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This research investigates the impact of heat treatment on the microstructure, hardness,
and corrosion resistance of 17-4 PH SS (stainless steel) processed by Selective Laser
Manufacturing (SLM) in Phosphate Buffer Solution (PBS) and compared to its commercial
wrought counterparts. The SLM process produced a segregated microstructure with sig-
nificant variations in composition and phases. Post-process heat treatment resulted in a
uniform and reproducible microstructure in the SLM samples with a significant improve-
ment in corrosion resistance in the solubilised samples and a remarkable hardening in the
solubilised and aged samples. Additionally, heat-treated SLM samples showed no relevant
release of metallic elements to PBS electrolyte after 75 days of immersion, indicating its
potential use as a biomaterial. The study concludes that the manufacturing process used to
produce SS have a significant impact on its properties, moreover, post-build treatment
improve microstructure providing uniformity which positively impact in the corrosion
resistance. The electrochemical results also suggest that, after homogenization, the addi-
tively produced 17-4 PH SS shows a better behaviour in biological environment than the
wrought 17-4 PH SS.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Research in biomaterials and medical implants, surgical de-
vices, and tools is becoming increasingly important as they
are an essential element in improving human health and

meet all clinical, mechanical, manufacturing, and economic
requirements. In the field of medicine, the most commonly
used materials are natural and synthetic polymers, ceramics
and metals. Among the metals, titanium alloys, cobalt-
chromium alloys, and stainless steel (SS) are the most
commonly used ones [1]. Despite the large number of

quality of life. Materials intended for medical use must
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biomaterials available, the selection of materials for the
medical field is a complicated task, where the choice of which
depends primarily on the application. In the case of implants,
devices, and surgical tools, metallic alloys are the most suit-
able option due to their good mechanical properties in terms
of strength, wear, and corrosion resistance [2]. Another ex-
pected property is its biocompatibility, a term that ISO
10993-1:2018 defines as the “ability of a medical device or
material to function with an appropriate host response in a
specific application”. Considering all of these aspects, despite
the large number of compatible metallic alloys with the
medical industry [3—5] SSs are good candidates due to their
excellent mechanical properties [6—8]|, as well as their high
corrosion resistance. Additionally, some SS alloys, such as
316, 316L, 304 and 17-4 PH, have additional properties that
make them suitable for surgical applications, such as good
biocompatibility, low risk of allergic reactions, ability to
withstand intense sterilization processes used in the medical
industry. Among the SSs used, 17-4 PH SS has gained signifi-
cant attention due to its good combination of high strength,
high toughness, and good corrosion resistance [9]. For these
reasons, it is being used for medical and computer applica-
tions, in the chemical industry and for equipment in the
automotive and aerospace fields [10—13]. This material is an
alloy of chromium, nickel and copper, which can be precipi-
tation hardenable. Furthermore, several studies have shown
promising results in terms of its biocompatibility [14] and
mechanical properties for applications in the medical field.

Traditionally, the processing of 17-4 PH SS for medical
devices has been done through forging and machining,
although MIM technology offers a more suitable and afford-
able alternative [15]. Various research studies using MIM
technology have confirmed its suitability for the manufacture
of medical components due to the properties of the resulting
parts, relatively complex component fabrication in very large
quantities, as well as an economical alternative [16—18]. There
are several published works on medical devices made from
MIM, for example, the company Indo-MIM produced a set of
retractor blades and ring used in a spinal surgery procedure
using 17-4 PH SS by MIM. Furthermore, the Metal Powder In-
dustries Federation (MPIF) used blocks of this metal as an
advanced instrument for knee replacement surgery to pro-
duce medical forceps. In addition, it has been validated in
some research works for the manufacture of orthodontic
brackets [9,15].

