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Abstract

The 17—4 Precipitation Hardening Stainless Steel (PH SS) manufactured by Selective Laser Melting (SLM) has wide appli-
cation perspectives, but they are limited due to defects and anisotropy. The selection of the appropriate process variables
plays a fundamental part in the microstructure and in the determination of the final mechanical and corrosion properties.
The main purpose of this study is to analyze the corrosion behavior, hardness and microstructure of 17-4 PH SS manufac-
tured by SLM in comparison to the commercial counterparts. The anisotropic behavior was investigated by analyzing the
microstructure—hardness and corrosion interrelationship, both in the surface of the construction platform and in the growth
direction of the element. The corrosion behavior of the SLM 17-4PH SS in its natural state was investigated in relation to
that of the 17—4 PH SS heat treated in a 0.1 M NaCl+ 0.5 M H,SO, solution, using three electrochemical techniques. The
results confirmed that the corrosion resistance of SLM 17-4 PH SS was considerably better than that of the forging, even
after 60 days of immersion in the test solution. This was attributed to the absence of important manufacturing defects, to
the fine microstructure with an important amount of austenite produced by SLM, and to a small amount of non-metallic
inclusions precipitated as a result of the fast cooling and the high speed of solidification associated with the SLM process.
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1 Introduction

Selective Laser Melting (SLM) is a Laser-Powder Bed
Fusion (L-PBF) process that can create functional metal
parts, and which provides significant advantages over con-
ventional manufacturing processes. Yap et al. [1] reported
that the SLM process is particularly advantageous for
manufacturing parts with complex geometries, optimizing
the strength-to-weight ratio. This property of manufactur-
ing lightweight parts makes the SLM process especially
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interesting in the aeronautics and automotive industries,
where it is essential to reduce the weight of the components
[2]. The work carried out by Maconachie et al. revealed the
ability of the SLM process to manufacture [3] with improved
mechanical and geometric properties.

SLM can process a wide variety of metals, but the most
investigated have been titanium, nickel-based alloy and
stainless steels. The 17—4 PH SS is a martensitic precipita-
tion hardened stainless steel widely processed using SLM.
This material has good weldability and is therefore suitable
for processing by SLM [4]. The main applications of 174
PH SS are in the aerospace, automotive, naval, and chemical
industries, where it is essential for the metal components to
have a good combination of strength and corrosion resist-
ance, such as turbine blades, piston rings, or injection molds
with conformal cooling channels. These properties, which
are intrinsic to the commercial 17—4 PH SS, can be modified
by the SLM process.

The parts created by SLM have different properties
compared to the parts manufactured by other conventional
processes due to the manufacturing method. SLM uses a

@ Springer


https://orcid.org/0000-0003-0524-5931
http://crossmark.crossref.org/dialog/?doi=10.1007/s12540-021-01155-8&domain=pdf

Metals and Materials International

focused laser beam to melt and fuse the metal powder spread
on the work platform. The molten material quickly solidifies
forming the final part. During the melting and solidifica-
tion, the material experiences thermal fluctuations with local
rapid heating and cooling rates, inducing microstructure var-
iations. This mechanism is responsible for producing parts
with high residual stress, as demonstrated by Fang et al. [5].
Another characteristic of SLM manufactured parts is the
porosity, which can be produced for various reasons, such
as an improper setting of the processing variables or during
the gas atomization process [6].

Despite the large amount of recent research, most studies
on 17-4 PH SLM have focused on analyzing the influence of
the process parameters on the microstructure and mechani-
cal properties [7, 8]. They have also searched for different
strategies to improve mechanical [9, 10] and fatigue behav-
ior [11-14]. The effect of part size and geometry on melt
pool dimensions and porosity, and the relationship between
porosity percentage and fatigue strength, have also been
investigated [8].

Corrosion resistance is an important characteristic for
17-4 PH SS SLM applications. Most studies on the corro-
sion properties for SLM-produced stainless steel are mainly
focused on austenitic SS (AISI 316L and AISI 304) [15];
while there is a lack of knowledge concerning the behavior
of SLM PH SS. Most research work on 17-4 PH stainless
steel has focused on analyzing the relationship between
porosity and corrosion properties. Irrinki et al. [16] have
studied the effect of the powder characteristics and the
energy density on the corrosion resistance of 17-4 PH SS
fabricated by laser-powder bed fusion. They concluded that
density is the main factor affecting the corrosion resistance
in the NaCl solution. The same conclusion was reached in
the study by Schaller et al. [17], where they concluded that
porosity, and especially larger pores, are responsible for the
worse performance and corrosion resistance [18] of the parts
in comparison to forgings.

Most of the work carried out has focused on the effect of
porosity on all the characteristics of steel, mechanical resist-
ence and also corrosion resistance. There are, however, fewer
studies on other factors that may also influence the work in
this regard. The work by Alnajjar et al. [19], for instance, on
the influence of the microstructure on the corrosion resist-
ance of SLM 171-4 PH in acidic chloride medium concludes
that the microstructure has no effect on the general corrosion
behavior if the chemical composition matches. They give
a much more important role to the content of manganese
sulfide inclusions in the susceptibility to localized corrosion.
In addition, a recent study by Wang and al. [20], on SLM
15-5 PH steel, has shown that the processing parameters
(low laser power, high scanning speed, and laser energy) are
the key to reducing manufacturing defects. It should not be
ignored that the defects (micro-cracks, binding defects, and
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voids) decrease the strength and plasticity of the material.
Furthermore, it also results in a sharp decrease in resistance
to pitting/crevice corrosion, especially when they exist at the
bottom or interface of molten pool line [20]. These authors
have also studied the heat treatments that can enhance the
corrosion resistance and its relationship with the microstruc-
tural changes experienced by SLM 15-5 PH SS [21]. Stoudt
et al. [22] also agree with the need for post-construction heat
treatments to eliminate chemical segregation. Mujib et al.
[23] indicate that the best corrosion resistence is provided by
the MoS, coatings, as indicated by the OCP results. 17-4 PH
steel, fabricated by additive manufacturing, will therefore
have a behavior similar to that of wrought stainless steel.

