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Abstract: The quality, reproducibility, and reliability of additive-manufactured parts
strongly depend on optimizing printing parameters and post-processing treatments. This
study evaluates the effects on the microstructure and corrosion resistance properties of
solution annealing and aging heat treatments performed on 17-4 PH stainless steel samples
fabricated with different build-up orientations using a material extrusion technology: the
Bound Metal DepositionTM. The chemical composition and microstructures were deter-
mined using X-ray diffraction, chemical etching, optical microscopy, and scanning electron
microscopy. The corrosion resistance properties in neutral sodium chloride electrolytes
were investigated through cyclic potentiodynamic polarization and open circuit potential
monitoring and analysis. The findings demonstrated that the solution annealing heat treat-
ment remarkably enhanced the overall corrosion resistance properties of the samples. The
improvement was attributed to the growth of the ferritic phase along the grain boundaries
of the martensitic matrix and a finer dispersion of copper precipitates. The aging heat
treatment performed after solution annealing enhanced the ferritic phase development,
resulting in a further improvement of the localized corrosion resistance properties.

Keywords: additive manufacturing; heat treatments; ferrite; copper precipitates; build-
up orientations; cyclic potentiodynamic polarization; open circuit potential; corrosion
resistance properties; passive film instability

1. Introduction
The corrosion resistance properties of stainless steels fabricated using additive manu-

facturing (AM) technologies differ from those produced with subtractive manufacturing
processes. These differences can be attributed to multiple factors influencing bulk prop-
erties, including phases, porosities, and inclusions [1–5]. Depending on the chemical
composition of the material, AM technique, and the printing and sintering parameters, the
microstructure and the properties can change, leading to either detrimental or improved
effects on the corrosion resistance properties of the stainless steel [6].

Metal AM processes are classified into seven main categories; however, the most
commonly used in commercial applications are Powder Bed Fusion (PBF), Direct Energy
Deposition (DED), Material Binder Jetting (MBJ), and Material Extrusion (ME) [7]. Binder
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jetting and extrusion-based AM technologies share many features closely related to the
powder metallurgy process of Metal Injection Molding (MIM). Therefore, the microstruc-
tural, mechanical, and corrosion resistance properties of stainless steel printed using MBJ
and ME technologies are usually similar to those of MIM materials [8–10]. In principle,
MIM and ME have a similar feedstock, consisting of metallic powders dispersed in a
polymeric binder, which are either injected into a mold or extruded layer-by-layer onto
a build plate [11,12]. In the MBJ technique, a polymeric binder is sprayed layer-by-layer
onto a metallic powder bed feedstock. Thermal and solvent treatments can be used to
remove most of the organic binder in the as-printed and as-extruded parts. Subsequently, a
sintering process is carried out in a furnace with an inert gas atmosphere or under vacuum
to eliminate the remaining polymeric binder and produce dense metallic parts [13,14].

The Bound Metal DepositionTM (BMD) process, developed by Desktop MetalTM, is
an ME technique where a composite rod, consisting of metallic powders dispersed in
a polymer wax binder, is extruded layer-by-layer onto a build plate. Studio System 2
features a printer with a 0.25 mm or 0.4 mm extruder and a sintering furnace capable of
reaching temperatures up to 1400 ◦C. However, the samples investigated in this study
were fabricated using Studio System 1, including a debinding chamber. The 17-4 PH
stainless steel fabricated using the BMD achieves a density of up to 97% in inert or slightly
reductive environments. The typical microstructure of an as-sintered 17-4 PH, expected to
be predominantly martensitic due to the high cooling rate following the sintering process,
consists of a combination of ferrite, residual austenite, and martensite grains along with
printing defects, porosities, precipitates, and inclusions [12,15,16].

The corrosion resistance properties of the bulk of as-sintered 17-4 PH fabricated using
BMD are lower than those of a wrought 17-4 PH [16]. This difference has been attributed to
porosities left during the printing process, caused by the overlay between different layers
and hatches [16]. Additionally, the presence of precipitates and inclusions, that may be
formed either during sintering or the production by atomization of the metallic powders, is
detrimental to the corrosion performances of this material [16].