Despite these advantages of MIM technology, additive
manufacturing (AM) is currently the only technique that can
produce more complex and customized parts. The importance
of customization in the medical device industry is mainly
because each patient has their own individual anatomy. In
addition, AM have emerged as promising manufacturing
technique because they offer a reduction in operator error and
increased repeatability, speed, cost-effectiveness, and reduc-
tion of material waste compared to conventional techniques
[19]. According to the standards established by the Interna-
tional Organization for Standardization (ISO) and the Amer-
ican Society for Testing and Materials (ASTM), AM can be
divided into seven categories. Each manufacturing technology
is more suitable for a specific material and has advantages and
disadvantages [20], and therefore the choice of both,

technology and material, depends on the specific application
to be carried out. In particular, SLM has been optimized and
studied according to these requirements to work with
biocompatible materials. It has specifically demonstrated
great potential for the manufacturing of dental prostheses
using two biocompatible metal alloys, Ti—6Al-4V and
Co—Cr—Mo rich precipitates [21]. In this work, Ben et al. indi-
cate that this technique provides the necessary requirements
in terms of mechanical and chemical properties of the man-
ufactured product, and the process guarantees high precision,
although with high surface roughness.

On the other hand, 17-4 PH SS has also been processed by
SLM [22—26]. Numerous studies have reported findings that
show superior mechanical characteristics [27] and greater
resistance corrosion in different corrosive environments such
as chloride solution [28], marine, industrial, freshwater, oil
and vapor environments [29], as well as in media containing
sodium chloride and sulfuric acid media [22]. The use of SLM
technology is mainly focused on improving porosity through
different manufacturing strategies, such as the hexagonal
scanning [26], double scanning, and subjecting samples to a
HIP treatment [24] to reduce porosity and enhance corrosion
resistance in various environments. In the study by Lashgari
et al,, it was found that in the phosphate-buffered saline (PBS)
solution, the corrosion rate of samples manufactured using
the hexagonal scanning pattern was generally lower than
those manufactured using the concentric pattern due to
reduced porosity. It has also been found in other studies that
these improvements in mechanical properties and corrosion
resistance are kept when compared to traditional
manufacturing processes [22,30]. However, to date, no studies
have been conducted in biological media that accurately
simulate the physiological conditions of the human body.

Despite the advantages of AM over other technologies and
the potential of 17-4 PH SS for use in medical applications,
further exploration is still needed as both the material and
technology still present disadvantages, and therefore,
research must continue. Among the disadvantages:

1. SLM manufacturing can be expensive and requires
specialized equipment and detailed planning, support for
mass production, and part size are limited [31].

2. The microstructure, mechanical properties, and surface
finish are affected by SLM printing parameters, requiring
careful optimization to ensure the quality of the final
product [32].

3. Metal AM has a limitation in the application of additively
manufactured parts in different industries (biomedical
engineering, aerospace, and household appliances) due to
its lack of uniformity and high surface roughness [33].

4. Biocompatibility can be limited due to the presence of
certain alloy elements such as nickel and cobalt [15]. The
release of these and other metals can result in adverse
effects including toxicity, carcinogenicity, and allergy
[34,35].

Therefore, it is important to focus efforts on improving
these aspects related to both technique and material, since
the processing of 17-4 PH through SLM can affect its me-
chanical and corrosion properties, which can have
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Fig. 1 — X-Y and X—Z planes of the specimens.

implications for its biocompatibility. In fact, there are several
studies that have focused on optimizing processing parame-
ters [22] and post-processing to improve the surface quality of
the final part, such as heat treatments [36,37] and coatings
[38,39].

