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The 17-4 precipitation hardenable (PH) stainless steel is a material of choice for various applications.
Near-net-shape processes, such as the extrusion-based additive manufacturing (EAM), are attractive
fabrication methods due to its simplicity, safety, and cost-effectiveness. The present study aimed to
conduct a systematic comparative study into microstructural, mechanical, and electrochemical
corrosion performance of EAM 17-4 PH stainless steel samples across various states: as-printed, as-
sintered, and post-processed. The as-sintered samples were further characterized, along and
perpendicular to their build direction, including optical and scanning electron microscopy, tensile
testing, and potentiodynamic polarization tests. The results demonstrated anisotropic behaviour of as-
sintered samples, dependent on build orientation. The samples printed perpendicular to the build
direction demonstrated better mechanical performance, with higher ultimate tensile strength (28%)
and elongation to failure (eightfold) compared to those printed along the build direction. In particular,
the corrosion potential and pitting potential along the build direction (-0.108 V, 0.059 V vs SCE
respectively) demonstrated better electrochemical corrosion properties, as compared to
perpendicular to the build direction (-0.181 V, -0.015 V vs SCE respectively). The effect of post-
processing, encompassing machining and heat treatments (H900 and H1150), were investigated and
compared with those of conventionally and additively manufactured 17-4 PH stainless steel
counterparts, offering a holistic understanding of the intricate interplay between processing
parameters, microstructural evolution, and material properties, notably in the context of
electrochemical corrosion resistance.
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Introduction

Among the diverse selection of precipitation hardenable stainless steels (PH SS), the 17-4 PH SS (AlISI
grade 630) stands out as one of the most extensively used types, owing to their exceptional weldability,
austenitic/martensitic microstructure, high tensile strength, and good corrosion resistance 2, Thus,
17-4 PH SS has become a material of choice for tooling and component applications, such as end
effectors and turbine shafts. However, while 17-4 PH SS has superior mechanical properties, it comes
at the expense of limited formability and difficulty in machinability . Therefore, near-net-shape
processes, such as additive manufacturing (AM), are attractive fabrication methods for 17-4 PH SS.
Furthermore, there is added preference for AM in the production of tooling components attributed to
the multifaceted challenges posed by traditional manufacturing methods. These challenges include
the intricate geometries of tooling components, which make them difficult to machine, the costliness
associated with small-batch production, and the time-consuming nature of part replacement, which is
critical for ensuring uninterrupted manufacturing processes [,

In light of these challenges, there has been a growing interest in the additive manufacturing of 17-4
PH SS, dominated by Powder-bed Fusion (PBF) techniques, such as Laser-PBF (L-PBF) ©°!. However, PBF
methods are encumbered by certain issues, including high capital costs, powder recycling, and safety
concerns related to powder handling, such as the risk of powder explosion or inhalation 4. Therefore,
the extrusion-based AM approach has garnered attention as a potential avenue for the fabrication of
metal components via a straightforward and office-friendly process of extruding metal-containing
feedstock with minimal material wastage ' and possible reduction in energy consumption ", Extrusion
additive manufacturing (EAM) presents a pathway to exploit the advantages of efficient feedstock
handling and economical material consumption for cost-effective metal part printing #°. EAM, also
known as Fused Filament Fabrication (FFF) or Fused Deposition Modeling (FDM), is particularly
characterized by its utilization of extruded material from various formats, encompassing filaments,
rods, and pellets. The recent review by Drummond et al. ® provides an extensive collection of process
parameters with corresponding material properties for EAM of high melting iron alloys, including 17-
4 PHSS.

Researchers have explored the development of EAM for 17-4 PH SS, focusing on binder and feedstock
formulation, optimization of printing and sintering parameters, and the characterization of
microstructural features, mechanical properties, shrinkage, and dimensional accuracy of fabricated
components. In particular, Gonzalez-Gutierrez et al. 1! worked on the feedstock formulation involving
a proprietary binder system for 17-4 PH SS powder while Singh et al. **! analyzed various sintering
profiles. Pellegrini et al. *? studied the distortion during sintering and geometric accuracy of the
technique, followed by the influence of aging treatments on the porosity and hardness of 17—4 PH SS
parts fabricated by EAM 3. Di Pompeo et al. ** and Cho et al. **! explored the microstructural and
mechanical aspects, while Opoz et al. [*®! studied the effects of surface finishing and post-processing
on EAM fabricated 17-4 PH SS. Although these publications have provided valuable insights into various
aspects of EAM-fabricated 17-4 PH stainless steel parts, further research is necessary to advance this
technology.

The primary challenges associated with parts fabricated via EAM include inferior overall properties
compared to standard materials or those produced through other AM processes. These limitations are
largely attributed to the presence of defects generated during fabrication and issues at the interfaces
between layers and deposited materials tracks. Some of these defects are inherent nature of EAM and
inevitable 7). There is limited literature available that specifically focuses on characterizing these
defects and investigating their impact on the properties of EAM-fabricated 17-4 PH SS. Recently,
Mancia et al. '8 demonstrated that the build orientation angle significantly affects defect formation
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and, consequently, the tensile properties of EAM-fabricated 17-4 PH SS. Further studies are required
to fully understand how these defects affect the physical, mechanical, as well as electrochemical
corrosion properties of EAM-fabricated 17-4 PH SS components.

