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The corrosion resistance of Inconel 625 processed by L-DED additive manufacturing using virgin
and reused powders was investigated to optimize the cost-effectiveness of the process. Samples
were manufactured under a controlled argon atmosphere. Feedstock and samples were characterized
by optical and scanning electron microscopy, energy-dispersive X-ray spectroscopy, and rheology
analysis. Corrosion resistance was investigated by cyclic polarization and electrochemical impedance
spectroscopy in NaCl 3.5% media. Rheology accused a slight decrease in powder flowability with
reuse, but no further appreciable powder degradation was observed. Samples developed a dendritic
microstructure with Mo- and Nb-rich Laves phase in the interdendritic region. Samples processed with
reused powder were found to have a high content of oxides, which accounted for a slightly inferior
impedance and reduced the charge transfer resistance by nearly 50%. Specimens had an overall
similar cyclic polarization, with the specimen processed with virgin powder having a slightly superior
performance, with a 60mV more noble E__and higher R, butsimilar I _. Samples presented uniform
and pitting corrosion mechanisms, with pits being preferentially located in the Mo-depleted dendritic
regions. In summary, the reuse of Inconel 625 powder processed under argon-controlled conditions
was not considered to be significantly detrimental to the alloy corrosion resistance.

Keywords: Ni-superalloys, Corrosion mechanisms, Tafel analysis, Laser processing, Feedstock

recycling.

1. Introduction

Inconel 625 is a nickel Ni-based superalloy with superior
mechanical strength and great corrosion resistance, at milder
and high-operating temperatures. It is extensively used in
high-tech industrial sectors such as aviation, aerospace,
nuclear, marine, and petrochemical to produce turbine blades,
heat exchangers, valves, and several other parts'. However,
processing Inconel 625 is a complex task due to its high
toughness, high abrasiveness, and poor machinability**.

With additive manufacturing (AM) by laser directed
energy deposition (L-DED), and laser powder bed fusion
(L-PBF), it is possible to produce components with
customized geometries on-demand using materials that are
challenging to work with®"™. This work focuses on the L-DED
process, which provides the manufacturing and repair of
parts ensuring a refined and heterogeneous microstructure
through a series of fast heating-cooling cycles that generate
high temperature gradient/solidification ratio correlations.
With the feasible selection of L-DED parameters and AM
manufacturing strategies, it is possible to obtain components
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free from deleterious defects, with high density and properties
compatible with and/or superior to traditional manufacturing
methods™!°. In this sense, the processing of Inconel 625 parts
by AM stands out as a viable alternative.

Despite the benefits, Inconel 625 has the limitations
of forming potentially deleterious phases, with the Laves
phase being the most commonly found. It is an intermetallic
compound with a hexagonal structure, rich in Nb and Mo
Ni,(Mo, Nb), normally precipitated at grain boundaries.
Besides, the Laves phase is hard and brittle, providing
sites for nucleation and propagation of cracks''. During
solidification, the initial reaction of the primary liquid
transforming into austenite provides supersaturation of Mo
and Nb to the interdendritic regions and grain boundaries.
This kinetics is encouraged by the very high melting points
of these elements. In this context, the Ni-rich dendritic matrix
is depleted in these elements, reducing corrosion resistance,
through the establishment of preferential sites for the action
of corrosive mechanisms, such as pits*. The formation of a
Cr,0, passivating film on the Inconel 625 surface is mainly
responsible for its attractive corrosion resistance'?. However,
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during AM L-DED manufacturing, fast cooling generates
segregation at grain boundaries, material undergoes intense
microstructure and surface modification, which can impair
this property. Precipitation of carbides and Laves phases
generates a sensitization phenomenon, depleting the matrix
region in Cr, thus decreasing corrosion performance'.

Once manufactured, AM L-DED Inconel 625 components
can be subjected to a heat-treatment route consisting of annealing
and, sometimes, aging. Different times (e.g. 60-120 min) and
temperatures (e.g. 800-1150 °C) are reported. The objective
is to provide residual stress relief, recrystallization, mitigate
segregation, and improve the mechanical properties and
corrosion resistance'*".

To enhance the sustainability and cost-effectiveness of
AM L-DED process, powder reuse has emerged as a common
approach. AM, defined as a set of emerging processes, still
presents a high cost, with a significant portion of this attributed
to the metallic powder acquisition, which is manufactured
using high-added-value processes, such as gas and plasma
atomization'®. In the literature, there are still few works in
this regard. Gutjahr’s doctoral thesis (note: original document
in Portuguese, Brazil) presents a complete discussion of the
effects of eight cycles of reuse of a 316L austenitic stainless
steel powder on standardized specimens manufactured
by AM L-DED process. The author analyzed aspects of
microstructure, and mechanical performance of hardness,
tensile strength, and Charpy impact. As general conclusions,
it was observed that there was no significant difference in
microstructure and mechanical performance along with the
multiple cycles. The efficient control of oxygen (O,) level
using an Argon-rich controlled atmosphere throughout all
stages of feedstock handling, manufacturing, and post-
processes was the main justification indicated for achieving
satisfactory performance'’. By producing AM L-DED
samples in five reuse cycles, Renderos et al.'® assessed the
degradation of Ni-based superalloy Inconel 718. Throughout
the reuse cycles, the authors found no appreciable variations
in the chemical composition, microstructure, or mechanical
tensile performance'.

