been also investigated with respect to the building
orientation. Samples manufactured at 90 deg (XY
plane) possess better corrosion resistance than those
fabricated at 0 deg (XZ plane). It is caused by the
higher fraction of laser overlapping arecas observed
for the XZ plane which seem to be the preferential
sites for corrosion of investigated SLM-processed
IN718-Re alloys.
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