Despite the interest in 17-4 PH SS as a biocompatible ma-
terial, as well as the benefits of SLM technology for processing
such material and for medical applications, there is still a
scarcity of contributions in the material-technology-medical
application combination. Guided by the aforementioned is-
sues and motivated to contribute to an improvement in the
mechanical and biocompatibility properties of 17-4 PH SS, the
objective of this article focuses on understanding and
addressing the corrosion of such processed material through
SLM and conventional processes (Wrought) using PBS (Phos-
phate-Buffered Saline) as a medium, commonly used to
simulate physiological conditions in the human body. Induc-
tively Coupled Plasma Optical Emission spectroscopy ICP-OES
tests were also conducted to determine which metals were
released in the corrosion process, as well as the amount
released. Some pieces were immersed in the same medium
for 75 days and analysed using inductively coupled plasma
(ICP) with optical emission spectroscopy. In addition, since it
has been shown that heat treatments provide additional
benefits in terms of microstructure, mechanical properties,
surface finish, and corrosion resistance, an annealing and

precipitation hardening (age hardening) to the material was
applied.

2. Methods
2.1. Samples and characterization

In this study, the behaviour of 17-4 PH SS additively manu-
factured using SLM followed by heat treatment is compared to
its as-built SLM and to its commercial wrought counterpart.
For this purpose, the SLM samples were X—Y planes, perpen-
dicular to the built direction, and X—Z planes, parallel to the
built direction (Fig. 1). The chemical composition of the 17-
4 PH SS powder used for SLM fabrication and of the wrought
samples are shown in Table 1 and in a previous work it has
been published a detailed description of the fabrication pro-
cess [22]. The main processing parameters are indicated in
Table 2.

The SLM 17-4 PH SS samples were hardened by solubilised
and ageing (precipitation hardening). Solution annealing
temperature was conducted at high temperature (1050 °C) for
1h followed by quenchingin oil and subsequent aging for Sh at
550 °C followed by cooling in the air. In the case of the com-
mercial wrought sample, the heat treatment described before
has been applied to the material during its manufacturing
process.

Microstructural characterization was carried out using
optical microscopy (OLYMPUS BX53 M) and scanning electron
microscopy with energy dispersive X-ray spectroscopy (SEM/
EDS) (QUANTA 200F, FEI). Etching of samples was carried out
using Vilella's reagent and oxalic acid for the electrochemical
etching. Phase analysis were made using X-ray difraction
(XRD) (Bruker Discover D8) to obtain the patterns of the sam-
ples. Thin sections were prepared from the sample oriented
parallel to the build direction. These foils were observed in a
high-resolution Bruker TEM TALOS 200FX employing an EDAX
EDS (X-ray) attachment. Moreover, after carrying out the
corrosion assays, the specimens were observed by optical
microscopy to determine the influence of them on the 17-4 PH
samples surfaces.

Table 2 — Main processing parameters used for SLM
samples.

Parameter Value
Laser power (W) 38
Scanning speed (mm/s) 140

Layer thickness (um) 30

Hatch spacing (um) 70
Scanning strategy Hexagons

Table 1 — Chemical composition of the SLM and wrought 17-4 PH SS samples.

Elements %C %Cr %Ni %Mo %Mn %Si %Cu %Nb %N %S %Al %Fe
Wrought 0.032 15.70 4.30 0.15 0.61 0.27 3.13 0.255 0.004 0.0005 0.005 Bal.
SLM powder 0.038 16.93 4.17 = 0.58 0.62 3.56 0.21 0.072 0.005 = Bal.
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2.2. Mechanical characterization: micro and
macrohardness

Hardness measurements were carried out to determine
Rockwell-C using a Centaur RB2 macrohardness test equip-
ment according to ISO 6507—1. Additionally, due to the results
of the macrohardness test can be influenced by the porosity of
the SLM samples, microhardness test was also performed
applying 100 g load during 30 s using a Matsuzawa MXT70
microhardness test equipment. For each hardness test, ten
measurements were taken in different locations of the top
surface of the 17-4 PH SS samples and means and standard
deviations of the test were calculated.