Based on the literature, it is feasible to infer that there is
a trend for powder reuse to not adversely affect the material
performance, if caution is used throughout the manufacturing
process, especially while handling the feedstock. It is advised
to employ a controlled atmosphere during the process to
minimize the negative effects of oxygen and other atmospheric
pollutants on the material. Metal powder reuse is a relatively
common AM practice in the laser powder bed fusion (L-PBF)
process. However, there is still a lack of studies on the effects
of'these practices in different materials processed by L-DED.
Attention is drawn to the case of Inconel 625, which is a
high-cost material already widely used in high-tech industrial
sectors. For example, the impact of feedstock reuse on the
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corrosion performance of AM L-DED Inconel 625 parts is
not yet fully understood.

In this context, the present work shows the impact of
feedstock reuse on the corrosion performance of AM L-DED
Inconel 625 parts in the as-built and heat-treated states.
This work brings a technological contribution showing
that the reuse of powder processed by AM L-DED under
an inert gas-controlled atmosphere does not jeopardize the
corrosion resistance of Inconel 625. Besides, this research
also contributes towards a better comprehension of the
corrosion mechanisms of Inconel 625 powder and parts,
when processed by AM L-DED.

2. Materials and Methods

Hot-rolled and milled AISI 316 stainless steel (2505015 mm)
plates were used as substrate. A gas-atomized Ni-based
Inconel 625 virgin powder with 53-150 um particle size
range was used as feedstock. Table 1 shows their chemical
composition.

L-DED system used was the 5-axis RPMI 535® from
RPM Innovations Inc., which is capable of processing in
a controlled atmosphere composed of Argon gas, keeping
an oxygen (O,) content below 10 ppm. It is coupled to a
continuous wave (CW) Ytterbium (Yb) doped fiber laser
source with 3000 W (YLS-3000) nominal power, 1064 nm
wavelength (£), Beam Parameter Product (BPP=10.0), and
Beam Parameter Quality (M?=29.7) from IPG Photonics®.

Figure 1 presents a schematic illustration of the steps
used in the specimens manufacturing of this work. For the
present study, a set of samples (25*25*25 mm cubes) were
manufactured by AM L-DED under an Argon-controlled
atmosphere, with an O, content below 5 ppm, using the
parameters shown in Table 2, that were previously optimized
for mechanical integrity following a standardized design of
experiment (composed by experimental and analytical stages
of single beads, single layers, and multilayer samples) as that
applied by Thiesen®. A slicing strategy with a 45° rotation
between layers was used during manufacturing. A layer-by-
layer relay between cube samples was employed aiming to
mitigate excessive heat input.

The processing setup (power nozzle and process parameters)
was tuned for mechanical integrity assurance (free from
cracks and lack of fusion), and low deposition efficiency,
which was of about 15%. It is estimated that, from the total
amount of powder provided for manufacturing (100%), 5% is
lost in dead moves, 2% because of powder dropping off the
build platform, 1% during the sieving process, and 1% along
with storage handling. This way, even after parametrization
(that also consumes a certain amount of powder), a great
part of the initially fed feedstock would still be available
for reuse. After manufacturing, the powder remaining on
the build platform was collected and stored.

Table 1. Chemical composition of the substrate and feedstock materials.

Chemical Composition

Element (wt.%) Fe Ni Cr Mo Nb Mn Si C
AISI 316 Substrate Bal. 0.7 13.5 - - 1.0 1.0 0.15
Inconel 625 Powder 0.5 Bal. 21.1 8.3 5.0 0.4 0.5 0.01
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Figure 1. Experimental steps performed during powder handling, powder characterization, and AM L-DED manufacturing.

Table 2. AM L-DED optimized parameters.

AM L-DED Parameter Value
Spot Size (@, mm) 1.78
Powder Feedrate (F, g/min) 15
Laser Power (P, W) 550
Travel Speed (S, mm/min) 457
Hatch Spacing (HS, mm) 1.0
Layer Height (mm) 0.64

Bottles of virgin and reused powders were kept inside
a glove box filled with argon (MBRAUN UNIlab) that
maintains the internal O -content below 10 ppm. The reused
powder sieving process was conducted at the VIBROWEST
sieving station, which runs in a controlled atmosphere by
Argon with an O,-content below 10 ppm. In this procedure,
a #100 Mesh sieve was used, which prevents the passage
of particles larger than 150 um. After sieving, samples
of virgin and reused powders were collected according
to recommendations of ASTM B215 (Standard Practices
For Sampling Metal Powders)?!. The morphology and
microstructure of powder samples were characterized by
SEM imaging using a ZEISS SUPRA 55 VP equipment
and by optical microscopy using a ZEISS AXIO IMAGER
2. Rheology analyses were performed using a FREEMAN
TECHNOLOGY FT-4 equipment. Aeration, stability, and
variation flow rate tests were carried out to determine the
feedstock’s Aeration Rate (AR), Basic Fluidity Energy
(BFE), Flux Rate Index (FRI), Stabilization Index (SI), and
Specific Energy (SE). For every rheological test, at least three
repetitions were performed. SEM imaging was performed
for morphology analysis of the virgin and reused powders.