One important aspect that remains underexplored is the anisotropic nature of EAM parts relative to
build orientation. This study aims to investigate the extent to which anisotropic performance in EAM-
fabricated 17-4 PH SS is linked to defects. We started by characterizing the filament feedstock and the
as-printed samples. The as-sintered samples were then analyzed, both along and perpendicular to the
build direction, to provide a systematic comparative study of the microstructural, mechanical, and
electrochemical corrosion properties of EAM 17-4 PH SS, using optical and scanning electron
microscopy, tensile testing, and potentiodynamic polarization tests. Finally, the effect of post-
processing—including machining and heat treatments (H900 and H1150)—was examined and
benchmarked.

Methods and Materials
2.1 EAM of 17-4 PH SS Samples

Samples used in this study were printed via the Metal X" 3D printer (Markforged, Waltham,
Massachusetts, USA) and its corresponding 17-4 PH SS (UNS S17400) filament .. Due to the
proprietary nature of its fabrication, detailed thermal history information is not available.
Nevertheless, characterization and analysis of the filament was conducted in this study. Next, the
prints were done using Markforged’s Atomic Diffusion Additive Manufacturing (ADAM) technology,
which is in essence a type of sinter-based EAM. The filament’s chemical composition is, as claimed by
Markforged '), is in line with the chemical requirements for UNS $17400 type stainless steel in ASTM
A564 201,

The Metal X™ 3D printer extruded the filament layer by layer, and each layer consisted of a series of
concentric walls/shells, with an infill pattern of alternating 45" angles. The printer also set a 20%
increase by default from the desired geometry to accommodate the sample’s shrinkage after sintering.
In addition, users could opt for an additional flat build, called “raft”, to have a more even thermal
cooling force. Before printing, vacuum-sealed paper was placed on top of the build stage to facilitate
adhesion and detachment of the 3D printed samples. The chamber and build stage were also heated
throughout the printing process. Importantly, there are two main surfaces that will be compared
regularly in this study (Error! Reference source not found.), that is the Z surface (along the build
direction) and the X/Y surface (perpendicular to the build direction).

After printing, the samples were sent into the solvent-based debinding system Wash-1 (Markforged,
Waltham, Massachusetts, USA), in a bath of Opteon Sion solvent for 6 hours minimum, to remove the
binder. The samples were then sent for sintering in the Sinter-1 (Markforged, Waltham, Massachusetts,
USA) furnace using Markforged’s predetermined sintering profile. After sintering, some of the samples
were subjected to further age hardening heat treatments: the H900 and H1150 standard heat
treatments 2%, For each heat treatment process, the as-sintered samples were firstly solutionized at
1040°C for 1 hour (commonly referred to as Condition A 2%). The solutionized samples were then heat
treated to the H900 (480°C for 1 hour) or H1150 (620°C for 4 hour) standards respectively 2%,
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Figure 1. Schematic view of Z surface (along the build direction) and X/Y surface (perpendicular to the
build direction) of an EAM printed cube.

2.2 Characterization Methods
2.2.1 Density Measurements

Two types of density measurement were used in this study: Archimedes and pycnometry. Archimedes’
density measures both open and closed porosity of the structure, and was determined according to
ASTM B962 Y. On the other hand, pycnometry density measures only the closed porosity of the
structure. The pycnometry density is measured using the AccuPyc Il 1345 (Micromeritics Instrument
Corp., Norcross, Georgia, USA), which utilizes the inert gas displacement technique to determine the
apparent volume and density of the sample. The Archimedes density has a slightly lower value as
compared to the pycnometer values, which could be due to the presence of open pores which are still
not completely filled with water even when the samples had been immersed in water and vacuumed
for 1 hour as stated in ASTM B962 121,

2.2.2 Mechanical Tests

Tensile tests were designed according to ASTM E8 22! for 6 mm wide subsize rectangular tensile test
specimens. In order to analyze the effect of build direction on mechanical performance, vertical and
horizontal tensile samples were fabricated (Figure 2a), with the build direction either perpendicular or
along (collinear) the samples’ build plane respectively. In general, a minimum of three replicates were
conducted for each sample type; the final values reported will be the average value. The tensile
specimens were pulled to failure using the Instron 5982 Universal Testing System (Instron, Norwood,
Massachusetts, USA) with £100 kN maximum loading capacity at a cross-head speed of 0.481 mm/min.
This crosshead speed results in a strain rate of approximately 0.00032 s, which lies within the
prescribed range of 0.00025 s~ to 0.002 s~ as outlined in the ASTM E8/E8M standard. For the analysis
of the surface conditions, additional tensile tests were performed on the samples printed
perpendicular to the build direction; slightly larger samples were printed so that it could be machined
down to the same size (Error! Reference source not found.a) as with the previous tests.

The hardness test was divided into two: macro- and micro-hardness. Macro-hardness test was
conducted on printed cubes using Rockwell Hardness Tester (ZwickRoell Indentec, Dudley, UK) to
obtain the overall hardness of the horizontal and vertical surfaces. On the other hand, microhardness
test was done using MMT-X3 Vickers Micro-Hardness Tester (Matsuzawa Co., Ltd, Akita-shi, Japan) to
investigate the hardness profile of the EAM sample from one edge to the opposite edge. Indentations
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were done from one end to the other end with a specified distance between each set of indentations.
Each indentation set comprised three indentations to ensure reading accuracy. For the profile along
the build direction, the spacing between successive indentation sets was maintained at approximately
+ 0.7 mm. For the profile perpendicular to the build direction, the intervals within the initial and final
2 mm segments were set at approximately + 0.35 mm, whereas the intervals for segments spanning 2
to 13 mm were approximately + 1 mm. These deliberately established intervals were chosen to strike
a balance between representing the sample's profile adequately and minimizing redundant data
points. Notably, the sample surfaces were prepared by initially grinding with SiC papers and
subsequently polishing using diamond suspensions to achieve a mirror-like finish prior to conducting
the hardness tests.