2.3. Corrosion behaviour

Firstly, the 17-4 PH SS samples were prepared for the corrosion
assays. For this purpose, all specimens were wet ground with
SiC abrasive papers and polished with 1 ym diamond aqueous
suspension Then, potentiodynamic polarization (PDP), open
circuit potential (OCP) and impedance spectroscopy (EIS) have
been carried out in order to study the corrosion behaviour of
the samples using a potentiostat 273A EG&G PAR and a Solar-
tron SI 1260 impedance analyzer. Electrochemical measure-
ments were performed using a three-electrode conventional
cell with the 17-4 PH SS samples as the working electrodes
(1 cm? area of the sample was exposed), graphite as the counter
electrode and a saturated calomel electrode (SCE) as the refer-
ence electrode. Electrolyte solution of phosphate-buffered

saline (PBS) at 37 °C was used for all the electrochemical test to
simulate severe corrosion conditions and in deoxygenated
conditions (purged with nitrogen). Firstly, samples were left
under OCP until the corrosion potential was constant (gener-
ally, +10 mV/min or less) over long periods of time (1 h) indi-
cating that the system may be stable enough,
thermodynamically, which is needed for the subsequent
analysis methods. Moreover, OCP values gives important in-
formation about the tendency of the metal to corrode, being a
negative OCP value indicative of an electrode more likely to
corrode from the electrolyte than a positive OCP value (more
“noble”). After the OCP analyses, potentiodynamic polarization
was carried out in order to study the passivation behaviour of
the samples following the ASTM G5-87 [40]. Then, the sample
potential was held at —0.25 V vs. OCP to acquire complete PDP
curves at scan rates of 0.833 mV-s—1, from —0.25 V vs. OCP to
1.25 V vs. SCE. The values for the polarization resistance (Ry),
potential (Ecorr) and corrosion current density (Icory) Were ob-
tained by extrapolating the Tafel slope of the polarization
curves. Finally, electrochemical impedance spectroscopy (EIS)
measurements were performed in potentiostatic mode at OCP
in the frequency range from 10 MHz to 1 Hz. Impedance spectra
were fitted with aid of the Zview2 software and equivalent
circuit fitting was performed using CorrView software.
Moreover, to study the corrosion behaviour of the samples
after immersion in PBS, the wrought and SLM samples (X—Z
plane) were immersed in the electrolyte at 37 °C for 75 days
keeping the ratio solution volume to sample surface area
constant. The inductively coupled plasma-mass spectrometer

Fig. 2 — Microstructure of a) wrought 17-4 PH SS, b) SLM 17-4 PH SS (X—Z plane), c) SLM 17-4 PH SS (XY plane), d)

microsegregation observed in SLM 17-4 PH SS (X—Y plane).
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(ICP-MS) (PerkinElmer Optima 2000DV) was employed to
measure the concentrations of various metal ions (Fe, Cr, Ni,
Cu and/or Mo, among others) that might be released into the
electrolyte. A PBS solution without a specimen was used for
the blank. After the immersion period, samples were elec-
trochemically tested using OCP and PDP and the microstruc-
ture was observed by optical microscope.

For all electrochemical tests, the measurements were
repeated at least 3 times to ensure reproducibility and the
average value is considered for analysis using Origin Lab Pro
Software. All the presented current densities are normalized
to the geometric area of the working electrode.

2.4. Cytocompatibility tests

In vitro experiments were performed to evaluate the
biocompatibility of the samples for study the influence of
manufacturing process. MC3T3-E1 mouse preosteoblasts were
cultured in o-MEM with nucleosides without ascorbic acid
with 10% fetal bovine serum, at 37 °C and 5% CO,. These cells
were trypsinized and seeded on 24-well plates at a density of
10,000 cells/cm?. They were left unaltered for attachment in
complete growth medium at 37 °C and 5% CO, for 2 h. Ac-
cording to the ISO10993-5 [41] the samples (wrought and SLM)
were placed on the cell layer, so the material was directly in
contact with the cells. After 1 and 3 days, cell viability (LIVE/
DEAD assay) and metabolic activity (AlamarBlue assay) tests
were performed as recommended by the manufacturer, after
removing the 17-4 PH SS samples from the cells. All the ex-
periments were performed in triplicate.