The sieved powder was then used to produce samples
using the same parameters employing 100% of the reused
powder. Once manufactured, both samples were subjected

to a stress relief heat-treatment in the ambient atmosphere
performed at 900 °C for 120 min followed by in-furnace
cooling. After that, samples were machined off the substrate
by wire electron discharge and milling for finishing.

Samples manufactured were cross-sectioned in 25*25*5 mm
slices and subjected to conventional metallographic preparation
composed by grinding with SiC papers from #80 to #1200 mesh,
and polishing in 1 um diamond solid-solution suspension.
To reveal the underlying microstructure, samples were etched
by immersion in fresh Acqua Regia solution (50 ml HC1+ 50 ml
H,0+3 mlHNO,). Quantitative microscopy analysis was used
to estimate the fraction of second-phase precipitates. As the
microstructure of the specimens is relatively heterogeneous, the
location where the images would be captured was standardized,
to allow for a direct comparison. High magnification optical
microscopy images were captured in the middle of the bead
(polygonal grains region), in at least seven different regions
for each sample. Then, ImageJ software was used to quantify
the fraction of second phases (in area %), and OriginLab
software was employed to perform a one-way ANOVA and
Tukey test, for means comparison, using a significance level
of'0.05. The optical microscope used in these investigations
was a ZEISS AXIO IMAGER 2.

An illustration of the characterization steps is presented
in Figure 2. The initial microstructure was investigated by
optical and scanning electron microscopy and the chemical
composition by energy dispersive X-ray spectroscopy (EDS)
analysis. Back scattered electron (BSE) imaging mode was
used to highlight chemical composition differences, while
secondary electrons (SE) imaging was used to capture images
under optimum topographical resolution. The scanning electron
microscope used for these analyses was a ZEISS SUPRA 55 VP.

Corrosion test was performed in a naturally aerated NaCl
3.5% solution. Before the corrosion tests, samples were
ultrasonically cleaned with water, alcohol, and acetone, and
stored at dry ambient conditions for at least seven 7 days to
ensure surface stabilization and natural passivation?. Cyclic
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polarization (CP) and electrochemical impedance spectroscopy
tests were performed using a three-electrode electrochemical
cell (Potentiostat Versastat4, Princeton Allied Research), with
a platinum foil as counter-electrode and a saturated calomel
electrode as the reference electrode (SCE). CP tests were carried
out from -150 mV vs OCPto 1.2V vs SCE using scan rates of
5 mV/s. Electrochemical analysis results were normalized by
the working electrode area, that was approximately 0.2 cm? for
all specimens. To attest the repeatability of the results, tests
were carried out as duplicates. The results exhibited good
repeatability, and the average values and standard deviation are
presented. After the polarization tests, the corrosion mechanism
was assessed by OM, as illustrated in the Figure 2 scheme.
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Electrochemical impedance spectroscopy was recorded at a
7-point per decade rate, under a stable OCP, with a voltage
amplitude of + 10 mV RMS and within the frequency range
of 100 kHz and 0.1 Hz. Results were fitted using the ZView
software.

3. Results and Discussion

3.1. Morphology of virgin and reused Inconel 625
powder

The SEM aspects of Inconel 625 virgin and reused
particle’s top surface is shown in Figure 3. Although it was

Il.Microstructure and
Composition by SEM-EDS

I.Microstructure by OM

IV.Corrosion
Mechanisms by OM

lll.Corrosion by
Eletrochemical Cell

* ula

Figure 2. Characterization steps performed in the L-DED samples manufactured by virgin and reused Inconel 625 powder - (I) Optical
microscopy analysis, (II) SEM/EDS analysis, (III) Cyclic polarization and electrochemical impedance spectroscopy analysis and (IV)
Microscopy analysis for the investigation of the corrosion mechanism.
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Figure 3. SEM images showing the top surface aspect of the virgin and reused Inconel 625 powder in (a, b) lower and (c, d) higher
magnification. No significant difference was observed from one power to the other. Types of particles observed: (1) spherical, (2) with
satellites, (3) irregular, (4) agglomeration, (5) remolten, and (6) oxidized.
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not possible to detect significant differences between the
powders only by SEM analysis, different types of particles
present in both powders were mapped out and are shown
in Figure 4. Feedstocks were mainly composed of spherical
particles (Figure 4a), and round particles with smaller satellite
particles attached to them (Figure 4b). In a lower frequency,
other types of particles were also seen, including irregular-
shaped particles, agglomerated particles, remolten particles,
and oxidized particles. Agglomerated particles are the ones
that were not fully separated or ended up being attached
during the atomization or L-DED processing stage®.
Remolten particles were found to have a very characteristic
topological and cross-sectional aspect, as seen in Figure 5.
It is possible to see that, after etching, a white halo is formed
around the remolten particles (Figure 5a). This type of particle
was seen in both the virgin and reused feedstock. In the case
of virgin powder, this indicates that the remelting was caused
by the atomization process only. In the case of the reused
powder, on the other hand, a similar effect could also be