Figure 2. (a) Schematic of samples printed along (vertical) and perpendicular (horizontal) to the
build direction; these samples were fabricated for the tensile tests. (b) Schematic of the 20x20x5
mm samples were fabricated for the electrochemical corrosion tests.

2.2.3 Microstructural Analysis

Optical microscopy assisted in elucidating the microstructural and porosity characteristics of the
samples. The samples underwent hot mounting utilizing the CitoPress-5 Mounting Press (Struers,
Ballerup, Denmark) in conjunction with PolyFast powder (Struers, Ballerup, Denmark). Then, the
samples were subjected to grinding with SiC paper and polishing until achieving a reflective, mirror-
like surface finish. Microstructural and localized porosity assessments were conducted using the MX51
optical microscope (Olympus, Shinjuku City, Japan). Moreover, the particle dimensions of the filament
was analyzed with the Ultra Plus (Zeiss, Oberkochen, Germany) Field-Emission Scanning Electron
Microscope (FE-SEM). Samples were also analyzed under the SEM with Energy Dispersive X-ray
Spectroscopy (EDX) to get elemental information.

2.2.4 Electrochemical Corrosion Tests

In order to investigate the corrosion properties of EAM 17-4 PH SS, 20 mm x 20 mm x 5 mm specimens
were fabricated. Similar to the tensile tests, different sets of samples, primarily distinguished by their
build orientation (Error! Reference source not found.b) and post-printing thermal treatment, were
analyzed. Furthermore, to ensure the reproducibility of the electrochemical findings, a minimum of
three independent tests were conducted on three different samples within each set. Prior to
electrochemical testing, the specimens were ground with SiC paper and polished to a mirror-like
surface.

The electrochemical test of interest in this study mainly focuses on the potentiodynamic polarization
curves; the experiments were performed using the Interface 1000 (Gamry, Warminster, Pennsylvania,
USA) workstation with the standard three-electrode configuration. A saturated calomel electrode (SCE)
was employed as the reference electrode, while a graphite rod served as the counter electrode. A 3.5
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wt.% sodium chloride solution was utilized as the electrolyte for the electrochemical tests. To ensure
the stability of the experimental setup, the open-circuit potential (OCP) of the sample was monitored
for 1 hour prior to conducting the potentiodynamic polarization tests, which were performed at a scan
rate of 20 mV/min in the positive potential direction, starting from -150 mV vs OCP. Unless otherwise
mentioned, all potential measurements were recorded and reported with respect to the SCE reference
electrode.

Results and Discussion
3.1 Characterization of the Filament and As-Printed Samples

Error! Not a valid bookmark self-reference. shows SEM micrographs of the 17-4 PH SS filament. The
SS powder particles within the filament are mostly spherical and the polymeric binder holds the SS
powder particles together within the filament.
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Figure 3. SEM Images of the 17-4 PH powder particles packed within the filament. Figure 3(a)
illustrates the differences in morphology of the powder within the filament, while Figure 3(b) is
at a higher magnification, illustrating the polymeric binder present (red arrows) within the
filament. Figure 3(c) is the estimated particle size distribution of the powder within the filament,
based on image analysis from 300 data points; laser diffraction was not utilized as it would
require reliable separation of the powder from the other materials within the filament.

The powder particle size distribution of the 17-4 PH SS filament is obtained from analysis of SEM
images, indicating particle sizes ranges from 0.62 um to 10.65 um with the average particle size of 3.07
um. Error! Reference source not found. shows the chemical composition of the SS powder obtained
from EDX analysis. As seen, the content for each element falls within the standard range, except from
Cr content which is slightly above the range at 18.21 wt.%. Notably, an increased Cr content will
contribute to an increased corrosion resistance of the stainless steel 3. Furthermore, Cr is also known
to be a ferrite stabilizer, and therefore austenite destabilizer in stainless steels 24,

Table 1. Chemical composition (wt.%) of 17-4 PH SS filament, according to EDX.
Sample Cr Ni Cu Mn P S Nb Si Fe
Filament  18.21#0.05 3.37+0.16 3.6840.30 0.32+0.01 0.01+0.01 0.02+0.03 0.02+0.01 0.39%0.01 74.01 £0.49

Figure 4 shows SEM micrographs of as-printed 17-4 PH SS samples along and perpendicular to the
build direction. The adhesion between adjacent extruded layers along the build direction was found
to be insufficient and not fully bonded; this is illustrated by the red arrows and accentuated by the red
dotted lines (Figure 4a). Within the center of samples perpendicular to the build direction (Figure 4b),
sufficient integrity between extruded materials was observed. The higher magnification SEM
micrograph in Figure 4 represents the approximate location of two extruded materials next to each
other; there is no visible gap or porosity in between with virtually no micro defects. However, a clear
lack of intralayer adhesion between extruded materials constituting the wall structure at the edges
and corners of the samples is observed, which are generated during the printing process as gaps



between adjacent extruded raster lines (Figure 4d,e). These discernible porosity gaps formed due to
inadequate binding between extruded materials during the build process that needs further
optimization of printing parameters, especially nozzle temperature %°!. The weaker adhesion along the
build direction and at the corners and edges of samples poses a challenge to the overall density
uniformity and structural integrity of the as-printed components, and in turn, sintered parts, as
discussed in Section 3.2.3. One way to minimize these defects without changing the materials
extrusion parameters is to alternate the orientation of successive in-fill layers that may influence layer-
to-layer adhesion and, consequently, the macro-structural attributes of the printed components.