This study examines the localized corrosion resistance properties related to the mi-
crostructure of heat-treated samples of 17-4 PH stainless steel fabricated with different
build-up orientations through a Studio System (BMD). This need arose from previous
studies that investigated and emphasized the importance of heat treatments on the as-
sintered 17-4 PH fabricated using BMD [17], demonstrating the reduced environmental
footprint of the heat-treated parts when good mechanical properties are required [18,19].
The microstructure of the BMD samples was revealed by chemical etching and examined
using optical microscopy (OM), X-ray diffraction (XRD), and scanning electron microscopy
with energy-dispersive X-ray analysis (SEM-EDX). Electrochemical investigations were
carried out on heat-treated samples through cyclic potentiodynamic polarization (CPP)
curves and open circuit potential (OCP) monitoring in neutral sodium chloride electrolytes.

2. Materials and Methods
17-4 PH stainless steel plates were fabricated by BMD technology with three different

build-up orientations of 0◦, 45◦, and 90◦ concerning the build plate, as shown in Figure 1.
The 17-4 PH printed plates had sides of 25 mm and a height of 3 mm. They were fabri-
cated using a nozzle of 0.4 mm diameter, a layer thickness of 0.1 mm, and a concentric
infill pattern.
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Figure 1. The schematic representation of the build-up orientations of 0◦, 45◦, and 90◦ concerning the
build plate (XY plane) of the 17-4 PH samples fabricated through BMD.

The 17-4 PH samples were printed using Studio System, which includes a printer, a
debinding chamber, and a sintering furnace. The as-printed plates were debound using the
nonpolar organic solvent trans-1,2 dichloroethylene for 30–40 h. Afterward, the samples
were sintered for up to 40 h in a slightly reductive gas atmosphere of 97% argon and
2.9% hydrogen. The thermal cycles automatically programmed by the Studio System are
neither displayed nor adjustable but are designed to optimize the binder removal and
sintering process.

Two post-processing heat treatments were performed on the as-sintered plates. The
samples labeled as “S” underwent solution annealing for 1 h at 1040 ◦C and water quench-
ing, while those labeled as “SA” underwent the same solution annealing and water quench-
ing procedure and then aged for 1 h at 480 ◦C (H900).

The chemical composition of the bulk, which was ground to 1200 grit using emery
paper and then cleaned by sonication in deionized water for 5 min, was analyzed at six
points using a Spark Analyzer Spectrolab on the as-sintered sample fabricated by BMD
with a 0◦ build-up orientation.

A wrought 17-4 PH, along with the as-sintered and the heat-treated samples fabricated
with a 0◦ build-up orientation, were ground to 1200 grit using emery paper and then
mirror-polished to 1 µm using spray monocrystal diamond powders. The microstructure
of these samples was revealed using Kalling’s etchant (1.5 g of copper chloride dissolved
in 33.3 mL of water, 33.3 mL of ethanol, and 33.3 mL of hydrochloric acid) and Vilella’s
etchant (1 g of picric acid dissolved in 100 mL ethanol and 5 mL of hydrochloric acid).
The samples were then observed with OM using an Olympus BX51 (Olympus’s Optical
Co., Ltd., Nagano, Japan) and SEM-EDX using a Zeiss FE-SEM SUPRA 40 (Carl Zeiss
Microscopy GmbH, Jena, Germany) and a Bruker Quantax (Bruker Nano GmbH, Berlin,
Germany). The SEM images and the EDX microanalysis of the microstructures revealed
using Kalling’s etchant were obtained using a secondary electrons detector with an applied
voltage of 15 kV, an aperture size of 60 µm, and a WD of 9.4 mm.

