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Abstract

Hot isostatic pressing (HIP) and surface smoothing are two common post-processing methods to improve the mechanical
properties of additively manufactured (AM) laser powder bed fusion (L-PBF) parts. While HIP increases part density and
surface smoothing improves fatigue performance, it is unknown how, individually and together, these processes affect a com-
ponent’s corrosion response. This study evaluated the resulting microstructures, surface roughness, and corrosion response
of L-PBF Alloy 625 in the as-printed condition and after a standard HIP process to reduce porosity and after chemically
accelerated vibratory finishing (CAVF) to improve surface finish. To assess any differences in build orientation, specimens
evaluated were printed both vertically (Z-direction) and parallel (XY-direction) to the build platform. None of the specimens
pitted during electrochemical evaluation, thus suggesting that the improved corrosion response of the CAVF specimens was
due to a reduction in surface area. The Z-oriented as-printed specimen had significantly enhanced corrosion resistance due
to a consistent distribution of alloying elements and a densely formed passive layer. Aside from the one exception, the results
generally show HIP and CAVF result in minor impacts on the corrosion responses compared to as-printed L-PBF Alloy
625 despite differences in elemental distribution, surface morphology, and microstructural features. These post-processing
methods may be employed to improve the mechanical properties of L-PBF Alloy 625 without concern of greatly altering
the alloy’s inherently good corrosion properties.

Keywords Chemically accelerated vibratory finishing - Additive manufacturing - Alloy 625 - Corrosion - Hot isostatic
pressing - Microstructure

1 Introduction

Compared to conventional techniques, additive manufactur-
ing (AM) has enabled the rapid production of metal parts
with complex geometries, less material waste, and the ability
to tune microstructures to achieve desired mechanical prop-
erties [1]. One metal that has benefited from advances in AM
is the nickel-based superalloy Alloy 625 which is utilized
in multiple industries for its high-temperature performance,
good mechanical properties, and high corrosion resistance
[2]. Machining conventional Alloy 625 to achieve desired
geometries is, however, very difficult, requiring skilled
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laborers, slow material removal rates, and overall high
costs [3]. While AM is a promising alternative, parts printed
through one of the most versatile and common techniques,
laser powder bed fusion (L-PBF), are afflicted by internal
porosity, undesirable surface conditions, and anisotropic
microstructures. These characteristics inherent to the L-PBF
process can have deleterious effects on a part’s mechanical
properties, fatigue performance, and corrosion response [4,
5]. Various post-processing methods including hot isostatic
pressing (HIP), heat treatments, and surface smoothing may
mitigate the unfavorable as-printed characteristics.

HIP is a common post-processing technique used to
reduce internal porosity for improved mechanical per-
formance [6]. In this process, parts are placed in a sealed
chamber filled with an inert gas; the chamber is then heated,
resulting in an isostatic increase in pressure. For example,
common HIP conditions for Ni-based alloys include tem-
peratures ranging from 1120 to 1240 C, with pressures
between 100 and 160 MPa [5]. As parts soak under these
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conditions, plastic deformation collapses internal voids.
Creep and diffusion consolidate the part, eliminating any
defects while retaining the original geometry [7]. As the
temperatures utilized are typically higher than the recrys-
tallization temperature, microstructure refinement from the
as-printed condition occurs.

The HIP process does not affect parts’ surfaces, and an
additional post-process step is often employed to smooth
the characteristically rough as-printed surfaces. While
many processes such as grinding and machining are largely
manual, bulk processes are emerging which are performed
across large areas or over entire parts with relatively minimal
manual manipulation [§-10]. Chemical-assisted processes
are emerging as one subset of bulk methods. Singh et al.
utilized chemically assisted magnetic abrasive finishing
(CMAF) in removing most Alloy 625 surface irregulari-
ties after a 75-min processing time [11]. A self-terminating
etching process (STEP) utilized by Lefky et al. removed the
top 70 um of Alloy 718, including print-induced roughness
[12]. An STEP formulated for L-PBF 316 L stainless steel
reduced the surface roughness by over 50% [13]. Another
chemical-based process, chemically accelerated vibratory
polishing (CAVF), has been tailored for use on multiple
metals to reduce surface roughness [14] and improve the
fatigue life of Ti-6Al-4 V [15] and carburized steel [16].
In a corrosion study of multiple chemical and mechanical
post-processing techniques on electron-beam powder bed
fusion Alloy 718, CAVF resulted in the lowest corrosion
current density due to the formation of a Cr-rich passive
layer [17]. In CAVF, alloy-specific processing chemistry is
applied along with non-abrasive media into a tumbler appa-
ratus with the part. The processing chemistry reacts with the
base metal, softening the uppermost layers. The tumbling
media removes the softened material layer, and the process
repeats until the part achieves the desired surface finish.