In our case, we carried out a preliminary study [24] to
optimize the processing parameters, which allowed us to
obtain an almost complete densification and a low chemical
segregation so as to perhaps be able to suppress the post-
construction heat treatments. The analysis of the relationship
between the structural modifications inherent to the SLM
process (without post-construction treatments) and the cor-
rosion behavior in a highly aggressive solution is the main
objective of this work.

This paper provides a detailed analysis of the corrosion
behavior of SLM 17-4 PH SS in build condition and the
comparative study with commercial wrought heat treat-
ment 17-4 PH SS. For this purpose, the microstructure and
hardness of the SLM samples were analyzed. The corrosion
tests were carried out using electrochemical techniques in a
highly aggressive medium (acid with chlorides). In addition
to the anodic polarization curves, usually used to study the
corrosion behavior of SLM 17-4 PH SS, the electrochemi-
cal impedance technique was used. It was thus possible to
evaluate the passive behavior of the samples in their original
state and after 60 days of exposure to the test solution. A
relationship between the microstructure and corrosion prop-
erties was established.

2 Experimental
2.1 Materials and Sample Preparation

Longitudinal and transversal specimens were taken from a
25.4 mm diameter round bar; the samples were identified
as Wrought Longitudinal Direction (W-LD) and Wrought
Transversal Direction (W-TD), respectively. The chemi-
cal composition of the commercial 17-4 PH SS samples
is shown in Table 1. The W 17-4 PH SS was in solution
annealed and double precipitation hardening condition.
The solution heat treatment was performed at 1040 °C for
130 min, followed by air cooling to room temperature. The
first step of the precipitation hardening is to hold the speci-
mens at 625 °C for 7 h, followed by air cooling to room
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Table 1 Chemical composition

Elements C Cr Ni Mo  Mn Si Cu Nb N S Al Fe
of the 17-4 PH SS powder for
the SLMland forthe WI7-4PH  powder - 1693 417 - 058 0.62 356 021 - - - Bal
SS samples Wrought 0.032 1570 430 0.5 061 027 3.3 0255 0004 00005 0005 Bal

Units in weight percent

temperature; while the second is to hold the specimens at
630 °C for 9.5 h, then air cooling to room temperature.
Commercially available gas-atomized spherical 17-4 PH
SS powder, with a chemical composition (in wt%) listed in
Table 1, was used in this study for the SLM samples. The

(a

b) |
1000- Fe
800:
600+
400: (I:‘t Cr

2004

Si Cr

chemical composition (wt%) of wrought 17-4 PH SS is also
reported in Table 1. The amount of chromium and copper
were slightly higher for 17-4 PH SS powder.

The Scanning Electron Microscope (SEM) micrograph
(Fig. la) shows a powder morphology that is almost
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Fig. 1 SEM micrograph of the 17-4 SS powder morphology a and EDS analysis of powder b
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Table 2 Particle size distribution of the 17-4PH SS by laser diffrac-
tion

d 10 dSO d90

Particle Size (pm) 4.56 15.11 43.76

Table 3 Main processing parameters used for SLM samples

Parameter Value
Laser power (W) 38
Scanning speed (mm/s) 140
Layer thickness (pm) 30

Hatch spacing (pm) 70
Scanning strategy Hexagons

spherical in shape. The Energy-dispersive X-ray spec-
troscopy (EDX-ray) spectra of the entire area showed the
existence of the elements in a greater percentage by weight
in the powder (Fig. 1b).

The LS 13 320 Beckmann Coulter laser diffraction par-
ticle size analyzer had been used to determine the size
distribution of the powder particles. Table 2 shows the
fraction of the population below 10%, 50% and 90% of the
accumulative frequency distribution using the parameters
d10, d50 and d90.

The SLM samples were cubic specimens with dimen-
sions 12 X 12 x 8 mm, fabricated at the UFI 3D Labora-
tory (University of Le6n, Spain) using a ProX 100 SLM
machine (3DSystems). DMP ProX Manufacturing software
was used to design the cubic specimens and to go from
an STL file to a FAB3 file for direct transfer to the SLM
machine. The processing parameters were set according
to the manufacturer's recommendations. The hexagonal
scanning strategy is recommended for 3D Systems metal
printers in order to achieve high density parts and good
mechanical properties. The layer height of 30 microns is
the recommended value for printing 17-4 PH steel parts
on the ProX 100 SLM machine. This value is set by default
in the parameters of the said machine. This layer height
allows high precision parts to be obtained. The main pro-
cessing parameters are indicated in Table 3. The printing
procedure was carried out in a protecting chamber, using
nitrogen to maintain an oxygen level below 1000 ppm and
thus avoid the oxidation of the powder.

The SLM samples were analyzed in two sections: first,
in the x—y build plane; and second, in the x—z plane (per-
pendicular to the build direction) according to ASTM
52,900 [25]. The superficial and transverse directions of
these samples are denoted as SLM-Superficial Direction
(SLM-SD) and SLM-Transversal Direction (SLM-TD),
respectively.
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2.2 Microstructural Characterization

Microstructural characterization was done with optical met-
allography and scanning electronic microscopy with energy
dispersive analysis of X-rays (SEM/EDS) using SEM-FEI
(QUANTA 200F). To obtain microstructural features, a dia-
mond suspension (1 pm) was used for polishing and different
attack reagents (Vilella, Fry and oxalic acid solutions) were
used for chemical and electrochemical etching. The degree
of residual porosity for SLM samples was determined by
image analysis (Image J). X-ray diffraction (XRD) using
Agilent SuperNova was used in the identification of some of
the phases. A Ferrite meter was used to measure the Ferrite
number (FN) or Ferrite Percentage (% F) of stainless steel.