The XRD investigation was carried out using a Bruker D8 Advance diffractometer
with monochromatic Cu-Kα radiation (wavelength λ = 1.54 Å) over a 2θ range from 35◦ to
80◦. The analysis was performed on the bulk of the wrought 17-4 PH and the as-sintered
and heat-treated samples printed with a 0◦ build-up orientation. The samples were ground
to 1200 grit using emery paper prior the XRD analysis.

The CPP and OCP electrochemical measurements were performed on S and SA heat-
treated plates. The samples were embedded in a polyacrylic resin and then ground to
1200 grit using emery paper. Subsequently, the samples were cleaned by sonication in
deionized water for 5 min, followed by sonication in n-hexane for 15 min, to remove
any metallic powder and binder residues from the surface. A shielding polyimide tape
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was applied to the surface of the samples, leaving an exposed area of 1.13 cm2 for the
electrochemical tests.

The CPP curves were recorded using a Gamry Reference 600 and Interface 1010 po-
tentiostats (Gamry instruments, Warminster, PA, USA) in a three-electrode cell containing
neutral 0.35 wt% NaCl electrolyte. The forward and reverse scan rate of the polarization
curves was set to 83 µV·s−1, with the current density limit for reversing the scan set to
0.01 mA·cm−2. The polarization started at 15 mV below the stationary OCP, which was
recorded for 30 min before the CPP tests. Electrochemical Impedance Spectroscopy (EIS)
was measured before CPP in the frequency range from 100 kHz to 1 Hz, setting 10 points
per decade and a signal amplitude of 10 mV for the measurements. The EIS was carried
out to determine the solution resistance and correct the polarization curves for the ohmic
drop. The electrochemical cell for the CPP measurements consisted of the heat-treated
BMD sample as the working electrode, a Saturated Calomel Electrode (SCE, E = 0.241 V vs.
SHE) as the reference electrode, and a titanium-activated wire as the counter electrode. The
corrosion potential (Ecorr), breakdown potential (Ebr), and protection potential (Eprot) were
evaluated for each curve. At least three polarization curves were recorded for each sample.

The OCP was monitored in a neutral 3.5 wt% NaCl electrolyte, which was ten times
more concentrated in NaCl than the solution used in the CPP measurements to enhance
the localized attacks on the surface of the investigated BMD samples. The corrosion
potentials of the samples were recorded every 2.5 min over a 96 h exposure to the electrolyte
using an SCE electrode and an Agilent Data Switching Unit (Model 34970A) equipped
with a multiplexer module (Model 34901A). At least three OCP curves were recorded for
each sample.

The OCP curves were analyzed between 24 h and 96 h using a numerical procedure to
assess the passive film instability or its activation tendency during this time of exposure to
the electrolyte. Initially, potential values corresponding to steady-state conditions (baseline
points), which were not considered activation events or potential drops, were identified
by applying a threshold to the derivative of the experimental corrosion potential data. A
non-linear regression curve was applied to interpolate the baseline points, enabling the
identification of potential drops exceeding a −10 mV threshold relative to the baseline.
These drops were considered activation events of the passive film and were evaluated
using a routine implemented in Excel VBA. The algorithm calculated the areas of each drop,
expressed in [V·h], by integration using the trapezoidal rule. The sum of the areas of the
potential drops calculated between 24 h and 96 h for each sample was considered as an
index of the passive film instability during the exposure to the neutral sodium chloride
electrolyte [16,17].

3. Results and Discussion
The average chemical composition of the bulk of the as-sintered 17-4 PH fabricated

through BMD is reported in Table 1. The values were similar to those found in other
studies and fell within the range given by the Desktop Metal technical datasheet [16]. The
chemical composition of the as-sintered bulk is representative of a 17-4 PH; moreover, the
silicon content was lower than in the previous study [16], most likely because that analysis
was conducted on an as-built sample without grinding and cleaning the surface, thus
representing the external layer in place of the bulk considered in this study.

Table 1. Average chemical composition (wt.%) of the as-sintered (BMD) bulk.