While HIP and CAVF can improve part mechanical prop-
erties, there has been little evaluation into the effect of these
processes on the resulting corrosion response of the treated
materials. A part’s corrosion response is highly dependent
on part composition, microstructure, and surface condition,
all of which one or both post-processing methods modify.
This work evaluates the individual and combined effects
of HIP and CAVF on the resulting material properties of
L-PBF Alloy 625 and then evaluates the impact of those
properties on the corrosion response. In this way, we can
determine if HIP and CAVF maintain Alloy 625’s good cor-
rosion resistance and verify that these parts are suitable for

use in real-world corrosive environments. Parts printed both
vertically and perpendicularly to the build platform under-
went HIP, CAVF, or both processes. Additional specimens
were evaluated as-printed. Cyclic potentiodynamic polari-
zation characterized the corrosion response, and results
showed minor differences between all specimens irrespec-
tive of post-processing condition and build orientation. The
as-built (AB), non-HIP (NH) Z-oriented specimen had the
most favorable corrosion properties due to an even distribu-
tion of alloying elements on the surface, promoting a dense
passivation layer.

2 Materials and methods
2.1 Powder characterization

Table 1 gives the chemical composition of the Alloy 625
powder fabricated through vacuum induction melting inert
gas atomization by ATI Specialty Materials (New Brit-
ain, CT). Powder particles had a D10 of 21.5 um, D50 of
30.3 um, and D90 of 42.4 um. Pursuant to ASTM E2465
[18], X-ray fluorescence (XRF) performed elemental anal-
ysis. Combustion/IR detection (CS) and inert gas fusion
(GAS), per ASTM E1019 [19], characterized the C, S, O,
and N content. Powder chemical composition meets the
specification for Alloy 625 alloys [20].

2.2 Sample preparation

Standard-sized round axial fatigue test specimens (ASTM
E466, [21]) with a gauge length of 16 mm and a gauge
length diameter of 8 mm were printed through laser pow-
der bed fusion (L-PBF) at 0 degrees (°) and 90° relative to
the build platform on a Concept Laser M2 Dual SLM (GE
Additive) printer. Core printing parameters were 370-W
laser power and 1200-mm/s scan speed. Outside and inside
contour laser powers were 130 W with scan speeds of
225 mm/s. The hatch spacing was 0.11 mm with a 0.06-mm
layer thickness. The twelve samples evaluated in this work
were 10-mm-long segments, 17 mm in diameter, sectioned
from the end of the grip portion of the fatigue test speci-
mens after fatigue testing was performed. Fatigue testing
results are documented by Teasley et al. in a separate pub-
lication [22]. Since disk samples were sectioned perpen-
dicularly to the build orientation, the XY-direction (hori-
zontal) printed fatigue test specimen generated Z-oriented

Table 1 Chemical composition

; XRF CS/GAS
of Alloy 625 alloy in wt.%
(balance Ni) Mn Si P Cr Mo Nb Co Ti Al Fe C S (0} N
<0.01 <0.01 <0.003 2222 8.99 381 044 0.24 033 0.69 0.013 0.0007 0.0165 0.0020
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sample disks and the Z-direction (vertical) printed fatigue
test specimen generated X-oriented sample disks. A sche-
matic depicting the fatigue bar and resulting sample disk
orientations is in Supplementary Fig. S1.