Figure 4. SEM images of as-printed green part sample (a) along the build direction, (b,c) perpendicular
to the build direction at the center, and (d,e) perpendicular to the build direction near the sample
edge, with magnified image shown in (d) and (e) respectively. The red arrows in Figure 4 illustrates
the regions that are not fully bonded; this is highlighted by the red dotted lines.

Archimedes and gas pycnometer density of as-printed sample were determined at 4.86 g/cm®and 4.98
g/cm3, respectively. This difference could be attributed to the presence of open pores in the as-printed
samples, predominantly residing within the wall layers during printing (Figure 4). During the water
impregnation step of the Archimedes method, water may not be able to fully penetrate within the
pores/gaps even with the vacuum applied due to surface tension of the water and capillary pressure.
However, Helium gas could penetrate into these gaps during density measurements by gas
pycnometer, leading to a lower density measured via the Archimedes method %!, The relative density
of as-printed part based on the Archimedes method and gas pycnometer were calculated to be 62.3%
and 63.8% respectively (Error! Reference source not found.), considering the theoretical density of
the 17-4 PH SS at 7.80 g/cm? 7). Overall, these density values are higher than that reported for binder
jet printed 17-4 PH SS (i.e., 55-60% [?8). This higher measured density in as-printed EAM sample can
be attributed to the initial close packing of the fine metal powder particles in the extruded filament,
as compared to 17-4 PH SS powder lightly bounded with liquid binder during binder jetting.



3.2 Characterization of As-Sintered Samples
3.2.1 Density

During the sintering process, the sample undergoes densification through solid-state sintering, leading
to the formation and growth of sinter necks between the powder particles. Subsequently, the density
of the as-printed part experiences an increase post-sintering. The density values, determined using the
Archimedes method (~7.42 g/cm3), is slightly lower than those obtained via pycnometry (~7.53 g/cm3),
indicating relative densities of 95.1% and 96.5%, respectively. For extrusion-based printed 17-4 PH SS,
the relative densities between of 97% and 99% have been reported after sintering in the range of
1200°C to 1360°C. 234, Extrusion-based printing share similar sintering approach with other sinter-
based processes such as metal injection molding and binder jetting. Error! Reference source not
found. provides the density values reported for these technologies. In particular, as-sintered 17-4 PH
SS parts manufactured using conventional MIM processes exhibit a typical density of 7.5 g/cm? (96.2%)
(32331 By controlling particle size distribution, sintering atmosphere and temperature, the as-sintered
density of MIM-fabricated 17-4 PH SS components can be further increased to 98.5% 3433, For binder
jet printed and sintered 17-4 PH SS, Huber et al. ® achieved relative density >99% after optimizing
sintering profile. Error! Reference source not found. also compares these results with L-PBF, which is
known for producing dense part up to 99.9% relative density 3 LeBrun et al. B” reported 98.7%
density after removing surface defects while Kumar et al. *® obtained 99.8% via optimizing laser
energy density.

Table 2. Density of EAM parts in this study. The density values from literature, standards, and/or
suppliers using similar technology are also included as reference. The theoretical density of 17-4 PH
SS is taken to be that of the wrought material, at 7.80 g/cm?3.

Density (g/cm?3)

EAM EAM
(This Study) (This Study) MIM EAM BJ L-PBF
Archimedes Pycnometry
4.86 +0.01 4.98 +0.01
As-Printed - 4.98 (63.8%) 29 (55— 60%) (28]
(62.3%) (63.8%)
750 (96.2%) 7.5-7.66
oy 06— 96.4% (96.2-98.2%) 7.7 (98.7%)
' (96 — 96.4%) 143] 137)
7.58 —7.66 [19,40]
7.60 —7.65 (98.8%) 13!
As- 7.42 +0.02 7.53+0.02 (97.2-98.2%)  7.56 (96.9%) 141 ~09 9001 (361
) . . o4 oo (42 (97.4-98.1%)  (~99.9%)
Sintered (95.1%) (96.5%) (~90%) 44) (99.8%) 138
7.58-7.68 (>99.4%) 29 ’
7.7 (98.7%) 145)
(97.3-98.5%)  (>97%) 15

[35]

(96 to >99%)
128]

3.2.2 Microstructure

Figure 5 presents the microstructure of the as-sintered samples, examined along and perpendicular to
the build direction. Inadequate interlayer adhesion along the build direction is clearly visible, both
within the center and near the edges (Figure 5a). Image analysis of the optical micrographs quantifies
the average porosity as 6.5% in the central region and 6.9% near the edges, suggesting that insufficient
interlayer bonding, as previously highlighted (Figure 4a), is the primary source of this defect. This



defect is critical, as it directly influences the mechanical properties of the as-sintered samples (Section
3.2.3).
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Figure 5(a). Optical microscopy of the as-sintered 17-4 PH samples (cubes) along the build direction. The
orange arrow indicated the build direction, while the red, yellow, and green boxes illustrate the

microstructure of the corner, edge, and center regions respectively. The red arrows points at some of the
visible printing defects.
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Figure 5(b). Optical microscopy of the as-sintered 17-4 PH samples (cubes) perpendicular to the build
direction. The orange arrow indicated the build direction, while the red, yellow, and green boxes
illustrate the microstructure of the corner, edge, and center regions respectively. The red arrows points

at some of the visible printing defects. Importantly, there were no visible printing defects in the center
region.
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When examined perpendicular to the build direction, the as-sintered samples exhibit two distinct
microstructures between the central and edge/corner regions. Within the central region, the
microstructure is more consistent, with no discernible intralayer gaps (Figure 5b). The etched
microstructure (using Viella Reagent for 60 seconds) within the central region reveals an equiaxed grain
structure with an average grain size of 29.6 um, based on image analysis of 300 data points. Isolated
pores are present, and image analysis indicates a lower porosity of 2.6% * 0.6%. In contrast, the
microstructure near the edges and corners, as shown in Figure 5, reveals inadequate adhesion
between extruded material layers, which originated from the as-printed samples (Figure 4d,e). The
porosity in these areas ranges from 5.1% to 7.2%, highlighting the variability in microstructural quality
across different regions of the samples.