Cr Ni Cu Si C Mn Mo Fe

15.82 4.64 3.48 0.79 0.01 0.54 0.11 Bal.
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The microstructures of the wrought 17-4 PH and the as-sintered and heat-treated
samples (0◦ build-up orientation) revealed using Kalling’s etchant are shown in Figure 2.
The 45◦ and 90◦ samples are not included here, as no significant differences were observed
among the different build-up orientations. The abundance of porosity, defects, oxides,
and inclusions observed using the OM technique indicates a complex bulk microstructure,
consistent with other studies on 17-4 PH samples fabricated by BMD [15,16,20].
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and BMD samples with a 0◦ build-up orientation: as-sintered (a), S (b), and SA (c). The magnification
required to observe the microstructure of the wrought 17-4 PH (d) was five times higher.

Although the typical martensitic microstructure is not visible in the as-sintered sample
(Figure 2a), other authors have reported that the grains revealed by chemical etching on
BMD, MBJ, and MIM samples are mostly martensite, which is known to appear dark when
Kalling’s etchant is used [15,21–23]. Some authors have reported the formation of a small
fraction of ferrite and residual austenite at the martensitic grain boundaries during the
sintering process, attributed to the diffusion of residual carbon from the residual polymeric
binder in the matrix [12,15,21,22]. The formation of δ-ferrite is typical of sintered stainless
steel, particularly for MBJ, and can be attributed to the fast cooling rates at sintering
temperatures above 1394 ◦C [24–28].

It is unclear whether the brighter phase at the boundaries of the martensitic grains
(dark phase) is austenitic or ferritic. At higher magnifications, this bright phase appears
intermediate, with lighter regions that shall correspond to austenite and colored areas to
ferrite when Kalling’s etchant is used, despite other studies reporting the presence of only
δ-ferrite along with martensite [12,15,29–32].
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The microstructure changed after solution annealing (Figure 2b), resulting in an
increased fraction of the bright grains at the martensitic matrix boundaries, compared to
the as-sintered sample shown in Figure 2a. In this case, the bright grains appear lighter
than the as-sintered, suggesting the presence of residual austenite. In other studies, the
formation of up to 38% volume fraction of austenite after solution annealing at 1050 ◦C for
1 h has been reported in the bulk of 17-4 PH samples fabricated using MBJ technology [23].

Figure 2c shows that the bright grains fraction of the SA sample has slightly increased
compared to the S sample (Figure 2b). The H900 aging heat treatment performed on
wrought 17-4 PH enhances the kinetics of austenite formation due to the diffusion and
precipitation of alloying elements, such as copper, which appears bright when Kalling’s
etchant is used [23].

The microstructure of the wrought 17-4 PH (Figure 2d) required a magnification five
times higher than that of the other samples, revealing a finer grain structure than the as-
sintered and heat-treated BMD samples (Figure 2a–c). The typical microstructure of 17-4 PH,
shown in Figure 2d, consists of a fully martensitic matrix (dark phase), a residual austenitic
fraction (bright phase), and a few δ-ferrite stringers (colored phase). This demonstrates that
the microstructure of the BMD samples is fundamentally different from that of the wrought
and that it cannot be achieved even after solution annealing and aging heat treatments at
typical temperatures for conventional manufacturing processes.

Although prior OM observations on the microstructure (Figure 2) and the literature
suggested the presence of an austenitic phase in the as-sintered and heat-treated BMD
samples [21,23], the XRD diffractograms shown in Figure 3 indicate the only presence of the
BCC phase. On the other hand, the characteristic peaks associated with residual austenite
(FCC) have been detected in the wrought 17-4 PH sample.
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are labeled.

The absence of residual austenite (FCC) in the heat-treated BMD samples may be
explained by the fast cooling rates of the solution annealing due to the water quenching
and a low aging temperature [33].