A standard HIP (1120-1240 C, 100-165 MPa, 3-4 h,
furnace cooled) [5] processed four samples (two of each
build orientation). All HIP and NH samples were subse-
quently recrystallized in a vacuum atmosphere at 1038 C
for 80 min [23].

One as-built (AB) and HIP sample of each build orien-
tation underwent the REM Surface Engineering (Brenham,
Texas) Extreme Isotropic Superfinishing (ISF®) process.
In this patented chemically accelerated vibratory finishing
(CAVF) process, chemical polishing first removes macro
surface defects. The proprietary chemistry forms a brit-
tle self-assembled monolayer on the substrate which is
mechanically removed with abrasive media in a tumbler-
type apparatus. With the continual addition of the chem-
istry and reformation of the surface monolayer, surface
protrusions are gradually smoothed, and the surface is
eventually planarized. In a final step, the monolayer is
removed from the surface with detergent. Table 2 gives
sample identification and processing conditions for all
samples utilized in this study.

2.3 Characterization and electrochemistry

Six 5600-um-long scans with a lateral resolution of
0.062 pum performed with a Bruker DektakXT contact pro-
filometer characterized the surface roughness of each disk.
The stylus was 2 um with a 3-mg load. Data was filtered
through a Gaussian regression short cutoff (A) at 2.5 um
and a long cutoff (A.) at 0.8 mm [24]. X-ray diffraction
(XRD) was performed with a Bruker AXS D2 Phaser dif-
fractometer with a Co Ka source and two-theta from 27 to
130°. Relative crystallite size, T, was determined through

the Scherrer equation, 7 = ﬂiiﬂ' The shape factor, K, is

Table 2 Specimen IDs, build orientations, and processing conditions

Specimen ID Build HIP method Surface finishing
orientation

NH AB X XY N/A As-built

NHAB Z Z N/A As-built

NH CAVF X XY N/A CAVF

NH CAVF Z z N/A CAVF

HIP AB X XY Standard As-built

HIP ABZ z Standard As-built

HIP CAVF X XY Standard CAVF

HIP CAVF Z z Standard CAVF

0.94; the x-ray wavelength, A, is 1.79 angstroms; 3 is the
full-width half maximum of the diffraction peaks; and 0 is
the Bragg diffraction angle [25].

An LECO MSX?205 sectioning machine cross-sectioned
the specimens, and they were subsequently cold mounted
in epoxy (EpoFix, Struers). Samples were sequentially
ground with silicon carbide paper (LECO) and polished
with diamond LECO suspensions to a one-micron finish.
The polished metallography specimens were stain etched
for 40 s with acetic glyceregia (1:2:3 parts nitric acid,
acetic acid, and hydrochloric acid, respectively, with two
drops of glycerol) to reveal the grain boundaries. A Zeiss
Axio Vert.Al inverted microscope imaged the microstruc-
tures. Surface morphology was evaluated with a SEMTech
Solutions Model 3300 Field Emission Scanning Electron
Microscope (SEM) at an accelerating voltage of 20 kV and
a 23-mm working distance. A WIN10 ™ Energy Disperson
Spectrometer (EDS) operating at 20 kV assessed the elemen-
tal composition.

Potentiodynamic polarization was performed in a 0.6-M
sodium chloride (NaCl, 3.5 wt.% Fischer) in deionized water
(18 MQ, Thermo Scientific Smart2Pure 3 UV/UF) solution at
room temperature using a Princeton Applied Research Parstat
MC potentiostat. The standard three-electrode cell consisted
of the sample working electrode, 6.35-mm-diameter graphite
rod counter electrode, and a silver/silver chloride (Ag/AgCl)
reference electrode ionically connected through a 4-M potas-
sium chloride (KCl) salt bridge. Exposing the specimen to
the electrolyte for 48 h prior to polarization testing achieved a
stable open circuit potential. Cyclic polarization plots (CPP)
were generated by scanning from 1 V more negative than
the open circuit potential (OCP) to a vertex of 1.5 V more
positive than the OCP at a rate of 10 mV/s. Corrosion poten-
tial (E,,), passivation potential (E,,,), and passive current
density (i) were determined through analysis of the result-
ing polarization curves. All recorded potentials are reported
relative to a standard hydrogen electrode (SHE) after shifting
the recorded Ag/AgCl values by +0.197 V.