2.3 Vickers Hardness

Macrohardness was measured by the Vickers test with 30 kg
for 30 s using a Centaur 920 Durometer. Five impressions
were made on the center section of the specimen, while the
mean hardness and standard deviation were also determined.
The results of the macro-hardness test can be influenced
by the possible effect of the porosity of the SLM samples.
Therefore, a micro-hardness test was also performed with a
Matsuzawa MXT70 micro-hardness meter with a 100 g load
during 30 s. The microhardness was evaluated as the arith-
metic mean value of at least ten hardness tests with accept-
able impressions after discarding the two lowest values.

2.4 Corrosion Resistance

Three electrochemical methods were used to characterize the
corrosion resistance of Wrought and SLM samples: Open
Circuit Potential (OCP), Anodic Polarization measurement
(PA) and Electrochemical Impedance Spectroscopy (EIS),
using a potentiostat 273A EG&G PAR and an impedance
analyzer Solartron SI 1260. The corrosion tests were car-
ried out in acid solution with chlorides (0.5 M NaCl+0.5 M
H,SO, at 30 °C) in a three-electrode conventional cell using
a Saturated Calomel Electrode (SCE) as the reference elec-
trode and graphite as the counter-electrode. The test was per-
formed in deoxygenated conditions (purged with nitrogen).
The samples were wet ground with SiC abrasive papers, fol-
lowed by polishing with 1 mm diamond aqueous suspension.

The open circuit potential was measured for 3600 s of
immersion of the samples in the electrolyte solution. Poten-
tiodynamic anodic potential curves were made following the
ASTM G-5 [26]. Once a nearly quasi-stable potential had
been reached, the anodic potentiodynamic scan started at
50 mV below Vp, reaching 1000 mVgg, using 50 mV/min
as the potential scan rate. The corrosion potential and cur-
rent densities were obtained through Tafel's analysis and was
carried out to evaluate the corrosion polarization resistance
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(Rp). Impedance spectra were performed at open circuit
potential after a stabilization step at open circuit during
1800s with a signal amplitude of 10 mV at OCP and with a
frequency range from 10 MHz to 0.1 Hz. Impedance results
were fitted to equivalent circuits using CorrView software.
To ensure statistical accuracy, the electrochemical essays
were repeated three times. Observations by optical micros-
copy were done on the corroded samples to understand how
the processing procedures influence the corrosion perfor-
mance of 17-4 PH SS.

3 Results
3.1 Microstructure Characterization

The microstructure study of the 17-4 PH SLM samples in
the as-built condition was carried out in two sections, i.€.,
SD and TD. The microstructure of the wrought samples after
heat-treatment was analyzed in transversal and longitudinal
sections to cold rolled direction, denoted as TD and LD,
respectively.

Representative micrographs of polished SLM-SD and
SLM-TD are displayed in Fig. 2a and b; both sections show
a low level of porosity, the porosity percentage obtained by
image analysis was 0.5% for LM-SD and 0.8% for SLM-
TD, which suggests that the processing parameters were
optimized. Suryawanshi et al. [27] confirmed that poros-
ity and inclusion content are two important microstructural
features related to corrosion behavior. Porosity is a typical
fault in SLM parts; they can be spherical associated with
gas entrapment during the solidification process or irregu-
lar due to unmelted powder particles or insufficient overlap
between the scan tracks, as observed by Aboulkhair et al.
[28]. Moreover, Suryawanshi et al. [29] found that the poros-
ity level depended on such factors as the orientation of the
surface in relation to the direction of construction and the
scanning strategy.

The microstructure of wrought samples was pore free; the
dark points observed in Fig. 2¢ correspond to non-metallic
inclusions (oxides and manganese sulfides).

Figure 3a and b show the microstructure of W-TD and
W-LD, respectively; while Fig. 3c and d show the micro-
structures of the SLM-SD and SLM-TD. It is clear that SLM
processing produced microstructures that are different from
those of conventional processes. For SLM samples, there
are important differences, depending on the orientation of
the surface; while similar microstructures were observed
for W-TD and W-LD, which had a fully martensitic micro-
structure (the prior austenite ASTM grain size number G
was 8.0) with small carbide precipitates but without ferrite
delta stringers (0%). This is consistent with the literature
for heat-treated 17—4 PH SS [30]. The melt pool shapes and

(a)
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(b)
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100 wm
(c)
® .., . A
®
/
* L 4

25 Em\

Fig.2 Optical microstructure polishing of a SLM-SD, b and ¢ SLM-
TD

laser tracks are the most important microstructural features
of the SLM as-built condition. Figure 3d clearly shows the
overlapping hemispherical melt pools created by the laser
in the normal orientation to the build direction, SLM-TD.
The average diameter of the molten pool structure was
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Fig. 3 Microstructure of a W-TD, b W-LD, ¢ SLM-SD d SLM-TD, after electrochemically etched with 10% of oxalic acid e SLM-SD and f
SLM-TD Fry’s etching
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approximately 80 pm with a layer thickness of 18 pm. Along
the selective direction of the laser melted, strip-like tissues
were observed. The presence of bulk austenite can be seen
in the region near the molten pool line (Fig. 3d).

The attack with Fry's reagent (5 g of CuCl,, 40 ml of HCI,
25 ml of ethanol and 30 ml of H,0) in SLM-SD revealed
evident signs of dendritic segregation, Fig. 3e. These het-
erogeneities were developed as a consequence of the com-
plex and successive passes of the laser beam. Also, Fig. 3f
shows large elongated grains growing parallel to the built
direction, which can be seen around the limits of the track
in SLM-TD. The differences in cooling rates at the melt pool
zone are produced because of a high degree of convection
heat transfer. Therefore, a finer and equiaxed microstructure
was formed. Nevertheless, close to the melt pool edge, the
cooling rate is lower. Therefore, elongated and larger grains
were formed. Zhong et al. [31] and Trelewicz et al. [32]
report similar results.