3.2.3 Mechanical Properties

Figure 6Error! Reference source not found. illustrates the microhardness profiles along and
perpendicular to the build direction measured across the as-sintered sample’s cross-sectional surface.
The average microhardness values fluctuated in the range of 82 — 364 HV along the build direction,
with less pronounced fluctuations of average values 351 + 25 HV across the middle of the profile. This
fluctuation closely corresponds to the visible gaps observed in the microstructure (Figure 5a), which
are attributed to printing defects rather than porosity alone. These defects, particularly near the edges
and between extruded layers, result from inadequate interlayer adhesion and contribute to the
localized weaknesses that cause sharp dips in microhardness. In particular, more inconsistency and
flaws in the microstructure caused higher fluctuations in microhardness values, leading to anisotropic
behavior in the fabricated samples based on build orientation.

Perpendicular to the build direction, there is a relatively uniform microhardness with an average value
of 362 + 15 HV across the middle of the profile, supported by the microstructural observations (Figure
5b). However, significant fluctuations in microhardness values, ranging from 66—-347 HV at the start
and end of the profile, are observed. These variations are similarly linked to the inadequate interlayer
adhesion near the edges. The macrohardness values along and perpendicular to the build direction
across the as-sintered sample’s cross-sectional surface was measured to be 20 and 30 HRC respectively.
These values fall within the range of MIM standards B33 and EAM ¢!, while it is slightly lower that the
values for the wrought condition 17,

Figure 7 illustrates the representative tensile stress-strain curves for the as-sintered samples obtained
along and perpendicular to the build direction. The corresponding values for ultimate tensile strength
(ours), yield strength (oy), and elongation to failure (&5 are listed in Error! Reference source not found..
The samples printed perpendicular to the build direction exhibited greater mechanical performance
in the ours (28%) and o, (~4%), as compared to the samples printed along the build direction. The
mechanical property results further indicated the anisotropic behavior of 17-4 PH SS fabricated by
EAM in different build orientation. In particular, the &; for the samples printed along the build direction
compared to the perpendicular direction was reduced to 0.4% from 3.6%. This brittle fracture of the
sample is due to the presence of layering defects between the filament raster line/path (Figure 5). The
crack initiated and propagated along these defects, as seen from the inset images in Figure 7.
Additionally, these defects act as stress concentration points leading to premature failure during the
tensile test. The effects of build orientation on anisotropic behavior of EAM fabricated materials has
been reported 13931,

Amidst various influencing factors, porosity is one of the paramount determinants of the mechanical
characteristics of materials “’). The relationship between strength and porosity is fundamentally
inverse, owing to the fact that structural pores not only diminish the load-bearing surface but also
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function as focal points for stress concentration and subsequent cracking. The following is a simple
model of strength versus relative density generally applied in powder metallurgy 4”:
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Figure 6. Microhardness profile of the as-sintered EAM 17-4 PH SS samples (cubes), (top) along and
(bottom) perpendicular to the build direction.
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Figure 7. Representative stress-strain curves obtained in this study.
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Table 3. Mechanical properties of the as-sintered EAM 17-4 PH parts. The typical values from
literature, standards, and/or suppliers using similar technology are also included as reference.

Ultimate Tensile 0.2% Yield Strength Elongation to Failure
Macrohardness (HRC)
Strength (MPa) (MPa) (%)
Along the Build
846 £ 6 725 £ 25 0.4+0.1 20+1.1

Direction (This Study)

Perpendicular to the

Build Direction 1085 + 23 753 +44 3.6+0.3 30+0.3
(This Study)

Perpendicular to the

Build Direction,
. 1219+ 4 704 + 49 5.9+0.6 -
Machined.
(This Study)
MIM 790 — 900 132331 650 — 730 132331 4 —6 13233 27 132331
EAM 776 1461 604 146) 6.7 1461 24.7 —27.2 148
BJ 1050 (281 - 4.1 128 24 + 1144
1357.9, 1423.6 48] 18.2, 15.3 148
! 576.6, 527.1 1481 !
940, 1060 49 5.8, 14.5 [4°]
580, 650 (4
L-PBF 1050 (50 9.7 150 -
650 150
1180 38 45 [38]
881 51
1156 51 32,751
Wrought, 1103 @7 1000 27 527 3507
Condition A.

Here, o denotes the strength of a porous material, o5 represents the strength of a fully dense material,
p is the density of the porous material, ps is the density of a fully dense material, and M stands for a

proportionality constant, such as 2.5-6 for alumina *”! and approximately 6 for Ti %, and 3.53 for Mg
[53]

As previously discussed, the average porosity within the central region of the sample along and
perpendicular to the build direction is 2.6% and 6.5% respectively. Considering these values and the
ours values for the as-sintered samples along and perpendicular to the build direction (Error! Reference
source not found.), the following equation can be formulated:

A)M

o =0p(C2 (2)

where gy is the gyrs for samples printed along the build direction, op is the gy for samples printed
perpendicular to the build direction, p, is the average density within the central region for samples
printed along the build direction, pp is the average density within the central region for samples
printed perpendicular to the build direction, and M is a proportionality constant. Using Equation 2, the
value of M was determined to be 6.1, indicating that the strength of the as-sintered sample is directly
proportional to its relative density raised to the power of 6.1. This result highlights a pronounced
dependency of tensile strength on porosity in structures fabricated through EAM.