3 Results and discussion

A metal’s electrochemical response is dependent on more
than one property and can differ when parameters such as
chemical composition, surface roughness, and microstruc-
ture are varied. Since all specimens were produced with the
same powder having uniform chemistry, chemical compo-
sition’s impact on corrosion properties was not considered
as part of this work. Furthermore, XRD results, presented
in Supplementary Fig. S2, show Alloy 625 characteristic
diffraction patterns for all evaluated specimens [26]. Differ-
ences in peak intensities between all specimens were negli-
gible, thus indicating no phase changes occurred during HIP
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that were not subsequently resolved through annealing. Fur-
thermore, the CAVF process did not impart any near-surface
phase transformations; however, due to surface smoothing,
the diffraction peaks for the CAVF specimens are less noisy
than those of the specimens with the as-built surfaces.

HIP elicits a microstructural change, and CAVF modifies
a part’s surface morphology, so we studied the effect on cor-
rosion response of both processing parameters individually.
To assess the role of the microstructure without the influ-
ence of surface features, we evaluated the CAVF specimens
in the NH and HIP conditions. We assessed the specimens
with AB surfaces to subsequently evaluate the effect of sur-
face features on corrosion properties. Finally, we discuss
the combined effects of HIP and CAVF on the properties of
L-PBF Alloy 625.

3.1 Surface roughness

Corrosion concentration cells may form in or around the
crevices inherent in rough surfaces, negatively impact-
ing a part’s corrosion resistance. Extremely limited work
exists on the effect of surface roughness on the corrosion
response of Alloy 625, with none addressing the impacts of
diminutive roughness differences [27]. For other austenitic
material systems such as 316L stainless steel, surface rough-
ness has a negligible effect on corrosion response once Ra
decreases below 0.5 pm [28, 29]. Figure 1 shows the Ra
surface roughness of the CAVF specimens. For X-oriented
(parallel) samples, Ra surface roughness was 0.16 +£0.05 um
for NH and 0.34 +0.08 um for HIP. The surface roughness
of the Z-oriented samples was 0.32+0.13 um for NH and
0.12+0.03 um for HIP. For NH specimens, the X-oriented
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Fig.1 Ra surface roughness for all CAVF specimens evaluated. For NH,
the Z-orientation resulted in rougher surfaces than the X-orientation. The
X-oriented HIP specimen had a rougher surface than the Z-specimen.
Generally, all roughness values are so small that they are considered
insignificant to corrosion response
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specimens had lower roughness values than the Z-oriented
specimens. Contrarily, the X-oriented HIP specimen had a
significantly rougher surface than the Z-oriented (perpen-
dicular) specimen. However, the differences in roughness
between all CAVF specimens are very small with an overall
standard deviation of 0.11 um across 24 individual meas-
urements. As a stepwise process, multiple CAVF cycles
can produce the desired roughness. The surface roughness
obtained for the CAVF specimens in this work are negligi-
ble, and thus, microstructure and alloying element distribu-
tion dominates the electrochemical behavior of the CAVF
specimens.

Figure 2 shows the Ra surface roughness of the as-built
L-PBF Alloy 625 specimens. For samples oriented in the
X-direction, the surface roughness was 2.79 +0.91 um
for NH and 2.23 +0.32 pm for HIP. The surface rough-
ness of the Z-oriented samples was 7.0+ 1.2 um for NH
and 6.4 + 1.6 um for HIP. Congruent to previous studies on
the surface roughness of L-PBF Alloy 625, the Z-oriented
surfaces were significantly rougher than the X-oriented sur-
faces [30]. These differences are attributed to balling effects
and partially melted powders on the surface which are more
often resolved in X-oriented samples by remelting during
subsequent laser passes [31]. The standard HIP had an insig-
nificant effect on surface roughness compared to the NH
specimens. Since the HIP AB X specimen had a smoother
surface than the NH AB X specimen, but the NH AB Z spec-
imen had a smoother surface than the HIP AB Z specimen,
there is no significant effect of HIP on surface roughness.
HIP is known to typically not impact the surface roughness
of AM metals [32]. Supplementary Fig. S3 shows the plots
for the average maximum peak to valley roughness (Rz), the
maximum profile valley depth (Rv), and the skewness (Rsk).