Images of LIVE/DEAD assay were taken with a Nikon
Eclipse Ti-E coupled to a Nikon DS-2MBWc digital camera
using the NIS-Elements Advanced Research software which
allowed the automatic imaging of almost the full well surface
for quantitative determination of cell viability. On the other
hand, AlamarBlue reduction was measured in a fluorescence

Table 3 — Results of porosity for SLM specimens.

Porosity (%) Circularity Pore size (um?)

SLM (X—Y plane) 0.8
SLM (X—Z plane) 0.5

0.928 + 0.001
0.803 + 0.011

32.8 +8.74
68.5 + 8.19

plate reader. In both cases, a positive control, (i.e. cells not in
contact with samples) were used for normalization.

3. Results and discussion
3.1. Microstructural characterization

Fig. 2 shows the relevant microstructural differences for 17-
4 PH SS in wrought form and its counterpart fabricated by SLM
in “as-built” condition. The microstructure of wrought 17-4 PH
SS, Fig. 2a, was primarily a martensite matrix, with a relatively
fine prior austenite (grain size, G = 8) and later with small
areas of retained austenite. No evidence delta phase islands
have been observed in these micrographs. This is consistent
with the literature for this alloy in the solubilised and age-
hardened condition [42,43]. The microstructure of SLM 17-
4 PH SS was clearly more heterogeneous with important dif-
ferences between the perpendicular and parallel planes to the
building direction. Columnar grains growing along the built
section were observed caused by the temperature gradient in
the melt pool (Fig. 2b), and, moreover, the overlapping hemi-
spherical melt pools are clearly visible (Fig. 2c) in the
perpendicular orientation (X—Y plane). In addition, the high
cooling rate of SLM process have originated some dendritic
segregation observed across the melt pools (Fig. 2d). The
samples obtained by SLM are generally free of defects,
although they occasionally might show small pores and some
non-metallic inclusions [22]. The results of porosity deter-
mined by image analysis obtained in SLM specimens are
shown in Table 3.

The mentioned above microstructures lead to differences
in the mechanical and corrosion properties. For this purpose,
post-processing heat treatment were performed in as-built
SLM samples to achieve a uniform and reproducible micro-
structure. Thus, the microstructures of “solubilised” and
“solubilised and aged” are reported in Fig. 3a and b, respec-
tively. As can be observed the microstructure appears to be
homogeneous with no trace of the melt pools and scan tracks.
Furthermore, the difference between X—Y plane and X—Z
plane become less important after the solubilisation treat-
ment. Moreover, it was found that the optical microstructure
was similar after aging heat treatment.

Fig. 3 — Microstructure of the 17-4 PH SS after heat treatment. a) Solubilised and b) Solubilised and aged.
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The XRD spectra of the wrought steel and the SLM parts at
different conditions are shown in Fig. 4. As it can be seen, the
mostimportant peaks correspond to bce phase which could be
either martensite or ferrite. Considering the low concentra-
tion of carbon in 17-4 PH SS, the expansion along the c axis is
quite negligible which makes it difficult to distinguish the
ferrite from the martensite based on the XRD patterns [44,45].

In the case of wrought sample, the results of the optical
microstructure and the XRD pattern seem to be consistent,
and they show the presence of martensite whereas in the
SLM sample in “as built” condition the bcc phase could be
ferrite delta or martensite. This contradiction is clear in the
literature [42] and the ratio of Cr.q/Nieq plays a crucial role
in the solidification mechanism of SSs [46]. For a high ratio
Creg/Nigq, the high heating and cooling rates do not allow
austenite formation, so initial delta ferrite cannot be
transformed whereas, in this case, because of the low Creq/
Nieq ratio, the transformation of delta ferrite to austenite is
allowed and, finally, austenite is transformed to martensite
during cooling. In this case, the presence of nitrogen leads
to lower the ratio Creq/Nieq and, therefore, the austenitic is
formed, and afterwards, transformed to martensite. Finally,
the austenite transformed to martensite, which is the
dominant phase at room temperature,was confirmed by the
sub-sequent hardness measurements. The analysis of the
XRD spectra confirmed the presence of retained austenite
and some Nb—Cr precipitates in both the as-built SLM and
the wrought steel.