Oxides, carbides, precipitates, and inclusions were revealed using Vilella’s etchant on
as-sintered and heat-treated 0◦ samples (Figure 4), although they could not be distinguished
and thus identified using OM. These were found abundant at the grain boundaries between
the martensitic matrix and the bright grain of the as-sintered sample (Figure 4a). On the
other hand, they were almost absent in the S sample (Figure 4b) and not observed in the
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SA sample (Figure 2c). The 45◦ and 90◦ build-up orientations are not included here, as no
significant differences were observed among the different build-up orientations.
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Figure 4. OM observations of the microstructures revealed using Vilella’s etchant of wrought 17-4 PH
and BMD samples with a 0◦ build-up orientation: as-sintered (a), S (b), and SA (c).

The SEM-EDX investigation shown in Figure 5 was conducted on the microstruc-
tures revealed with Kalling’s etchant of the 0◦ as-sintered and heat-treated BMD samples
(Figure 2), to characterize the morphology and the chemical composition of grains, inclu-
sions, oxides, carbides, and precipitates observed in Figures 2 and 4.
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Figure 5. SEM-EDX analysis of the microstructures revealed using Kalling’s etchant of as-sintered
and heat-treated 0◦ samples: as-sintered (a), S (b), and SA (c). The numbers indicate the sampling
points of the EDX analysis. Copper and silicon in the as-sintered sample were mapped using EDX
and overlaid on the secondary electron detector image (d).

The morphology of the bright grains, observed in the as-sintered and heat-treated
samples in Figure 2 and corresponding to the sampling points 2, 4, and 6 (shown in
Figure 5a, 5b, and 5c, respectively), appeared more etched compared to the martensitic
matrix corresponding to the sampling points 1, 3, and 5. The chemical composition reported
in Table 2 and the pronounced etching of the bright grains suggest that this phase is ferritic.
Although bright grains revealed using Kalling’s etchant typically represent an austenitic
phase and colored grains the ferritic phase, as seen in the wrought 17-4 PH in Figure 2d.

Table 2. Chemical composition (wt.%) obtained through EDX analysis of the sampling points shown
in Figure 5.

Sampling Point Cr Ni Cu Si Fe

1 (as-sintered, martensitic matrix) 15.90 4.33 3.98 0.52 75.27

2 (as-sintered, bright grain) 22.14 1.93 1.22 0.67 74.04

3 (S, martensitic matrix) 16.19 3.93 4.47 0.49 74.92

4 (S, bright grain) 21.70 2.03 1.98 0.93 73.36

5 (SA, martensitic matrix) 15.47 4.37 5.43 0.66 74.07

6 (SA, bright grain) 20.66 2.41 2.66 0.71 73.56

The chemical composition of the ferritic grains (bright grains) of the BMD samples
(sampling points 2, 4, and 6 of Figure 5) is far from the typical 17-4 PH since they are
characterized by enrichment in chromium (approximately 21–22 wt.%), which is a ferrite-
stabilizing element, and low nickel and copper content. On the other hand, the chemical
composition of the martensitic matrix, the most abundant and dark phase shown in Figure 2,
is close to that measured through the spark analyzer (Table 1), particularly for chromium
and nickel, even though the copper content is approximately 1–2 wt.% higher than expected.

The SEM-EDX elements map (Figure 5d) also revealed the presence of silicon oxide
inclusions, consistent with the black spots of the etched surfaces of the BMD samples
observed using OM (Figures 2 and 4). The silicon inclusions are a typical feature of the
bulk of the 17-4 PH fabricated through BMD, agreeing with findings from other stud-
ies [16,20,31,32,34]. Along with the silicon oxides, numerous copper precipitates have
also been found in the as-sintered sample (Figure 5d), mostly at the interface between the
martensitic matrix and the ferritic phase, consistent with the OM images in Figure 4a. The
copper map in Figure 5d suggests that the size of the copper precipitates is larger than
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expected, measuring a few hundred rather than tens of nanometers. Similar findings have
been reported in the literature for 17-4 PH fabricated using ME technologies [30,31]. This
may be explained by the formation of clusters of precipitates so close to each other that the
SEM-EDX setup is inadequate for the characterization at nanometer scales. Furthermore,
investigating the morphology of copper precipitates using a secondary electron detector
was challenging, as many were found beneath the metallic surface. Copper precipitates
were not detected at micrometer scales in the SEM-EDX investigations of the heat-treated
samples. This observation corroborates the OM images shown in Figure 4b,c, which re-
vealed the absence of oxides, carbides, precipitates, and inclusions at the grain boundaries
following the heat treatments, further suggesting a homogeneous distribution of the copper
precipitates. A finer dispersion in the heat-treated samples is also supported by an increase
of approximately 1 wt.% in the copper content of the martensitic matrix and the ferritic
phase observed in the EDX analysis (Table 2).