) . (2) With satellite particles

'3735 20 M m—] (

(4) A-ggiomerated particle
-

caused by the laser irradiation. SEM analysis under higher
magnification reveals that this outermost layer has very refined
microstructure, with a solidification mode that shifts from
planar to cellular, to columnar dendritic, resembling the aspect
of welding molten zones (please see figure 8.5 of the book
“Welding Metallurgy’>*). EDS analysis of remolten particles
shown in Figure 6 confirmed that the chemical composition
of the outermost unattached layer is the same as that found in
the core of the particle. Either by microstructure refinement
or by solubilization of precipitates, resistance to etching of
the remolten layer (lighter region in Figure 5a) suggests that
this region has a higher corrosion resistance than the core of
the particle. In this region, the roughness was increased by
corrosion during the etching, whereas the roughness of the
outermost layer remains flat enough to reflect the light in optical
microscopy analysis, like the polished samples (Figure Sa).
Pre-existing Al and Si-oxides were found on the top
surface (Figure 4f) and in the core of feedstock particles
(Figure 7), in both the virgin and reused powders, which

roie . BSE 10 u}rl—
(6) Oxidized particlm

Figure 4. High magnification SEM images showing the types of particles observed in both the virgin and reused Inconel 625 powder: (a)
spherical, (b) with satellites, (c) irregular, (d) agglomeration, (¢) remolten, and (f) oxidized.

¢ "Remolten particle :

Figure 5. Cross-section of virgin Inconel 625 powder showing (a) optical microstructure of particles with a halo after etching associated with
(b) SEM illustrating the remelting of the outermost surface of the particles during the atomization process, (c) a typical fast solidification
structure was observed, with microstructure refining accounting for superior resistance to the chemical etching (aqua regia).
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Figure 6. Chemical composition mapping of the cross-section of a remolten particle of Inconel 625 powder (a) showing that the halo has
the same chemical composition of the particle core, and highlighting the contents of (b) Ni, (¢) Cr, (d) Mo, (e) Nb, and (f) Fe.

Figure 7. Cross-section of the Inconel 625 powder (a) showing the pre-existence of (b) oxide inclusion in the virgin condition, with high-
contents of (c) O, (d) Si, and (e) Al, likely due to contamination during earlier stages of powder manufacturing. The elements (f) Cr, and
(g) Ni did not exhibit significant variations. The Interdendritic regions were enriched in (h) Mo, and (i) Nb.
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correspond to alloy impurities or contaminations during the
atomization process. This is corroborated by the chemical
composition shown in Table 1 which does not contain Al.
As the alloy contains minor additions of Si (0.5%), it is not
possible to know whether the Si-content in the oxides comes
from the alloy itself, or extraneous contamination. These
Al-rich oxides can also be seen embedded in the remolten
layer, as shown in Figure 8.

Itis a complex and impractical (costly and time-consuming)
task to quantify the amount of these types of particles in each
powder (virgin and reused). To avoid excessive cost and
labor, ASTM B215 provides recommendations on standard
practices for sampling metal powders that used in this study.
It is widely known that irregular and agglomerated particles
contribute to a decrease the powder flowability, whereas
spherical particles flow easily with minimum energy. Processing
becomes extremely challenging when irregular powders are
used, particularly because of theological constraints. In the
laser powder bed fusion (L-PBF) additive manufacturing
process, these characteristics affect the homogeneity of

SEM Detail |§ 3
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the powder bed. This is a considerably more critical issue
in the L-DED technique because the powder must travel
through hoses from the storage hoppers to the build platform.
Providing a uniform powder and laser beam simultaneously
during manufacturing is challenging. In this sense, the entire
process and its outcomes may be jeopardized®*?’. For this
reason, a theology analysis of the virgin and reused powders
was carried out and is discussed in the following section.

3.2. Morphology impact on rheology of virgin
and reused Inconel 625 powder

Results of the rheology analyses carried out in this
work (Stability and Variation Flow Rate, and Aeration) are
presented in Table 3. Results indicate that the aeration rate
(AR), flux rate index (FRI), and stabilization rate (SR) were
not significantly affected by the reuse. In contrast, the basic
fluidity energy (BFE) and the specific energy (SE) were.
The energy required to make the material flow is known to
be affected by phenomena such as friction, media conditions,
and particle agglomerations?.

Figure 8. SEM detail of a (a) remolten layer of the reused Inconel 625 powder, with Al- and Si-rich oxide inclusions embedded inside.

EDS images point to high-contents of (b) O, (c) Al, and (d) Si.

Table 3. Rheological behavior of Inconel 625 powders under investigation, showing significantly higher energy for powder flowability

in the reused powder associated with particle agglomeration.

Powder Condition BFE (mlJ) SE (mJ/g) FRI ST AR
Virgin 222 + 38 1.25+0.13 1.09 £ 0.04 1.03+£0.12 1.19+£0.02
Reused 1x 293 +04 1.63 +£0.03 1.09 +0.06 1.01 +£0.02 1.25+0.03

Footnote: BFE - Basic Fluidity Energy, SE - Specific Energy, FRI - Flux Rate Index, SI - Stabilization Index, AR - Aeration Rate.
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For the reused powder, the increase in the BFE (which is
the energy measured in a cycle with the blade in a downward
motion), indicates a greater flowability difficulty under
compression, which could be related to differences in particle
morphology. This suggests that the reused feedstock contains
a higher number of particles that differ from the spherical
shape shown in Figure 4a, which is coherent considering
that the particle’s exposure to the laser beam could easily
lead to the particle’s agglomeration and remelting, whose
protuberances are expected to provide more flow resistance
and powder compressibility?’>’.