X-ray diffraction spectra (Fig. 4) shows the existence of
different solid solutions and precipitates. These phases were
similar for both the Wrought and SLM samples. Wrought
17-4 PH steels usually have a fully a”-martensitic (BCC)
microstructure similar to that observed by Hsiao et al. [33];
however, the presence of austenite-stabilizing elements, such
as Cu or Ni, can decrease the martensite start temperature
(Ms). This gives rise to an incomplete martensite transfor-
mation, and consequently, it is relatively common to also
find retained y-austenite (FCC) in the microstructure similar
to that described by Rafi et al. [34].

X-Ray diffraction for SLM also showed the BCC peaks,
which can correspond to either ferrite or martensite. Alnaj-
jar et al. [19] deduced that the as-built SLM 174 PH steel
had a delta ferrite microstructure. This ferritic structure

T T T T T T
o”Martensite
v Austenite/Cu

_<

Vv NbCr,
o NbC

Intensity (a.u.)

40 50 60 70 80 90 100
Diffraction angle (20)

Fig.4 XRD spectra of testing samples

was justified by the high heating and cooling rates that do
not allow austenite formation, so initial delta ferrite cannot
be transformed. In this case, the presence of nitrogen as an
austenite-stabilizing element allowed the formation of aus-
tenite which is partially transformed into martensite during
rapid solidification cooling; so the martensite (a’) was also
the primary phase, and this fact was confirmed by the sub-
sequent hardness measurements confirmed.

A slightly higher amount of y-austenite (a high intensity y
(11 1) peak at 43.5°) than for W can also be identified. This
is consistent with the lower ferrite percentage found in SLM
(44.6% F) than in W (60.2% F). The reasons why SLM may
have a higher amount of retained austenite are as follows: the
use of nitrogen atmosphere during the SLM process, as the
grain refinement observed in the SLM samples can lower the
temperature Ms, also observed by Rafi et al. [34]; the grain
boundaries where the atomic arrangement are irregular hin-
der the growth of martensite, in accordance with the litera-
ture [35]; and the dendritic segregation observed in SLM can
lead to the enrichment of Ni, which can lead to the formation
and stabilization of the austenite, as suggested by Caballero
et al. [36]. The X-ray diffraction patterns also revealed the
presence of precipitates. Furthermore, Nb-Cr intermetallic
phases and complex Nb-Cr carbides were identified. The
presence of copper precipitates cannot be discarded either,
since the diffraction peaks coincide with those of the aus-
tenitic phase.

The SEM analysis of the microstructure of W and SLM
revealed fine Nb-rich phases in both materials. In Fig. 5a,
corresponding to W, light precipitates could be observed
on the edges of the martensite plates. These very small
precipitates are more visible in the sample in the polished
state, Fig. 5b. Large inclusions dispersed in the matrix
were observed for wrought samples, Fig. 5c. For SLM, the
analysis of the microstructure within individual melt pools
(Fig. 5d) also revealed fine precipitates, which were small,
spherical-shaped particles and were especially visible along
the dendrite boundaries. The small size of the precipitates
makes it difficult to analyze them by EDS, but in both sam-
ples an increase in Nb and Cr contents were observed in
these areas. These microstructural features are consistent
with Cheruvathur et al. [37].

The EDX analysis indicated that the inclusion was MnS
type and contained Fe, Cr, and O. The MnS inclusions con-
tent of SLM samples was much lower than for the W sam-
ples. This could be related to the insufficient time for nuclea-
tion due the high cooling rates that can be achieved during
their fabrication [19]. An enhancement of corrosion resist-
ance has been proven for inclusions of free stainless steels
[19]. The typical Cu-rich precipitates were not observed in
any of the analyzed samples, as their small size (between 15
and 30 nm) requires TEM microscopy for detection, which
was used by Sarkar et al. [38] and Sanjeev et al. [39].
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Fig.5 SEM images showing the microstructure of a, b, ¢ W and d SLM

3.2 Macro and Microhardness

Figure 6 displays the macro- and microhardness of SLM and
W samples for the two analyzed sections. The macrohard-
ness values are slightly higher than those of the microhard-
ness. This indicates that the degree of porosity of the sam-
ples is low in both materials. Moreover, both tests showed
the same tendency. The hardness results were similar for
both the W and SLM samples, confirming the martensitic
structure obtained from both fabrication methods.

The results of the macro- and microhardness tests showed
that SLM-TD have a slightly lower hardness value than
W-TD. However, Sarkar et al. [38], Shrestha et al. [8], and
Sanjeev et al. [39] have all observed the opposite tendency,
that the samples obtained by additive manufacturing are the
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hardest. So, the high cooling rate associated to the SLM
process produced the finer grain microstructure that explains
this hardening, according to the Hall-Petch effect: the hard-
ness would increase as the grain size decreases in accord-
ance with the literature [40]. In addition, the higher density
of dislocations adjacent to the grain boundaries of a finer
grain structure also results in higher hardness values com-
pared to the coarser grain structures of samples processed by
plastic deformation, as has been said by Dieter [40].

In explaining the results obtained in this work, it must be
considered that the samples were in different treatment condi-
tions, i.e., the SLM samples were in as-built condition, while
the W samples were in heat-treatment condition. It is well
known that coherent Cu-rich precipitates are responsible for
the increase of hardness in 17—4 PH. The Cu-rich precipitates
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Fig.6 Vickers hardness and microhardness of every as-fabricated
samples

formed during aging are effective in preventing the movement
of dislocations and provide a semi-coherent interface, which
hardens the alloy, as seen in Sarkar et al. [38] and Zitelli et al.
[41]. Therefore, in the as-produced state, the SLM material
is typically softer than wrought and age hardened material;
this was also observed by Guo and Kindt [42]. Additionally,
another microstructural feature could explain the lower hard-
ness of SLM samples, such as the amount of austenite phase.
Yadollahi et al. [11] observed that the hardness of 17-4 PH SS
samples is typically reduced with higher amounts of retained
austenite phase; while this phase can be beneficial in increas-
ing ductility and elongation. The lower magnetic response
of SLM samples as compared to the W samples could indi-
cate higher austenite content, which would result in lower
hardening.