® XAB
8 — ® ZAB
6—
g J
S
g
2
0

No HIP

Standard HIP

Fig.2 Ra surface roughness for all as-built specimens evaluated. For
NH and HIP specimens, the Z-orientation exhibited rougher surfaces
than the X-orientation
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3.2 Microstructure

The microstructure of Alloy 625 depends on annealing
temperature and time, resulting in variation of phases,
grain size and shape, precipitates, and dislocation
density—all features which may impact the corrosion
response. Understanding the microstructure evolution
aids in selecting the appropriate heat treatment scheme
for the desired material properties. Precipitation harden-
ing involving the metastable body-centered tetragonal y”
[Ni;(Nb, Al, Ti)] occurs between 550 and 650 C, with
intermetallics and carbides possible up to 750 C [33].
Through prolonged aging above 750 °C, y” dissolves into
the orthorhombic §-phase. Carbides of the type M,;Cq,
M¢C, and MC can form between 760 and 980 °C. Solu-
tion annealing at temperatures of approximately 1093 C
dissolves most precipitates except for large NbC. L-PBF
Alloy 625 microstructures also vary from the as-printed
condition with several heat treatment times and tempera-
tures and with HIP. Marchese et al. showed an evolu-
tion in microstructure from the AB state’s characteristic
melt pools and epitaxial columnar grains to an equiaxed
microstructure containing fine 10-um grains to coarser
90-um grains and twin boundaries [34]. In a study of heat
treatment and HIP on the microstructure of L-PBF Alloy
625, Kreitcberg et al. showed that standard HIP results in
equiaxed grains averaging 40-50 pm [5].

Fig.3 Cross-sectional micro-
graphs of the NH and HIP
specimens showing very similar
microstructures. HIP specimens
had more annealing twins than
the NH specimens. No differ-
ences were observed between
the X- and Z-build orientations

Since all as-printed and HIP specimens evaluated in this
work underwent the same post-processing heat treatment,
the resulting microstructures are very similar despite build
orientation and HIP methods. Furthermore, the CAVF pro-
cess is low temperature and does not impart any bulk micro-
structural changes [35]. Figure 3 shows the cross-sectional
micrographs of the NH and HIP Alloy 625 specimens built
in the X- and Z-orientations. The consistent heat treatment
produced no major microstructural differences between HIP
and NH samples, with all microstructures having fine-to-
coarse equiaxed grains from approximately 5 to 100 pm in
size. However, the HIP microstructures show more anneal-
ing twins compared to the NH specimens. Annealing twins
form in conventional Alloy 625 when the microstructure
attempts to resolve residual stresses imparted through the
application of heat and mechanical forces [36, 37]. In aus-
tenitic materials, twins suppress Cr depletion and improve
resistance to intergranular corrosion [38, 39].

All micrographs show the formation of dark, sometimes
coarse precipitates. Hyer et al. identified these precipitates
as MC carbides of type (Ti, Nb, Mo, Ni, Cr, Fe)C which
form in L-PBF Alloy 625 after annealing at temperatures
above approximately 1000 “C [40]. Dubiel and Sieniawski
found mainly NbC carbides [41]. As described later in this
section and in “Electrochemistry,” NbC can improve cor-
rosion resistance. The near-surface micrographs in Fig. 4
show these coarse (primary) and fine carbides in the NH
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Fig.4 Near-surface micrographs showing the carbides in a the NH X
specimen and b the HIP X specimen. Carbides in the HIP specimen
were mostly intergranular, while the NH specimen’s single anneal did
not allow for significant diffusion or coarsening out of the matrix