3.2.4 Electrochemical Corrosion Properties

Error! Reference source not found. illustrates the representative potentiodynamic curves measured
in 3.5 wt.% NaCl solution for the two different build orientations in this study. Table 4 presents the
corresponding corrosion potential (Ecorr) and pitting potential (Epi) results, together with those
reported in relevant literature 8 with similar experimental conditions. There exist noticeable
differences in the electrochemical behavior between the two build orientation. The Ecorr along the build
direction (-0.108 + 0.008 V) was found to be more noble compared to the perpendicular direction (-
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0.181 + 0.013 V). Similarly, the Eyi: along and perpendicular the build direction was determined to be
0.059 £ 0.010 V and -0.015 + 0.006 V respectively. Interestingly, these results indicate that as-sintered
samples along the build direction is more resistant to both localised and non-localised corrosion. While
Equivalent weight (Q) and corrosion rates in mpy or mmpy are commonly used to assess general non-
localised corrosion behavior and are related to parameters such as icorr and Ecorr, the focus in this study
is on the localized corrosion mechanisms, particularly through the examination of pitting potential;
localized breakdown is dangerous because it can cause rapid, concentrated material loss, lead to
unexpected structural failures, and significantly compromise safety and performance, often going
undetected until severe damage occurs.

0.15 1
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0.00 -
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o} Direction
S -0.10 |
"
>
> 015 | e e
0.15 Along Build Direction
-0.20 A1
-0.25 A
-0.30 A
-0.35 L e — T — T — T — T — T — T — T Trrm
1.00E-10 1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03 1.00E-02

Current Density (A/cm?)

Figure 8. The representative potentiodynamic polarization curves measured on the cross-sectional
surface along and perpendicular to the build direction of as-sintered 17-4 PH SS specimens.

Pitting corrosion, a localized and destructive form of corrosion, is common and predominant in
stainless steel 231, In this form of corrosion, the dissolution of the oxide layer occurs locally, leading to
the formation of pits, which can propagate rapidly, eventually resulting in the failure of the material
(231 The initiation of pitting corrosion in stainless steel has been attributed to the presence of specific
precipitates or segregation of elements %, which are a result of the inhomogeneity of the alloy
microstructure. Once initiated, pitting corrosion can continue to propagate if the localized conditions
in and around the pits can sustain and promote the corrosion process, such as a decrease in pH or the
presence of aggressive ions 123,

It is well known that porosity and pore defects can act as preferential sites for localized pitting/crevice
corrosion to occur P4 Accordingly, it would be anticipated that the as-sintered samples along the
build direction, with larger line defects and more porosity (Figure 5), would have more preferential
sites for localized corrosion to propagate. Surprisingly, the obtained results demonstrated that the as-
sintered samples along the build direction had superior corrosion performance, when compared to
perpendicular to the build direction. In other words, the presence of the defects along the build
direction had instead enhanced its corrosion resistance. Similarly, in EAM fabricated 17-4 PH SS,
Forcellese et al. > have shown from their potentiodynamic curves that the sintered specimens along
the build direction exhibited better general corrosion resistance properties (more noble Ecor)
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compared to specimens perpendicular to the build direction. However, the root cause for this
observation was not discussed by the authors.

Table 4. Comparison of the Epit and Ecorr results obtained with those in similar literature.

Ecorr (V vs. SCE)

Epit (V vs. SCE)

Perpendicular to Build -0.181 £ 0.013 -0.015 + 0.006
Direction (This Study)
Along Build Direction -0.108 + 0.008 0.059 +0.010
(This Study)
Perpendicular to Build -0.206 £ 0.019 0.107 + 0.004
Direction, H900 (This
Study)
Perpendicular to Build
Direction, H1150 (This -0.178 £0.031 0.165 +£0.016
Study)
Wrought -0.192 54 0.028 54
Wrought, H900 -0.120t0-0.130  0.173 57
Wrought, H1150 1571 0.124 571
MiM Approx. -0.600 Not

58] Distinguishable

[s6]

EAM -0.124, -0.126, Not

-0.137 3 Distinguishable

55]

L-PBF -0.293 (54 Not

Distinguishable
[54]

Given the microstructural differences between the two build orientations (Section 3.2.2), we
hypothesize that the large defects for the samples along the build direction could have established a
different local electrochemical environment when exposed to the electrolyte and its aggressive ions
and hinder the flow of ionic species locally. This hypothesis is supported by the distinctive fluctuations
below the Epi: observed for the two build orientations (Figure 8), whereby there are transient increases
in anodic current density before returning to the passive current density. This suggests the formation
of metastable pitting that were unable to sustain propagation and experienced rapid repassivation,
resulting in pit growth arrest ¥, The abundance of metastable pits observed in the present study
exceeds those reported for a conventional wrought 17-4 PH SS ¥, implying that many, if not most, of
these pits may have nucleated from the defects present.