In both manufacturing methods, the samples in the normal
direction were slightly harder than in the built direction for the
SLM samples or in the longitudinal section for the W samples.
The differences are more remarkable for the samples obtained
by additive manufacturing. As Hu et al. [13] concluded, the
microstructural heterogeneities derived from the additive man-
ufacturing could explain these differences. The higher values
of standard deviation observed in SLM-SD and SLM-TD, also
noticed by Yusuf et al. [43], could also be a consequence of
such heterogeneities (dendritic segregation, grain morphology,
differences in cell grain size, etc.).
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Fig.7 OCP evolution of a as-fabricated samples and b SLM-SD and
W-LD samples in acid solution with chlorides after 0 and 60 days of
immersion

3.3 Corrosion Behavior
3.3.1 Open Circuit Potential

The evolution of OCP over time was used as an indicator to
evaluate the thermodynamic tendency to corrosion of the
SLM and W samples in a corrosive environment; the effect
of the orientation of the samples was also analyzed to deter-
mine the isotropic or anisotropic corrosion behavior of the
materials.
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Figure 7a shows the plots of OCP vs. immersion time for
all the samples. The OCPs for SLM-TD and SLM-SD are
clearly more positive than for W-LD and W-TD. The nobler
potential values indicate the formation of a more stable
passive oxide layer on the surface of SLM samples, which
implies a reduction in the thermodynamic tendency to cor-
rosion and, therefore, an improvement in corrosion behavior.

The morphology of the plot of the OCP with the immer-
sion time was clearly different as a function of the manu-
facturing technique used for processing the samples. The
OCP for W-LD and W-TD shifted negatively during the ini-
tial period, before increasing steadily up to 1 h immersion.
This suggests the dissolution of steel in the first period of
the test and a continuous formation of a passive layer after
500 s of immersion time. On the contrary, the nearly plane
curve observed in SLM-TD, after an initial dissolution, indi-
cates that a dynamic equilibrium has been reached, which
implicates the simultaneous dissolution and formation of the
oxide layer. Furthermore, for SLM-SD, an unchanged poten-
tial during the immersion time was observed. Therefore, the
passive oxide layer remains protective. At the end of the
test, no important difference between SLM-SD and SLM-
TD was found, which indicates an isotropic behavior for
the samples processed by SLM; also, W-TD had a slightly
higher potential than W-LD, although the differences were
not very significant.

Finally, the samples were immersed in corrosive medium
for 60 days and the variation in the OCP values with respect
to the initial ones was analyzed. Figure 7b shows the shift to
more positive values of OCPs as the samples were exposed
to the solution, exhibiting a better corrosion resistance; this
improvement was more intense for W-LD. Thus, the differ-
ences between the two processing techniques are attenuated.

3.3.2 Anodic Polarization Measurements

The results of the anodic polarization scans are presented in
Fig. 8. They have been used to understand the anodic behav-
ior of 17-4 PH SS in a solution containing chloride and
can therefore cause localized attacks for different processing
conditions, orientations and heat treatments. The potentio-
dynamic scans shown in Fig. 8a indicate that the curves for
the four electrodes do exhibit a similar morphology; all the
curves undergo local corrosion described by an important
increase in the current density at breaking potential, where
the pitting corrosion is started. However, there were differ-
ences between the samples depending on their processing
method; while differences in the anodic polarization scans
were also observed between SLM-SD and SLM-TD, but they
were not as meaningful as the differences between W-LD
and W-TD.

The cathode branch was moved to a higher potential for
SLM samples. The anodic branch, which corresponds to the
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Fig.8 Potentiodynamic polarization curves of a as-fabricated sam-
ples, b SLM-TD and W-TD samples in acid solution with chlorides
after 0 and 60 days of immersion

dissolution of the metal and the generation of the passive
layer, was also more stable and displayed nobler potentials
for the SLM samples. The current density was smaller for
SLM-TD and SLM-SD than for W-TD and W-LD; despite
their heat treatment condition, the SLM-SD showed the
highest breakdown potential and the widest passive poten-
tial range.

W-LD and W-TD showed similar anodic behavior; how-
ever, some differences between the two orientations of the
SLM samples were observed. A lower passivity current
could be easily identified for both SLM-SD and SLM-TD,
although the latter had a slightly wider and more stable pas-
sive window. The microstructures presented in Fig. 2 are
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significantly different and this could lead to some of these
changes in electrochemical behavior.

The corrosion current density (icorg) and corrosion
potential (Egrp). obtained from the interpolation of the
cathode and anode curves by Tafel analysis, the polariza-
tion resistance (Rp) and the breakdown potential (Ep) are
all presented in Table 4. Comparatively, the highest E-grgr
estimated for SLM-SD and SLM-TD is supported by the
highest open circuit potential and suggests the material
made by additive manufacturing is more resistant to dis-
solution. The icgrg of W-TD and W-LC were found to be

Table 4 Electrochemical parameters estimated by Tafel method

Sample Ecorr Icorr Rp Eg
V) (mA/cm?) (Q/cm?) (mV)

W-LD —423 1.44 30.34 253
W-TD —423 0.74 64.50 260
W-TD -60d 18.9 8.50 2.29 855
SLM-SD -325 0.024 557.5 256
SLM-TD -388 0.021 687.6 342
TD-60d —-74 0.54 11.75 986

clearly higher than those observed in SLM-SD and SLM-
TD, so the polarization resistance values were almost an
order of magnitude higher for the SLM samples than for the
W samples. The inflection point for the fast increase in the
current density with a minor change in potential was defined
as the Eg. Compared to W-TD, the highest E; recorded for
the SLM-TD sample would indicate a higher stability of the
oxide film. In no case were current fluctuations observed in
the passive region, suggesting that a compact oxide film is
formed.