SE parameters were also significantly higher for the
reused powder, approximately 23%. This parameter measures
the opposite effect of BFE, which is the energy consumed
in the upward blade movement. SE is related to the shear
effort and cohesion between powder particles, without the
compression portion associated with BFE. Like the BFE, the
greater amount of energy to move the blade upwards also
indicates a higher degree of friction and entanglement in
between the particles that could be related to a high number
of agglomerates. Still, materials with SE <5 are considered
to have low cohesion?. In this context, it is safe to say that
the reused powder still has low coercively and its flowability
is not compromised.

The flux rate index of virgin and reused powder was
similar and very close to 1, which indicates that the powder is
insensitive to flow variation, having not experienced energy
changes in its displacement®. Similarly, the comparable
stabilization index values found for the virgin and reused
powder indicate that the powder did not undergo a sufficiently
high transformation level, in terms of size and morphology,
to the point of altering the powder stability. Aeration test
results close to 1 indicate that the powder is not susceptible
to aeration (AR<2). Thus, it is possible to infer that both
powders behaved comparably even under a test setup with
airflow addition.

Based on the rheological results obtained, it is possible
to infer that reuse increased the energy required to provide
displacement, that is, it affected the powder flowability.
However, in terms of flow form load, stability, and aeration
sensitivity, no appreciable differences were observed. This
indicates that the current degradation level of the reused
powder does not prevent its use?”*.

3.3. Microstructure of the Inconel 625 parts
manufactured by L-DED with virgin and
reused powders

In Figure 9a, firstly, the absence of harmful defects,
such as cracks and lack of fusion, stands out. It is worth
mentioning that the presence of many chemical components
with varying melting points in Inconel 625 promotes hot
crack formation, making the alloy highly vulnerable to
this phenomenon. Hence, considering the fast and out-of-
equilibrium cooling conditions, laser processing windows
free from this defect often are rather small'. This aspect
indicates that the optimized L-DED parameter set used in
this work was robust. Furthermore, it is possible to observe
the molten pool boundaries characteristic of layer-by-layer
additive manufacturing by the L-DED process. Observing
the middle region of a molten pool in Figure 9, it is
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interesting to note the microstructure heterogeneity, with
dendritic grains that grow from the molten pool boundaries
towards the center of the bead, in the opposite direction to
the heat flow. These features can be linked to the fast cooling
imposed by the laser and multiple heating/cooling cycles,
which tend to provide a tempering effect between passes,
and the formation of grains that cross multiple molten pool
boundaries during solidification.

Grains in the middle of the molten pool seen in Figure 9b
showed a more refined, polygonal shape. Magnified images
of'these regions are shown in Figure 9¢ and 9d. To allow for
a direct microstructure comparison between the samples with
such a heterogeneous solidification structure, microstructure
analyses were carried out in this polygonal grain region.
Microstructure was found to be composed of a dendritic Ni-
rich matrix (light) with precipitates along the interdendritic
regions (dark), which agrees with the microstructure reported
for this material manufactured under similar processing
conditions**3!. Quantitative image analysis of samples
processed with virgin and reused powders indicated a
precipitate content, in area %, of about 8.8% and 7.7%,
respectively. Analysis of variance (ANOVA) and Tukey test
revealed that the means were not significantly different at a
significance level of 95%.

EDS spot ID analysis was performed at the dendritic
(dark gray), interdendritic (light gray) and the precipitates
region shown in Figure 10a. The chemical composition results
are shown in Figure 10b, which indicates that Mo and Nb
partitioned from the dendritic to the interdendritic region,
where Mo and Nb-rich precipitates formed. This agrees with
the solidification mechanism predicted by the Mo-Ni** and
Nb-Ni** phase diagrams reported by Okimoto, where low
solidification temperature eutectic points are expected to
form. Surprisingly, although Nb and Mo are refractory metals
with high melting points (2469 and 2623°C, respectively)
when alloyed to Ni (with a melting point of 1455°C), Mo
additions up to 47.7wt% decrease the liquid melting point
to values as low as 1309°C. Similarly, Nb additions up to
23.5wt% and 51.9wt% decrease it even further to values
around 1282 and 1175 °C, respectively. This way, considering
that the Inconel 625 alloy contains about 8wt% Mo and
Swt% Nb (Table 1), it makes sense that Ni-rich clusters
would solidify first at the dendritic regions, while Mo- and
Nb-rich clusters remained liquid at the interdendritic regions,
solidifying at lower temperatures. It is important to mention
that the sample’s thermal history also has an impact on the
formation of these precipitates. In the as-built condition
(before heat treatment) samples were found to have only
approximately 3% of precipitate (in area%), as assessed by
optical microscopy image quantification. As mentioned in
the previous paragraph, after heat-treatment, the number
of precipitates increased to about 8%, mainly located at
interdendritic regions and grain boundaries.