In comparing the shape of the potentiodynamic polarization curves with literature, the curves for the
MIM specimens ¢/, EAM specimens % (after 30 mins of OCP), and the L-PBF specimens ¥ (after 1
hour of OCP) showed no typical passive region and no characteristic rapid increase of the anodic
current density below the oxygen evolution potential; this was labelled as “Not Distinguishable” in
Table 4. Usually, the lack of a typical passive region would indicate that the specimen is exhibiting an
“active metal” behavior whereby the oxide film on the specimen (metal) is unstable and not protective
611 in such cases, the Eyi can be said to coincide with the Ecorr. The polarization curves obtained in this
study (Figure 8) exhibited a fairly typical passive region for both build orientations. In terms of Ecr, the
obtained results are in similar ranges (Table 4) with that of the wrought 17-4 PH % and EAM 17-4 PH
551 in similar experimental conditions. The Ecorr results (-0.108 V & -0.181 V) obtained in this study are
more noble than that of as-sintered MIM specimens (approximately -0.600 V) by Kazior *® and L-PBF
specimens (-0.293 V) by Schaller et al. 4. Overall, these findings suggest that sinter-based AM
fabricated components may possess electrochemical characteristics that differ from those of
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conventionally produced wrought parts. Importantly, it should be re-iterated that the corrosion
characteristics of sinter-based AM parts will likely also deviate from those of L-PBF AM parts 5462,
which involves rapid heating and cooling (resulting in non-equilibrium phase formation).

3.3 Characterization of Post-Processed Samples
3.3.1 Influence of Surface Condition on Mechanical Properties

Based on the previous analysis, the samples printed perpendicular to the build direction exhibited
greater mechanical properties as compared to the samples printed along the build direction. Hence
the focus for this section is on the samples printed perpendicular to the build direction. The extent of
structural strength is compromised by the presence of defects, especially surface defects.
Microstructural characterization (Figure 5b) indicated that there were more defects on the surface of
the as-sintered sample as compared to its central region. Therefore, we conducted machining process
to remove those surface defects by milling 2 mm material removal from each surface of the as-printed
tensile specimen. As seen in Figure 7 and Error! Reference source not found., the machined sample
showed an improvement from 1085 MPa to 1219 MPa in its oyrs (12% improvement), and 3.6% to
5.9% in its & (63% improvement). Essentially, the machining process had removed all surface defects
(i.e., 5.1% to 7.2% porosity in Figure 5b). This is in line with the inverse relationship between strength
and porosity that was previously discussed in Section 3.2.3. Additionally, ductility was improved as
there are lesser surface imperfections that could act as stress concentrators. Overall, this comparison
demonstrated that while the wall layers provide structural shape for the printing process, parallel
laying of raster lines led to lower mechanical strength as compared to cross layer perpendicular
overlaps. This serves as a design consideration when determining the part slicing and rastering
strategy, to minimize or eliminate the defects in the as-printed part.

Overall, the results obtained in this study further indicated that the EAM 17-4 PH SS can provide
comparable, or even superior, mechanical properties, compared to the other similar or conventional
sinter-based technologies (Error! Reference source not found.). In comparing with other fabrication
methods for 17-4 PH SS, the oyrs, 0y and & of the machined samples is superior to BJ %8, other EAM
461 and the standards in MIM 32331, When compared to the typical wrought 17-4 PH SS, the a7 and
&r are greater, but the g, is inferior. Meanwhile, the machined EAM parts in this study can also obtain
comparable oy to the L-PBF fabricated samples. In general, L-PBF 17-4 PH SS parts in literature (3848
1 have displayed much higher &r. This is likely due to the L-PBF parts having less porosity and more
refined grain size 3% as compared to the EAM fabricated parts (Section 3.2.2).

3.3.2 Influence of Heat Treatments on Mechanical and Electrochemical Corrosion Properties

The samples printed perpendicular to the build direction also undergone heat treatments to produce
type H1150 and H900 specimens. The H900 heat treatment typically results in higher strength and
hardness for the 17-4 PH SS, while the H1150 provides a better balance between (lower) strength and
(higher) toughness. As seen in Figure 7 and Table 5, the H900 sample showed an improvement in its
ayrs (14%), oy (41%), & (125%), and macrohardness (27%). Meanwhile, for the H1150 sample, there
was an improvement in & (203%), at the expense of a reduction in ay7s (19%). The average area under
the stress-strain curves for as-sintered, H900, and H1150 samples were calculated to be 41.8, 104.1,
and 94.7 MJ/m? respectively. Overall, both heat treatments resulted in an improvement in the material
toughness. The enhanced strength observed in H900 samples can be attributed to precipitation
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strengthening facilitated by copper precipitates, a phenomenon extensively documented in various
studies 2237631 Conversely, the heightened ductility seen in H1150 samples is attributable to the
presence of retained austenite and the coarsening of copper precipitates. X-ray diffraction (XRD)
analysis, as shown in Error! Reference source not found., revealed the formation of retained austenite
in the H1150 samples, with distinct austenite peaks indicating its presence. The retained austenite
contributes to the mechanical softening observed in these samples. In contrast, the as-sintered and
H900 samples primarily exhibit body-centered cubic (BCC) peaks, which are characteristic of a
martensitic matrix. The XRD analysis of these samples confirms a predominantly martensitic structure.
This phase transformation, as detected by XRD, provides insights into the structural changes that
enhance the ductility of the H1150 samples and elucidates the role of phase composition in the
observed mechanical properties.

Table 5. Mechanical Properties of Heat Treated H900 & H1150 EAM 17-4 PH SS in this study. The

typical values from literature, standards, and/or suppliers using similar technology are also included
as reference.