Figure 8b shows the anodic behavior of the samples after
60 days of exposure to the aggressive solution. The immer-
sion time had a similar effect for both SLW-TD and W-TD;
thus, a significant increase in the corrosion potential and a
clear improvement in the passive behavior (Ey increased and
the passivity range was wider) were observed. However, a
notable increment in the current densities was observed in
both cases. The sample processed by additive manufacturing
showed a lower current density and higher rupture potential
than the sample obtained by the traditional method. This
suggests the formation of a more compact and less defec-
tive passive film on SLM-TD, which could be related to its

Fig.9 Pitting produced during the potentiodynamic scans: a SLM-SD, b W-LD, ¢ SLM-SD 60 days and d W-LD 60 days
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Fig. 10 Nyquist a and Bode b and ¢ plots of W-LD and SLM-SD » (a) 70 T T ——— T
samples in acid solution with chlorides after O days and 60 days of

immersion. Results of the fitting to the equivalent electric circuit d 60
are included

» Experimental
— Fitted

50

fine sub—grain microstructure, to a high amount of austenite
phase and to a lower amount of non-metallic inclusions.
The electrode surfaces were examined under an optical
microscope after an anodic polarization scan. Representa-
tive surfaces for each condition are presented in Fig. 9. In 20+
Fig. 9a, the W-LD sample shows significant pitting on what
are probably MnS inclusions, as well as some additional pit-
ting at the carbide-martensite interfaces. Both orientations of W SD 60d
the SLM samples exhibit small pits, which are visible within 0 20 40 60 80 100 120 140 160 180 200 220
the melt pools highlighted for the SLM-SD sample, Fig. 9b. Re(2) (@ cm?)
Since these pits appeared to follow the general shape of the (b) . : . . .
melt pools, they were attributed to compositional heteroge- i » Experimental
neities near the melt pool interfaces in this condition. After E— — Fitted
the exposure of the aggressive solution, the overall density 107+
of observable pitting was also considerably lower in the
SLM samples, Fig. 9c, than that observed for the wrought
material, Fig. 9d.

40 -
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3.3.3 Electrochemical Impedance Spectroscopy 10"

SLM SD 60d
measurements

The potentiostatic and potentiodynamic tests described
above are the most commonly used to evaluate the corrosion ,
resistance of stainless steels thermodynamically and kineti- 1010.1 100 10" 102 10° 10t 10°
cally, respectively. However, possible interference of the Frequency (Hz)
cathodic reaction at the electrode surface could compromise . . . . ,
the accuracy of the results obtained with these methods, as (© » Experimental
mentioned in Wang et al. [44]. Therefore, electrochemical — Fitted 4
impedance spectroscopy has been used as a non-destruc- 607
tive technique to characterize the electrochemical interface
between the electrodes and the electrolyte and could be used
to provide more information about the physic-chemical
processes taking place in 17-4 PH SS, i.e., the corrosion
mechanisms that would occur while corroding in the acidic
NaCl solution. Moreover, this technique, which has been
successfully used in austenitic stainless steels produced by
additive manufacturing, has scarcely been investigated for
17-4 PH SS.

As an example, the Bode and Nyquist diagrams for SLM- °1 o o - o e 04 s
SD and W-LD at OCP are presented in Fig. 10; similar
capacitive semicircles were observed in all cases, in that a
uniform passive film had been formed on the surface of sam- (d) R
ples. The Nyquist curves, Fig. 10a, showed a depressed and A
unfinished semicircle in all cases. The stability of the oxide
film can be analyzed by Nyquist plots. The larger diameter of
semi-circle observed for SLM-SD represents a better stabil-
ity of the film and a higher resistance to dissolution. It has
also been observed in other more widely studied stainless

SLM SD 60d
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3
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steels, such as 316 in different environments, as in the works
of Lodhi et al. [45] and AlI-Mamun [46] and also in 15-5 PH
SS [20, 21].

The Bode diagram in Fig. 10b and c revealed a clear
capacitive behavior, as the impedance modulus was
almost one order of magnitude higher for SLM-SD. Since
the impedance module value at the lowest frequency is
associated with the barrier properties of the native oxide
layer on the surface of the specimens, it indicates a higher
corrosion resistance for the SLM samples as compared
to the wrought specimens. Two-time constants, related to
the capacitive behavior of the double layer and the oxide
layer, can be identified in this phase angle change with fre-
quency. In Bode's graph of the phase angle vs frequency,
Fig. 10c, the phase angles in the mid-frequency region are
close to —70° for both samples. This shows that the layer
formed has a capacitive behavior. The maximum point of
the offset angle is shifted into the lower frequency region
for SLM-SD as compared to W-LD.

This enhanced passive film is in good agreement with
the open circuit potential and anodic polarization tests, in
which higher potentials and slightly lower passivity cur-
rents were observed for the SLM samples as compared to
the wrought samples, respectively.

The effect of the immersion time in the aggressive
solution for 17-4 PH SS is similar for both SLM and W
samples. As can be observed from the Nyquist and Bode
diagrams, Fig. 9, corresponding to samples immersed
in aggressive solution for 60 days, the prolonged expo-
sure to the solution resulted in a notable decrease in the
radius of the semicircle of the impedance module and the
phase angles. Despite this deterioration, the SLM-SD still
showed a greater resistance than the W-LD.

An appropriate equivalent electronic circuit was
selected in order to better understand the impedance
spectra. After some trials with other typical circuits,
Fig. 9d shows the proposed circuit. Figure 9 also collects
the results of the fitting, while Table 5 shows the fitting
parameters. To evaluate the quality of the fittings, the Chi-
square values, Xz’ were used. The variable X2 was to the
order of 107,

In the proposed circuit, the high frequency is related to
a solution resistance (Rg); while the response at low and
medium frequencies is related to the charge distribution

in the non—faradaic (double layer) and faradaic processes
taking place at the interface of sample and solution.