Figure 11 shows higher magnification SEM images
captured by SE and BSE modes, and EDS mapping of the
sample processed with the reused powder. According to
literature, Mo, Nb, and Si-rich precipitates refer to the Laves
phases, which consist of intermetallic of brittle nature that
typically occur in Inconel alloys®*%. Figure 11 also accuses
the presence of abundant microparticles of Si and Mn-rich
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Figure 9. Macro and microscopic aspect of Inconel 625 powders processed by L-DED additive manufacturing after heat-treatment (900°C
for 2 h), highlighting a (a) typical defect-free cross-section with (b) a magnified microstructure of a single bead showing directional
solidification near the molten pool boundaries and polygonal grain solidification in the middle of the single bead. Magnified images of
the polygonal grain region of samples processed with (c) virgin and (d) reused powders showing a Ni-rich dendritic matrix (light) with
precipitates (dark) at grain boundaries and interdendritic regions.
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Figure 10. SEM image highlighting the (a) microstructure aspects, and (b) chemical composition analysis in the dendritic (dark gray),

interdendritic (light gray), and the precipitates region showing the partition of Nb and Mo to the interdendritic region, where Nb and
Mo-rich Laves phases precipitated.

oxides. These elements (Si and Mn) are present in the  Although less frequently found, some Cr-oxide particles
feedstock in trace amounts (<0.5wt%) and have great affinity ~ were also observed and have been reported to form during
for oxygen, often being used as deoxidizers in welding flux™.  the processing of Inconel 625 alloy as CrO,". It is known
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Figure 11. SEM images of Inconel 625 reused sample in the (a) SE, and (b) BSE mode. EDS indicates the presence of Laves phase with
high-contents of (¢) Mo, (d) Nb, and (e) Si, as well as oxides rich in (f) O, (g) Mn, and (e) Si. Some points with depletion of (h) Ni, and

(h) Cr, are possibly related to the formation of pites.

that the passive layer developed on the surface of Inconel
625 alloys is predominantly composed of a compact and
adherent Cr,O, film***. This has been reported for Inconel
625 processed by different techniques such as L-DED*,
thermal spray*’, and L-PBF*-#2, In samples processed by
L-DED, a Mo oxide (MoO,) was also detected in certain
areas®. In samples processed by L-PBF, the surface of the
material also showed the presence of Ni oxides, Ni-Cr
oxides, and Ni-Fe oxides, such as NiO*, NiO,*, NiCr,0,*#,
NiCrO,*, and NiFe,0,"*. In the present work, the source
of oxygen might include pre-existing oxide contaminants
in the feedstock (such as the ones seen in Figure 7 and 8)
as well as trace contents of oxygen in the industrial argon
gas used. The formation of these compounds is commonly
mentioned in the literature*#*. Although MC-type carbides
have been reported to form in this material®>, no significant
amount of such particles has been found in the samples of
this work, likely due to the very low C-content of the alloy,
as shown in Table 1.

Figure 12 shows BSE images representative of the
microstructure of samples processed with virgin (Figure 12a)
and reused (Figure 12b) powder and highlights the significantly
higher amount of oxides seen in samples deposited with
the reused powder. In this sample, oxides have larger
diameters and were found frequently in all examined

locations. Oxides seem to be well distributed in the samples
and are predominantly placed on the Ni-matrix, and not in
interdendritic regions. This suggests that oxides may readily
form during processing and act as a solid interface around
which solidification starts. This could account for some
degree of microstructure refinements, such as those observed
in Figures 9c and 9d, but this hypothesis still requires further
examination. Most important for this study, is the removal
of corrosion-resistant elements from solid solution, which
could impact the material’s performance, as will be discussed
in the following section.

3.4. Impact of feedstock reuse of the corrosion
resistance

The cyclic polarization curves recorded for each condition
and their corresponding replicas are shown in Figure 13.
Results indicated that both conditions were able to passivate
in the testing solution, as seen by the clear passivation
region. For both conditions, the onset of pitting occurred at
similar pitting potentials, which quickly recovered on scan
reversion, leading to a more noble repassivation potential
of'about +600 mV. Nevertheless, the corrosion potential of
samples processed with virgin powders was slightly more
noble than that of samples processed with reused powders.
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Figure 12. SEM images of Inconel 625 samples manufactured with
(a) virgin and (b) reused powder, highlighting the significantly higher
amount of oxides in the sample processed with reused powder.
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Figure 13. Cyclic voltammetry of Inconel 625 specimens processed
by AM L-DED with virgin, and reused powder showing similar
responses, with fast pitting recovery and repassivation at more
noble potentials, but slightly more noble corrosion potentials for
specimens manufactured with virgin powder.

The parameters derived from the Tafel analysis are
summarized in Table 4 and illustrated in Figure 14. Specimens
processed with virgin powders showed less variation in

Table 4. Tafel parameters of Inconel 625 specimens processed by
L-DED with virgin and reused powders tested in NaCl 3.5% solution.

Specimen Ecorr Icorr Rp
(mV) (LA/cm?) (Ohmxcm?)

Virgin A -94 0.023 820

Virgin B -121 0.037 437
Mean + SD -108 + 19 0.03+0.01 628.5+271

Reused A -176 0.036 407

Reused B -150 0.033 286
Mean + SD -163+£18  0.035+0.002 346.5+86

corrosion potential (E_ ), which was about 60 mV more
positive than the specimens processed with reused powders.
The polarization resistance (R ) of specimens processed with
virgin powder was also higher. Still, the corrosion rates (I__ )
of specimens processed with virgin and reused powder were
not significantly different, being approximately 0.03 pA/cm?.