Figure 6 shows the most representative CPP curves in a neutral sodium chloride
environment of the BMD samples with a build-up orientation of 0◦, 45◦, and 90◦ and heat-
treated by solution annealing. The forward scan (anodic trait) of the curves is characterized
by passive behavior with many metastable pitting events, typical of a wrought 17-4 PH
and in contrast with the as-sintered samples investigated in other studies [16].
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Figure 6. Most representative CPP curves recorded in a neutral 0.35 wt% NaCl electrolyte for samples
printed with different build-up orientations and heat-treated by solution annealing: S0 (a), S45 (b),
and S90 (c).

The change in the microstructure observed in the solution-annealed samples in
Figures 2b and 4b plays a key role in the localized corrosion resistance properties. The CPP
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curves of as-sintered samples fabricated by BMD with the same printing setup investigated
in this study were characterized in other research by an active-like behavior [16]. These
as-sintered samples did not exhibit passive traits and a distinct Ebr, in contrast with the
solution-annealed samples (Figure 6). The growth of the ferritic phase after solution anneal-
ing (bright grains in Figure 2b) enhanced the passive film corrosion resistance properties
due to the higher chromium content than the martensitic matrix (Figure 5 and Table 2),
which corresponds to a greater electrochemical nobility in neutral sodium chloride en-
vironment. Additionally, this enhancement can be attributed to the finer distribution of
copper precipitates following the heat treatment, which reduces the localized corrosion
sites (Figure 4b) [35,36]. The solution-annealed samples showed pitting and crevice corro-
sion attacks after the CPP tests, whereas the as-sintered samples with the same build-up
orientations showed only crevices [16].

The corrosion resistance properties of the solution-annealed samples, particularly
S0, are similar to those of a wrought 17-4 PH in neutral sodium chloride electrolytes
showing perfect passivity, which is typically characterized by many metastable pitting
events occurring in the passive trait of the curve [16]. The S45 samples showed imperfect
passivity and, in some cases, the passive trait was limitedly evident, indicating worse
corrosion resistance properties than the other solution-annealed samples.

The CPP curves of the solution-annealed and then aged (H900) samples, shown in
Figure 7, exhibited anodic passive behavior with many metastable pitting events, similar to
the curves of the solution-annealed samples (Figure 6).
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Although the S and SA curves appear similar in shape and characteristic potentials,
fewer metastable pitting events were observed in the curves of the aged samples, partic-
ularly in the SA45 where a clear passive trait is now evident, unlike for the S45 samples
shown in Figure 6b. The SA samples showed pitting and crevice corrosion attacks after the
CPP tests, as well as S samples. The enhancement of the corrosion resistance properties
after the aging heat treatment can be attributed to the growth of the ferritic phase at the
grain boundaries of the martensitic matrix shown in Figure 2c.