and HIP specimens. Previous studies have also noted the
formation of various-sized MC carbides in Alloy 625 after
solution annealing [34]. The NH micrograph shows mark-
edly more intra- and intergranular carbides than the HIP
micrograph. Additionally, the carbides in the HIP specimens
appear mostly intergranular. Although undocumented in the
current literature on L-PBF Alloy 625, a possible explana-
tion for the differences in carbide segregation in the two
samples could be a result of the HIP specimens undergoing
two separate anneals. During the HIP process itself, carbide
precipitates nucleated at grain boundaries as well as near
dislocations [42]. Upon subsequent solution annealing, the
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already-formed precipitates coarsened and diffused toward
grain boundary regions and out of the matrix [43]. In con-
trast, the single solution anneal of the NH specimens pre-
cipitated carbides throughout the matrix but did not allow
enough time for grain boundary diffusion of significant
coarsening. De Terris et al. have investigated the recrystal-
lization speed of L-PBF Alloy 625 with varying levels of
energy (dislocation) densities [44]. Their work found that
recrystallization during solution annealing occurred more
rapidly in specimens with higher starting dislocation densi-
ties. Therefore, it is not improbable that other mechanisms,
such as precipitation kinetics, could also differ for materi-
als with varying energies subject to the same processing
conditions.

Surface morphology was also similar for HIP and NH
specimens of each build orientation. Figure 5 shows the EDS
analysis results for the as-printed NH and HIP specimens.
The 500 x SEM images for the X-oriented specimens show
significant surface undulation with evidence of remelting.
The Z-oriented specimen surfaces are relatively flat and cov-
ered with unsintered particles. Varying severity of cracking
is also visible, with the NH AB Z specimen having mainly
dispersed pore-like features while the pits connect to form
long cracks on the HIP AB Z surface. These observations are
consistent with the surface roughness findings. The 15-20-
um diameter powder particles of the Z-specimens result in
rougher surfaces on average than the comparatively smooth
X-oriented specimens which are devoid of major surface
features.

The elemental distributions across the X-oriented speci-
mens are notably different, particularly regarding Cr and
Nb. To an extent, O atomic concentration trends with Cr
for both X-oriented specimens, indicating chromium oxide
formation. The NH AB X specimen’s Cr and Nb atomic
concentrations both fluctuate near 20 percent, with a few
spikes above 60 percent for Cr and influxes toward 30 per-
cent for Nb. The HIP AB X surface, however, is enriched
with Cr—at multiple locations across the line scan Cr atomic
concentrations exceed 80 percent, with an average concen-
tration nearing 40 percent. This enhancement suggests sig-
nificant, detrimental Cr depletion elsewhere. For both X- and
Z-oriented HIP specimens, Nb is frequently depleted across
the line scans, whereas the NH specimen line scans show a
continuous concentration rarely reaching zero. Interdendritic
elemental segregation of Nb in has been previously observed
for L-PBF Alloy 625, but mainly in as-printed alloys subject
to rapid solidification [27, 45].

Across unsintered powder particles, both Z-oriented
specimen line scans reveal large spikes in Cr and O atomic
concentrations. Generally, Cr across specimen NH AB Z
averages near the powder’s starting atomic concentration of
approximately 22 percent, while Nb concentration fluctuates
around about 10 percent. The influx of Nb is likely due to



The International Journal of Advanced Manufacturing Technology

NHX

Concentration (%)

Concentration (%)

~ 100 NHZ
1) [ = Cr
= | —O
S I | —
E s I |
Ko | e
5 p \N‘\/VM\ // | V/\/\A A A A\ ‘ ‘ / M AN/
§ oAty ﬁ A Jr I N AR
0 20 40 60 80 100 120

Distance (#m)

HIP Z
~ 100
1S “ —Cr
g | =9
g — Nb
< 50 ‘
g H" Mo
S (A
0 20 40 60 80 100 120
Distance (xm)