Ultimate )
X 0.2% Yield .
Tensile Elongation to Macrohardness
Strength .
Strength Failure (%) (HRC)
(MPa)
(MPa)
Perpendicular to the Build Direction (This Study) 1085 + 23 753 + 44 3.6+0.3 30+0.3
Perpendicular to the Build Direction, H900. (This
1235+17 1063 +4 8.1+1.6 38+0.8
Study)
Perpendicular to the Build Direction, H1150. (This
87516 726 +20 10915 30+0.6
Study)
1070-1190 965 —1090
— [32,33] [32,33]
MIiM, H900 (32.33] (32.33] 4-6 33
+ [43]
912235 660 + 40 143 5.9 +2 143 26.4+1 143
1070 -1310
970 —1030 (&4 4—12164 35—41 (64
BJ, H900 (64
655 + 26 (4] 10.9 + 0.9 149 29.5+ 1.5 143
900 + 20 143
1079 + 88 (6] 5.65 + 0.4 163 39+1 144
1294 + 11 1691
BJ, H1150 10012965 760 + 71 65 3.18 £ 0.3 (63 -
~960, 1240
(501 ~725, ~925 [50] ~3.5, ~4.3 b0
L-PBF, H900 945 + 12 37 11.7 +0.8 137 -
1417 + 6 137
897 15U 29.9 B
1390 15U
L-PBF, H1150 1319 + 2 637 1005 15 [37) 4.8 137) -
Wrought, H900. ASTM A564 1310 (20 1170 (20 10 201 40 20
Wrought, H1150. ASTM A564 930 201 725 [20] 16 (20] 28 120

Overall, the results serve as a good indicator and benchmark of the mechanical properties of the typical
EAM heat treated H900 and H1150 samples. In comparing with other fabrication methods for heat
treated 17-4 PH SS, the heat treated H900 and H1150 samples had comparable mechanical properties
to BJ [®) and the standards in MIM 52331 while these values are inferior to the typical wrought ?® and
L-PBF B7 counterparts.

Figure 10 shows the representative potentiodynamic polarization curves for the H900 and H1150 heat-
treated samples together with the as-sintered sample, while Table 4 presents the Ecorr and Epit values.
Overall, the Ecorr values of the H900 (-0.206 + 0.019 V) and H1150 (-0.178 + 0.031 V) specimens are in
similar range with that of the as-sintered sample (-0.181 £ 0.01 V). Furthermore, the Ep;: values of the
H900 (0.107 + 0.004 V) and H1150 (0.165 + 0.016 V) specimens are much nobler than that of the as-
sintered sample (-0.015 + 0.01 V); the heat treatments significantly improved the pitting corrosion
resistance of the EAM fabricated 17-4 PH SS.
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Figure 9. XRD peaks of as-sintered, H900, and H1150 EAM 17-4 PH SS in this study. The FCC peaks
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Figure 10. Comparison of the representative potentiodynamic polarization curves for the samples
perpendicular to the build direction as-sintered, and after going through heat treatments.
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In comparing the electrochemical corrosion properties obtained here with the literature, the Ecor
values for the heat treated samples were more active when compared to the approximate -0.120 V to
-0.130 V range of wrought H900 and H1150 P”). The potentiodynamic polarization curves indicated
that the H1150 samples had the better pitting corrosion resistance, as compared to the H900 samples.
Overall, there has been a general consensus in literature suggesting that H900 parts should be
achieving improved localised corrosion resistance compared to H1150 parts, which is in contradiction
with the results seen in this study. Shoushtari 7! showed that when increasing the heat treatment
temperature and duration from H900 (480°C, 1 hour) to H1025 (550°C, 4 hours), the specimens
achieved a nobler Epi; (from 0.173 V to 0.205 V). However, Shoushtari 7! followed up that on even
higher conditions of the H1150 (620°C, 4 hours), the localised corrosion resistance of the specimens
would deteriorate, possibly due to the markedly different microstructure involving the coarsening of

copper precipitates, leading to increased retained austenite ¥/, and lowering coherency of precipitates
[63,66]

Pitting corrosion resistance depends on various factors, including heat treatment, chemical
composition, and local environmental factors. In general, both the H1150 and H900 conditions
improved the corrosion resistance of the EAM fabricated as-sinter samples. However, additional
analysis of the microstructural differences is necessary for further insights into the specific corrosion
mechanisms and differences between the two conditions, which is the avenue for future research.

Conclusions

This study provides valuable insights into the sinter-based additive manufacturing of 17-4 PH stainless
steel, offering a holistic understanding of the intricate interplay between processing parameters,
microstructural evolution, and material properties, particularly in the context of electrochemical
corrosion resistance. The main conclusions are as follows

e Adequate interlayer adhesion was observed in the central region of as-printed samples, while
defects were prominent near the edges. Sintering reduced porosity, increasing density from 62.3%
to 95.1%, with isolated pores (2.6%) in the central region and higher porosities (5.1%—7.2%) near
the edges. These defects led to variability in microhardness (66—347 HV).

e The as-sintered samples exhibited anisotropic mechanical behavior, with samples printed
perpendicular to the build direction showing superior strength (28% higher ours) and ductility
(eightfold increase in &), whereas those printed along the build direction demonstrated better
corrosion resistance, with nobler Ec.r and Eyi: values, suggesting that electrochemical
characteristics of sinter-based AM fabricated components may differ from those of conventionally
produced wrought parts.

e Machining of the as-sintered samples significantly improved tensile strength (12% increase in gurs)
and ductility (63% increase in &), matching or surpassing values in BJ, EAM, and standards in MIM,
and comparable to wrought and L-PBF counterparts.

e H900 heat treatment enhanced tensile properties, with 14% improvement in ours and 125%
increase in &, while H1150 led to a significant increase in ductility (203%) but a 19% reduction in
ours. Pitting corrosion resistance improved with heat treatment, with H1150 showing the noblest
Epit (0.165 V), followed by H900 (0.107 V) and the as-sintered sample (-0.015 V).
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