The average values and standard deviations of the characteristic potentials (Ecorr, Ebr,
and Eprot) obtained from the CPP curves of the heat-treated samples are plotted in Figure 8.
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The heat-treated 0◦ samples (S0 and SA0) exhibited the best performance in terms of
localized corrosion resistance properties, as a distinct perfect passivity region (Eprot > Ecorr)
was observed in each CPP curve (Figures 6a, 7, and 8) and Ebr values were close to those of a
wrought 17-4 PH [16]. No significant differences were observed in the 0◦ build-up orientation
after the H900 heat treatment, aside from a slight increase in Ebr. On the other hand, the 45◦

and 90◦ samples exhibited improved localized corrosion resistance properties following the
aging process. The average values of Ebr and Erep in the SA45 samples increased by 72 mV
and 64 mV, respectively, compared to the S45 samples. However, this increase was insufficient
to achieve perfect passivity (Figure 8). The Ebr of the SA90 samples increased by 129 mV
compared to the S90, resulting in a transition from imperfect passivity to perfect passivity,
although the Ebr was equivalent to that of the solution-annealed samples.

The differences in the localized corrosion resistance properties among the three build-
up orientations, particularly for the solution-annealed samples, can be explained by the
presence of porosities (or printing defects) in the bulk of the stainless steel, produced
during the layer-by-layer extrusion of the composite rod [15,16,20]. It is also important
to highlight that these bulk printing defects are heterogeneous, which can also explain
the standard deviations of the average values of the characteristic potentials (Ebr, Eprot,
and Ecorr) shown in Figure 8, as well as the reproducibility of the CPP curves shown in
Figures 6 and 7. It is well known that the presence of porosities on the investigated surface
of additive-manufactured stainless steel reduces the overall corrosion resistance properties,
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leading to an increased occurrence of metastable pitting events in the anodic trait and a
decrease in Erep [1,6,16,17]. According to other studies [16,20], these printing defects were
more abundant in the 45◦ and 90◦ build-up orientations than in the 0◦ samples, leading to
worse corrosion resistance properties. This is particularly evident in the S45 CPP curves,
which were characterized by the lowest Ebr and the highest frequency of metastable pitting
events (Figure 6b), so frequent that a passive trait was sometimes difficult to observe, rather
than the other build-up orientations of the solution-annealed samples (S0 and S90). The S90
exhibited an imperfect passivity region due to low repassivating properties, even though
the Erep was higher and metastable pitting events were less frequent than those observed
in the S45 (Figure 6).

The OCP of the BMD samples was monitored for 96 h in a neutral sodium chloride
electrolyte to assess the stability of the passive film and its susceptibility to localized
corrosion over time [16,17]. The results obtained from the numeric routine applied to the
OCP curves are shown in Figure 9, in which only the most representative curve for each
sample is plotted for brevity.
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Although many activation events of the passive film, or potential drops, can be
observed in the OCP curves, particularly in the solution-annealed samples, their frequency
cannot be considered very representative of the instability of the passive film in a neutral
chloride environment. The magnitude of these activation events, or the area of the drops
calculated using the trapezoidal rule and expressed by [V·h], has proven more relevant
to this investigation. In this context, the significant activation event in the S90 OCP curve
occurring between 33 h and 47 h (Figure 9e) cannot be compared to any other throughout
the entire exposure in the neutral chloride solution, demonstrating that frequency is not
a reliable indicator of the instability of the passive film, but rather the magnitude. Such
long-lasting potential drops were not observed in the SA90, indicating that the H900 aging
treatment improved the corrosion resistance properties of the passive film. The activation
events of the passive films of the other samples lasted less than 30 min and never exceeded
−200 mV. No consistent evidence of corrosion was detected following the monitoring of
the OCP.

Figure 10 shows the average values and the standard deviations of the summed areas
of activation events for the heat-treated samples fabricated by BMD.
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build-up orientation and heat treatment of the samples fabricated using BMD technology.