OM analysis of the corroded surface, which was initially
polished, resembled that of an etched surface, where the
dendritic structure as well as the grain boundaries could
be seen, as shown in Figure 15a and 15b, which suggest
a certain degree of generalized corrosion. Still, the pitting
corrosion mechanism was activated, as expected based on the
curves of Figure 13 (for higher over potentials). Although no
significant differences were recorded by cyclic polarization
in terms of pitting resistance, OM analysis of the specimens
after the corrosion test suggests that pitting corrosion was
more developed in specimens processed with reused powder.
Also, higher magnification optical microscopy analysis
shown in Figure 15¢c revealed that pits were preferentially
located in the dendritic regions.

To further examine the underlying causes of the observed
differences, factors such as the fraction of precipitates,
oxidation degree, microstructure refinement, and passive
film features were considered, and are discussed as follows.

Investigation of the fraction of second phase is important
because it may lead to Mo removal from solid solution for
the formation of Mo-rich Laves phase precipitate. As Mo
is known to impart pitting corrosion resistance in stainless
steel* and Ni-based alloys*, different amounts of precipitate
could lead to different corrosion resistances. This agrees with
the higher magnification optical microscopy analysis shown
in Figure 15c, that reveals that the pits were preferentially
located in the dendritic regions, where the Mo-content was
decreased.

Quantitative microscopy analysis revealed that the sample
processed with virgin powder had about 8.8+2.0% of second
phase versus 7.7+1.0% of second phase in samples processed
with reused powder, in area percentage. An example of the
images used in these quantifications is seen in Figure 9¢ and
Figure 9d, which represent a typical microstructure found
in the middle of the molten pool (polygonal grain region).
ANOVA and Tukey test, however, showed that the means are
not significantly different from one another. In this context,
results suggest that the reuse did not significantly affect the
fraction of precipitates, not being a significant factor driving
the observed differences.

High magnification SEM analysis revealed that
samples showed differences in terms of oxidation, with
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specimens processed by L-DED with virgin and reused powders, and tested in NaCl 3.5% solution.

the samples processed with reused powder showing larger
oxide particles, as seen in Figure 11. The formation of
larger oxide particles may be associated with the higher
heat input and O, exposure that the reused feedstock went
through in its processing history. As mentioned earlier,
pre-existing feedstock impurities, residual O, present in the
industrial-grade argon (used in processing), and exposure to
an oxidizing atmosphere during the powder handling steps
may be sources for oxidation. Another interesting point to
notice is the chemical composition of oxides. Pre-existing
oxides found in the feedstock were mostly composed of Al
and Si elements, as seen in Figure 7 and Figure 8. In the
L-DED processed samples, however, O, combined with
the alloying elements to form Mn-, Si- and Cr-rich oxides.
This is illustrated in Figure 11, where the formation of Si
and Mn-oxides can be seen. Also, the higher content of
oxides in the specimen processed with the reused alloy
could be accounting for some degree of galvanic corrosion
that could lead to a more accentuated pitting corrosion, as
seen in Figure 15b.

Electrochemical impedance spectroscopy analysis
indicates important differences in the passive film of each
sample that could also be contributing to the observed
differences. Figure 16 shows the (a,b) Bode, (c) Nyquist
and (d)-Zim versus frequency plots recorded for the samples
processed with virgin and reused powders. Measurements
were found to be characteristic of a single time-constant®.
For this reason, the Randles equivalent circuit was selected
to fit the experimental data, which is consistent with other
reports from literature*®+7,

Table 5 shows the EIS parameters derived from fitting to
the Randles equivalent electrical circuit shown in Figure 16¢.
In this circuit, R_represents the solution resistance, R | the
charge transfer resistance to ions passing through the passive
film, and CPE the double layer capacitance, represented by
a constant phase element with “n” exponent varying from
n=0 (purely resistive) to n=1 (purely capacitive).

In Figure 16, samples show a high degree of capacitive
behavior, as the n-exponent values were found to be 0.87 and
0.93. The slightly higher fraction of capacitive behavior
seen for the processed with the reused powder could be
associated with the higher content of oxides of these samples.
The sample processed with virgin powder developed a smaller
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Figure 15. Microscopic aspect of the polished specimens processed
with (a) virgin and (b) reused powder at the end of the corrosion
test. Specimens developed an etched-like aspect, indicative of a
certain degree of generalized corrosion after polarization, and (c)
in both specimens, preferential pitting corrosion was found to occur
in the dendritic regions where the Mo-content is much reduced.
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Table 5. Electrochemical impedance spectroscopy parameters of Inconel 625 specimens processed by L-DED with virgin and reused powders

in NaCl 3.5% solution, showing slightly higher charge transfer resistan

ce and lower CPE values for samples processed with virgin powder.