Fig.5 SEM and EDS results showing the surface morphologies of the X- and Z-oriented as-printed NH and HIP specimens. Surface morpholo-

gies differ significantly with build orientation

the previously discussed retention and relative homogene-
ous distribution of MC in the form of NbC precipitates after
solution annealing. Due to carbon’s low atomic mass and
EDS quantification limitations, this work did not measure C
content. Previous work has found improved pitting resistance

in wrought Alloy 625 containing NbC due to the decreased
availability of C to form carbides with Cr [46]. Conversely,
the average Cr atomic concentration of the HIP AB Z speci-
men is notably less than 20 percent, frequently dipping
below or matching the concentration of Nb. In addition to
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Cr, Mo is added to Alloy 625 and other austenitic metals as
an alloying element and improves corrosion resistance by
increasing the passive film effectiveness and reducing pitting
[47]. Relatively consistent distribution of Mo is noted for
all specimens evaluated, with only minor deviations among
specimen types. The surface morphologies and elemental
distribution of all CAVF specimens are unremarkable with
a similar, even distribution of alloying elements across the
surfaces regardless of specimen type. EDS map scans of
CAVF specimens are in Supplementary Fig. S4.

3.3 Electrochemistry

The CPP curves showing the forward sweep of the NH and
HIP specimens are in Supplementary Fig. S5, which also
shows the curves including the reverse sweep. In the figures,
CAVF curves are indicated by dashed lines. Figure 6 graphi-
cally depicts the corrosion properties extracted from evaluat-
ing the CPP curves, and Supplementary Table S1 provides
the extracted values. E_,, the potential at which the current
density is the smallest, denotes the corrosion potential—
more positive values indicate better corrosion resistance.
E,, and i, are the potential and current density at the
inflection point where current density becomes relatively
stable and unchanging. E,,, is the protection potential, or
potential at which the stable passivation layer forms. i,
relates to the density of the passivation layer, with smaller
values indicating inhibited current flow and thus a denser
and more protective passive layer. All CPP curves show
positive hysteresis loops in the reverse sweep, therefore sig-
nifying no pitting occurred in the samples over the applied
potential range and breakdown potentials were not reached.
The pitting resistance of Alloy 625 is attributed to the high
Ni content, and a lack of pit formation has been previously
noted for L-PBF Alloy 625 exposed to various corrosive
media [27, 48].

In the absence of surface effects, the electrochemi-
cal behaviors of the L-PBF Alloy 625 CAVF specimens
are dominated by the microstructures. From Fig. 6¢, i,
decreases when Alloy 625 undergoes HIP. This trend is
noted for both X- and Z-oriented CAVF specimens. E.,,
trends with i, with E, becoming slightly more positive
from NH CAVF (X: —0.70 Vgyg, Z: —0.71 Vgyg) to HIP
CAVF (X:—0.68 Vgyg, Z: —0.67 Vgyp). Cabrini et al. have
shown that for L-PBF Alloy 625 subject to high cooling
rates, there is an oversaturation and more even distribution
of alloying specimens throughout the matrix rendering them
more available to form dense passive layers [48]. Further-
more, smaller grain sizes and dislocations enhance the distri-
bution since the grain boundaries and dislocations function
as express routes for passivating species to and from the
surface, providing additional strength and stability to the
passive film [49, 50]. Since grain sizes were similar for NH
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Fig.6 (a) E,,,. (b) E,,,, and (¢) i, values extracted from the CPP
plots for all specimens evaluated in this work. Generally, all speci-
mens had very similar corrosion properties despite different process-
ing conditions. The NH AB Z specimen had significantly lower cor-
rosion density and thus a higher corrosion potential than all of the

other specimens

and HIP specimens, the enhancement in the passive layer
of the HIP specimens is most likely due to the increased
dislocation density imparted through the HIP process and
the annealing twins reducing the incidence of intergranular
corrosion. Ultimately, the differences in E_, of the CAVF
specimens are largely insignificant for practical purposes.
As with the CAVF specimens, E, . of the AB surfaces