The instability of the passive films of the solution-annealed samples was significantly
lower than that of the as-sintered reported in similar studies [16,17]. This finding confirms
a considerable improvement in the localized corrosion resistance properties after solution
annealing heat treatment, as observed in the CPP curves (Figures 6 and 7) and the evaluation
of characteristic potentials (Figure 8). In greater detail, the average area of the potential
drops for the as-sintered 0◦ sample was 0.96 V·h, as previously reported [16], which is
significantly higher than that of the S0 samples (0.44 V·h). This improvement was even
more evident when comparing the as-sintered 90◦ sample, where the OCP curve showed
an active-like behavior from the onset of monitoring [16], with the S90 sample showing
a passive-like behavior with many drops. However, solution annealing did not yield
significant improvements in the S45 samples, as the average area was comparable to the as-
sintered 45◦ sample [16]. The H900 aging heat treatment performed after solution annealing
further decreased the passive film instability of the BMD samples, particularly for the 0◦
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and 90◦ build-up orientations, confirming the trends observed in the CPP curves (Figure 7)
and characteristic potentials (Figure 8).

However, none of the heat-treated BMD samples achieved an average area comparable
to a wrought 17-4 PH, reported to be 0.01 V·h in a similar study [16]. Among the heat-
treated BMD samples, the SA0 sample exhibited the lowest instability of the passive film,
with an average area of approximately ten times higher (0.10 V·h) than that of a wrought.

As a final consideration of this investigation, the authors emphasize that the analysis
of the activation events represents the magnitude of the active tendency of the surfaces of
the samples. Although the average areas obtained from the analysis of the drops of the
OCP curves (Figure 10) proved reliable for assessing the instability of the passive film in a
neutral chloride environment, it may not correlate well with the characteristic potentials
obtained from the CPP curves (Figure 8), which represents a good indicator of the corrosion
behavior for a short time of immersion (minutes or few hours) of the samples in the neutral
chloride electrolyte.

4. Conclusions
The effects of solution annealing and subsequent H900 aging treatments on the corro-

sion resistance properties of 17-4 PH samples additive-manufactured by Material Extrusion
(Bound Metal DepositionTM) with 0◦, 45◦, and 90◦ build-up orientations were investigated
through chemical composition and X-ray diffraction analysis, microstructural characteriza-
tions, cyclic potentiodynamic polarization (CPP) curves, and open circuit potential (OCP)
monitoring in neutral sodium chloride electrolytes.

The solution annealing increased the corrosion resistance properties of the samples
fabricated using Bound Metal DepositionTM. The CPP curves were characterized by the
typical passive trait of stainless steel, with characteristic potentials comparable to a wrought
17-PH, and the OCP monitoring showed improved passive film stability. In contrast,
previous studies reported that as-sintered samples exhibited anodic traits typical of active
metals and higher passive film instability. The improvements of the corrosion resistance
properties following solution annealing were attributed to a growth in the chromium-rich
ferritic phase (21–22% wt.%) at the grain boundaries of the martensitic matrix and a finer
dispersion of the copper precipitates.

The aging heat treatment (H900) following solution annealing further enhanced the
chromium-rich ferritic phase growth, improving the localized corrosion resistance proper-
ties of the samples fabricated using Bound Metal DepositionTM. The CPP curves showed
higher characteristic potentials and the OCP monitoring was characterized by higher
passive film stability than solution-annealed samples.

The build-up orientation influenced the passive film properties as well. Samples with
a 0◦ build-up orientation exhibited the highest resistance to localized corrosion, showing
high Ebr, perfect passivity region (Eprot > Ecorr), and good passive film stability. The 45◦

samples showed passive film properties close to 0◦ but lower characteristic potentials,
particularly for Eprot, resulting in imperfect passivity (Eprot < Ecorr). On the other hand, 90◦

samples had better characteristic potentials of the CPP but higher instability of the OCP
monitoring.

This study demonstrated how multiple factors influence the corrosion resistance
properties of stainless steel fabricated using Material Extrusion in neutral sodium chloride
environments. Key factors include microstructure, build-up orientation, and heat treatment.
Optimizing the build-up orientation and post-processing heat treatment is crucial for
obtaining a microstructure capable of reducing the risk of localized corrosion and improving
the performance of components fabricated by Material Extrusion.
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