Electrochemical Impedance

Spectroscopy Parameters

Powder R (Qxcm?) CPE (Q'xcm™xs") n R, (Qxcm?) X2
Virgin 14.6 £0.1 22%x10°+4.8x10% 0.87 33x10°+3.0 x 10* 2.99x10*
Reused 15.6+0.2 6.7 x10°+2.5x 107 0.93 1.6 x 10+£2.0 x 10* 9.60x10*
2.5x10 . Virgin a = Virgin
* * Reused 1x 801 ﬁ ¢ Reused 1x
2x10° 3 '
= om
geo 1 = \ b
& 1.5x10° = ]
£ o ‘.
x L] 2404 L
S 1x10% & L
N 3 ®n
- ° @© 20 N ]
1 - <
5x10% - a ‘.::
04 k 04 -
107 107 100 10' 12 10° 10° 105 10° LA L
(a) Frequency (Hz) (b) Frequency (Hz)
2.5x10° — 108
= Virgin = Virgin
® Reused 1x 1054 - ® Reused 1x
2x10° . -
<~ 1044
E 1.5x10°1 R, €
X . Ra S 1034
& 1x10° X
£ 1x10° " <)
N 1024
N =
' . A 5x10° / N \
5x10% -J'. 10" 4
04 £ 0 i 10°4
-7 7 2.5x10° 5x10° .‘:
T T T T T 107" T r T T T T T
0 5x10*  1x10° 1.5x10° 2x10° 2.5x10° 102 107" 10° 10" 102 10° 10* 10° 10°
(c) Zre (Qxcm?) (d) Frequency (Hz)

Figure 16. (a) Impedance, (b) phase angles (c¢) Nyquist and (d) -Zim versus Frequency graphs with both specimens showing data distribution
characteristic of a single time. Specimens processed with virgin powder developed higher impedance values and a broader phase angle
for higher frequencies, when tested in NaCl 3.5% solution, indicating a higher corrosion resistance.

CPE value, which is associated with the shift/broadening of
the phase angle towards higher frequencies, indicating that
a greater phase lag (between the input voltage and output
current) is observed earlier in the experiment, i.e. for higher
frequencies. In both plots, Figure 16a and Figure 16c, the
higher impedance of the samples processed with virgin
powder is evident. Also, the impedance fit analysis shows
that the charge transfer resistance of the samples processed
with virgin powder is over two times higher than that of the
reused powders, which could be associated with a denser
and/or thicker passive layer. It is important to highlight
that section 3.3 detailed the primary categories of oxides
reported in the literature as well as the oxides identified in
this work, including the passive layer of Cr,O, and Mn and
Si-rich oxides (contaminations present in the powder, inert
gas or inserted at any stage of powder handling). According
to Gullapudi, a more refined structure is expected to form

a denser passive film*®. The higher heat-input the reused
powder was exposed to could also result in some degree
of microstructure coarsening. This is corroborated by
Figure 5 results that suggest that a more refined microstructure
has a higher corrosion resistance.

Although powder reused was found to have an impact on
the corrosion resistance of Inconel 625 alloys manufactured by
L-DED, the observed differences are subtle and may not be as
significant as the effect of other laser processing parameters* or
other processing techniques*®. Therefore, results confirm that
the reuse of Inconel 625 powder processed under argon-gas
controlled conditions has no significant detrimental impact
of'the corrosion resistance in NaCl 3.5% media, being a cost
effective way of increasing the competitiveness of additive
manufacturing parts. For future studies, investigation of the
corrosion performance of the samples in the as-built versus
heat-treated condition is also of interest.
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For future studies, further investigation of the intricacies of
the oxides formed on the surface of Inconel 625 processed by
L-DED by XPS is suggested. Although some studies addressing
the formation of oxides in Inconel 625 processed by L-PBF
are found in literature***, studies on the response of samples
processed by L-DED are still scarce, and knowledge may not be
fully extrapolated as metallurgical differences associated with
the particle size and higher cooling rates could lead to different
formation mechanism or kinetics. This would contribute to a
better understanding on how multiple reuses impact the passive
film formation. The investigation of the corrosion resistance for
more cycles of reuse is also greatly encouraged, as a contribution
towards the culture of sustainable manufacturing.

4. Conclusions

Inconel 625 samples were processed by AM L-DED
using virgin and reused powder (after 1 cycle of reuse).
The microstructure was characterized by optical and scanning
electron microscopy, the chemical composition by EDS, and
the corrosion performance by cyclic polarization and EIS
analysis carried out in naturally aerated 3.5% NaCl solution.
The following conclusions were reached:

e  Except for a slight decrease in powder flowability
of the reused powder (that required more energy),
no significant differences were detected between
the virgin and reused powder.

e Processed samples showed columnar dendritic
microstructure with the formation of Mo- and Nb-
rich Laves phase precipitates at grain boundaries that
are partitioned to the interdendritic region. Similar
amounts of second phase precipitated were observed
in both samples. Samples presented generalized and
pitting corrosion mechanisms, with the latter being
preferentially located at the Mo-depleted dendritic
region.

e  Although specimens processed with virgin powder had
slightly higher corrosion potential and polarization
resistance than samples processed with reused
powder, both sample conditions showed very similar
polarization curves with a clear passivation plateau
and repassivation at more positive potentials.

e  Samples processed with reused powder were found to
have a high content of Si, Mn, and Cr oxides, which
accounted for a slightly inferior impedance and charge
transfer resistance. Although cyclic polarization
curves did not indicate a significant difference in
the pitting behavior, optical microscopy analysis
of the corroded surfaces suggests that specimens
processed with reused power could be slightly more
susceptible to pitting corrosion mechanisms.
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