The depression of the semicircle in the Nyquist diagram
and the phase shift (> —90°) lead us to postulate the pres-
ence of constant phase elements (CPE) instead of pure
capacitors. The impedance of a CPE is defined as:

1
Zepp = Cla)y

where the CPE is an ideal capacitor for n=1; the CPE is an
ideal resistor for n=0; and the CPE t is a pure inductance
for n=— 1. The coefficient was n < 1, and is related to a non-
homogeneous distribution of the load on the metal-electro-
lyte interface, specifying that C is not a real capacitance and
the unit is s" Q™! cm™ rather than of F cm™.

The electric circuit model contains two-time constants,
which are two layers in parallel. The first is the parallel com-
bination of CPE; and R, in the layer impregnated with elec-
trolyte. The electrolyte can penetrate through the pores of
the passive layer and cause the metal to dissolve, generating
a second time constant. The second relates to the parallel
combination of R, and CPE, along the inner oxide film. This
model has been successfully used to adjust the impedance
spectra of stainless steels by Al-Mamum et al. [42]. So, the
polarization resistance in the electrolyte, Ry (sum of R; and
R,), is stated in a low frequency limit (f < 1 Hz) and it signi-
fies the resistance to electric charge transport through the
film and across the oxide/electrolyte interface and could be
associated to the corrosion resistance.

It can be seen that the Rq values are not influenced by the
sample difference in the high frequency region since they
were very low. This indicates the highly corrosive nature
of the test solution. In addition, the values of R, and C;-n,
for all the samples, were clearly inferior to R, and C,-n;
this confirmed the defective nature of the external layer in
contact with the electrolyte. Despite this, the values of R
and C;-n are clearly higher for SLM-SD as compared to
W-LD. SLM-SD also has higher Ryy values and lower C,-C
capacitance values than W-LD. Therefore, the better corro-
sion resistance of the film of SLM-SD is clear through the
increase in Rp over W-DL (393.7 and 164.1 respectively)
and further affirmed the enhanced corrosion resistance of
the SLM 17-4PH SS.

Table 5 EIS equivalent circuit

) Samples Rs C,-C C,n R, C,-C C-n R, X2
parameters of W-LD and Qem?) (" Q' em™) (Qem?) (5" Q' em™) (Qecm?)
SLM-SD samples before and
after 60 days W-LD 1.07 1.8 E—4 092 2.02 6.7 E-5 1.0 6847 19E-4
SLM-SD 1.51 1.5E-5 098 148 1.6 E-4 0.60 184.9 10E—4
W-LD-60 1.26 2.8 E-1 0.61 097 2.6 E-1 0.89 2128 14E—-4
SLM-SD-60  1.80 2.1E-2 0.76  0.23 73E-2 0.86 29.3 8.6 E—4
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For samples exposed to the acidic chloride solution, the
decrease in Rp and the increase in CPE-C, observed for
SLM-SD-60, demonstrated the negative impact of the expo-
sure time on its corrosion resistance. A similar tendency was
detected for the W-LD-60 sample, which further confirms
the deleterious effects of chloride ions. This behavior has
been observed on 316L SS by Al Saadi et al. [47] and has
been related to the adverse interaction of C1™ ions with the
oxide film. The CI™ species can accelerate localized anodic
reactions, because of its strong depolarization tendency and
the formation of complexes soluble in water. Jones et al. [48]
found that this effect is more intense the longer the time of
interaction with the stainless steel.

4 Discussion

The objective of this work is the study of the electrochemi-
cal behavior of 17-4 PH steel processed by SLM in chlo-
ride containing acidic medium. Chloride ions are known to
adsorb and penetrate the oxide film of stainless steels and,
when the concentration exceeds a critical value, the passive
film is destroyed in the favored sites, such as the defective
areas, as shown by Suryawanshi et al. [29] on some selec-
tive laser melted alloys. Thus, Hao et al. [49] developed a
model based on point defects that explains the destruction of
passivity on the surface of passive metals by assuming that
cationic vacancies migrate from the oxide film-electrolyte
interface to the metal/oxide film interface. Oxide film rup-
ture occurs as a result of stresses in the oxide film caused
by vacancies in the metal/oxide film interface. In addition,
the migration of chloride ions, aided by oxygen vacancies,
causes the localized dissolution of this passive film. Manu-
facturing defects such as pores and cracks at the bottom or
at the interface of the molten pool line had a negative effect
on corrosion resistance. Despite the above, SLM-SD has
higher resistance values and lower capacitance values than
W-LD. These results suggest the formation of a more com-
pact and less defective oxide film on the SLM 17-4 PH SS
sample thanks to the small amount of manufacturing defects
in SLM samples.

The calculated electrochemical impedance results suggest
that the SLM technique has a better corrosion resistance for
17-4 PH SS than the conventional processed method in an
acid-chloride environment, consistent with the open circuit
and anodic polarization results. This corrosion behavior
should be related to the microstructure features observed
for these samples and with the chemical composition of the
material. The high content of Cr and Cu in the powder could
improve the corrosion resistance of passive film.

Furthermore, to analyze these results, it should be taken
into account that the processed 17-4 PH SS SLM was an
in-built condition; while the wrought SS was heat treated,
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so a direct comparison between the two materials is difficult.
The heat treatment could explain the slightly higher macro
and microhardness observed for W samples. After aging,
the precipitation of Cu-rich nanoparticles could originate
an important hardening.

The influence of these Cu nanoprecipitates on corro-
sion resistance is controversial. Heat-treated steel sam-
ples are normally more resistant to corrosion, so SS steels
fabricated by SLM have a slightly lower corrosion resist-
ance compared to heat-treated wrought SS; as indicated in
the study by Stoudt et al. [22]. These suggested the need
for a homogenizing heat treatment, whereby additively
produced SS17-4 could be more resistant to pitting than
wrought 17-4 PH SS in a chloride environment.