corr
directly relates to passive film density. i, , decreases



The International Journal of Advanced Manufacturing Technology

with increasing average surface roughness for the AB Z
specimens, which is an unexpected result since rougher
surfaces typically afford poorer corrosion properties due
to the propensity for crevice corrosion and a defective
passive layer in the rougher surfaces [27]. However, the
lack of pitting potential suggests that crevice corrosion
did not occur in any of the specimens and surface rough-
ness did not play a role in the corrosion mechanism. Both
X-oriented NH and HIP specimens have relatively similar
surface morphologies despite processing conditions, and
consequently, iy, and E_,, are also remarkably similar for
these specimens. Elemental analysis suggested the segre-
gation of Cr to the surfaces of the X-oriented specimens,
resulting in decreased corrosion resistance compared to
the Z-oriented specimens. The NH Z AB specimen had
significantly better corrosion properties than all of the
other specimens evaluated in this work due to the consist-
ent and slightly enriched Cr distribution. Compared to the
HIP AB Z specimen which had cohesive pits forming long
crack-like features which destabilized the passive layer,
the NH specimen’s surface pits were significantly smaller
and not connected, thus enabling the formation of a dense
and stable passive film and resulting in superior corrosion
resistance. The improvement in corrosion behavior of the
NH AB Z specimen is also due to the more even distribu-
tion of MC carbides across the specimen surfaces instead
of segregation in the grain boundaries as in the HIP speci-
men. Seifert et al. have shown that NbC carbides improve
corrosion resistance due to niobium’s affinity for carbon,
thus impeding the formation of deleterious chromium car-
bides [51].

Compared to the AB surfaces, CAVF appeared to improve
the corrosion resistance of Alloy 625. Since none of the
specimens pitted during electrochemical evaluation, we
assume that the difference is due to surface area effects, with
the AB specimens having much higher surface areas than the
CAVF specimens, thus resulting in a current density increase
and corrosion potential decrease. Increases in near-surface
dislocation density also explain the CAVF specimens’ bet-
ter corrosion response. By their nature, mechanical defor-
mation processes such as CAVF increase the near-surface
dislocation density within a part which improves alloying
element migration and distribution. Wu et al. found a sig-
nificant increase in residual compressive stress depth and
increased dislocation density of a shot-peened Alloy 625
surface [52]. As alluded to previously, chromium has been
shown to use these dislocations as shortcuts to diffuse to the
surface which promotes and enriches passive film forma-
tion [48]. While this work did not focus on quantifying the
dislocation density of each specimen, relative dislocation
density was roughly estimated by the Scherrer equation,
through which le is subsequently dislocation density [53,
54]. This cursory analysis found the CAVF specimens to

have much higher relative dislocation densities compared
to the AB counterparts.

4 Conclusions

This work evaluated the microstructural, morphological,
and electrochemical changes elicited in L-PBF Alloy 625
having undergone no processing, HIP, and/or CAVF. While
HIP had a mixed effect on corrosion response depending on
build orientation, the benefits to mechanical properties likely
outweigh any detrimental corrosion effect. Additionally,
CAVF improved the corrosion potential of every specimen
evaluated except NH AB Z. The combined effect of both
processes resulted in the most desirable corrosion proper-
ties; however, the improvement from CAVF was less than
100 mVgyg. The following generalizes the main findings of
this work.

e The NH and non-CAVF control specimens (NH AB X
and NH AB Z) formed equiaxed grains after solution
annealing with a homogeneous distribution of MC, likely
NbC, carbides across the matrix. The NH AB Z speci-
men had the most dense, coherent passive film and most
positive corrosion potential of all specimens evaluated.

e The HIP and non-CAVF specimens exhibited significant
cracking across the surface, possibly caused by carbide
segregation to the grain boundaries, which destabilized
the passivation layer and reduced the corrosion resistance
compared to NH specimens.

e CAVF increased the dislocation density in all processed
specimens. Coupled with the effect from surface area
reduction, CAVF specimens had better corrosion proper-
ties than non-CAVF.

e Generally, the impact of HIP and CAVF post-processing
on the corrosion response of L-PBF Alloy 625 is mini-
mal. Considerations of resulting corrosion response may
not be necessary when processing this material with one
or both of these methods.
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