However, a recent study showed that the corrosion
resistance of SLM 15-5 PH steel after heat treatment was
significantly reduced [21]. In good correlation with this,
the results obtained in this work show that the non-heat
treated SLM samples have a higher corrosion resistance
than the heat treated W sample. In this work, there is a sig-
nificant shift in the anodic curves towards higher potentials.
Lower current densities and higher polarization resistance
values were observed in the samples processed by additive
manufacturing without homogenization heat treatment.

The best anodic performance of the 17-4 SS SLM as
compared to the 17—4 SS W has also been observed in other
SS, such as 316L, by Laleh et al. [50] and Stull et al. [51].
This was explained as a function of the passive oxide film’s
stability and pitting resistance parameters. Annamalai et al.
[52] found that the tendency to form a passive film depends
on a number of factors, including the surface chemistry,
grain structure and size, the degree of porosity, alloy ele-
ment segregation, the inclusions, the precipitation of car-
bides and intermetallic phases, and the composition of the
electrolyte, etc.

Additive manufacturing 17-4 PH SS are usually metal-
lurgically inhomogeneous and have a high degree of porosity
compared to wrought base metal. These are the two most
important factors that deteriorate the corrosion resistance of
the SLM-fabricated SS materials compared to convention-
ally manufactured samples, independently of the electrolyte
environment. Thus, Annamalai et al. [52] and Panda [53]
observed a negative response of ferritic and austenitic SS.
Schaller et al. [17] established that zones with large pores
(d>50 pm) showed active dissolution versus the passive
behavior shown by zones with smaller pores (d <10 pm).
In this work, the SLM samples appear to be fully densified;
therefore, there is no evidence of large pores in the micro-
structural analysis at high magnifications.

Lodhi et al. [44] demonstrated that the fine grain struc-
ture obtained from the additive manufacturing process is
associated with a higher corrosion resistance on SS. The
structure of columnar grains and colonies forming a cellular
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substructure of microns and submicrons is known thanks to
Al-Mamun et al. [45] and Reynier et al. [54]. This facili-
tates the formation of a compact passive layer on SLM SS
when the material is exposed to such passive media as NaCl
solutions. The main mechanism for improving the corrosion
resistance associated with grain refinement is related to the
increased adhesion of the films on the SS as a consequence
of a grain boundary density increase.

Furthermore, it is commonly accepted in the literature, as
has been proven by Ryan et al. [55] and Muto et al. [56], that
MnS inclusions are crucial for the initiation of pitting in chlo-
ride environments by generating Cr-depleted zones around
MnS particles. The additive manufacturing process leads to
rapid solidification, which diminishes or completely excludes
the nucleation of MnS inclusions. According to Chao et al.
[57], the higher content of such inclusions, observed in W
samples, may also contribute to its poorer anodic behavior.
Finally, the type of carbides and their morphology also influ-
ence corrosion behavior. Chromium-rich carbides can cause
different forms of localized corrosion that will degrade the
passive layer; while the higher niobium content of these car-
bides will leave the chromium available to form more resistant
passive layers, as Stoudt et al. [22] also proved for additive
manufacturing 17—4 PH. The small niobium-rich precipitates
observed in the microstructure of the SLM samples would lead
to an overall enhancement in the stability of the passive film.

Finally, the higher amount of nitrogen and the presence
of an austenite phase at the bottom of the molten pool/mar-
tensite lath of SLM 17—4 PH SS could significantly improve
the corrosion resistance of the stainless steel. Wang et al.
proved that austenite formed on SLM 15-5 PH SS was rich
in nickel and nitrogen, and this enrichment at the bottom
of the passivation film affects the crystallinity of the pas-
sivation film and the chemical content of the passivation
film, improving its pitting corrosion resistance [20]. This
retained austenite in the as-built AM material could be trans-
formed into martensite by heat treatment with a considerable
increase in hardness [58]. In addition, nitrogen can improve
the corrosion resistance of 17—4 PH stainless steels produced
by additive manufacturing, as reported by Stoudt et al. [20].
The homogeneous distribution of nitrogen in the retained
austenite and the precipitation of NbCN could produce a
more stable passive film. Based on these results, the nitrogen
content in SLM 17-PH (0.0829 +0.0007%w) seems to have a
beneficial influence on localized corrosion resistance.

5 Conclusions

This study has revealed that SLM additive manufacturing
can be successfully used to produce metal components in
17—4 PH SS with comparable and sometimes superior prop-
erties to those of its commercial counterparts.

17-4 PH SS can be processed in SLM processes to almost
full relative density. The microstructure of SLM 174 PH SS
is, as is to be expected, dominated by the high cooling rates,
with evident signs of dendritic segregation. The anisotropic
and complex structure formed during solidification consists
of a mixture of a finer microstructure and elongated and
coarser grains with an important amount of austenite formed
at the bottom of the molten pools.

The macro/micro hardness of steels produced by SLM is
slightly lower than that of conventionally produced counter-
part steels. This is justified by the higher amount of austenite
retained and the lower amount of precipitates of as-built
SLM specimens compared to heat-treated wrought samples.

The electrochemical behavior of wrought 17-4 PH SS
and SLM was studied in an acid solution with chlorides.
An open circuit potential test, potentiodynamic polariza-
tion measurement and spectroscopy impedance analysis,
recorded as the fabricated condition and after 60 days of
immersion of the samples, revealed that the SLM samples,
in addition to having a more noble corrosion potential, also
showed improvements in passive behavior, with lower cur-
rent densities in the anodic branch of the polarization curve,
all without obvious signs of localized corrosion and higher
electron transfer resistance. Corrosion testing confirmed that
the SLM samples showed the best corrosion performance,
even at long immersion times, independently of the build
orientation.

The samples processed by SLM showed a greater resist-
ance to corrosion than those processed by the traditional
method, despite not having heat treatment. The absence of
important manufacturing defects and the fine martensitic
microstructure with significant amounts of nitrogen in aus-
tenite and a small content of non-metallic inclusions as a
result of the fast cooling and the high speed of solidification
associated with the SLM process could contribute to this
behavior.
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