After the solubilisation heat treatment at 1050 °C, the XRD
spectrum only revealed martensite peaks and no retained
austenite appeared. The high amount of retained austenite in
the as-built condition could be caused by microsegregation
that it is originated during additive manufacturing and it may
lead to the fcc phase enriched in austenite and stabilizers (as
nitrogen), resulting in a decrease in the start temperature of
the martensite transformation (Ms) and, therefore, to a not
complete martensite transformation. In addition, the XRD
analysis of the samples subjected to the homogenization

o’Martensite

v,
o
v Austenite/Cu
vV NbCr,
0 NbC Solubilized
. =N |
3
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:'? A N\
®
c
]
£
SLM
- PO A
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v v o o ‘A o
T I’Y = T A /I ;YL o T Y IY 'V
40 50 60 70 80 20 100

Diffraction angle (260)

Fig. 4 — XRD spectra of the wrought and the SLM 17-4 PH
specimens.

treatment showed that effectively the treatment suppresses
the retention of austenite. Furthermore, there were no evi-
dence of precipitates in the solubilised sample.

Fig. 5 — SEM images of the microstructures of the SLM 17-
4 PH SS. a) In the as-built condition, b) Solubilised and c)
Solubilised and aged.
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The XRD spectra of the solubilised and aged sample
exhibited an increase in the volume fraction of the retained
austenite and the precipitates in the martensite matrix. As
seen in Fig. 4, the intensity of v (111) peak in the aged sample
is higher than the obtained for the solubilised sample, indi-
cating the formation of reverse austenite. The formation of
reversed austenite was found to have a relationship with the
precipitation of Cr—Mo—Nb phases because the adjacent
surroundings of Cr and Mo elements become enriched of Ni,
which promotes the formation of austenite during ageing
[47]. Therefore, it is well known that aging in 17-4 PH SS re-
sults in the precipitation of the coherent Cu-enriched parti-
cles in the bcc matrix. Furthermore, the diffusion of Cu
atoms during aging to form precipitates diminishes the
martensite final temperature, facilitating the formation of
reversed austenite [48,49].

Fig. 5(a—c) shows the SEM microstructures of the AM 17-
4 PH specimens under different treatment conditions. The
microstructure of the as-built sample showed individual
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melt pools (Fig. 5a) with a dendritic-cellular solidification
structure with some Nb-rich precipitates (dark). Fig. Sb
shows the microstructure of the solubilised sample where a
homogeneous martensitic microstructure is observed, and
the micro-segregation has been eliminated as well as the
amount of precipitates has been reduced. This result dem-
onstrates that a post-built thermal processing lead to a
more uniform microstructure since the temperature and
hold time homogenize the microchemistry and dissolve the
majority of the precipitates. The micrograph of the solubi-
lised and aged sample is shown in Fig. 5c. In comparison
with the “as-built” and solubilised sample, in this sample
the precipitation was increased and EDS analysis confirmed
an increase in Nb and Cr content (dark areas) and that the
niobium precipitates were enlarged in aged specimens.
However, as the precipitates were very fine it was quite
difficult to analysis them, in fact, this aspect has already
been reported in the literature [37]. Finally, Cu-rich pre-
cipitates were not observed in any of the analysed samples
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Fig. 6 — TEM images of the microstructures of the aged SLM 17-4 PH SS. a) Dark field showing cellular structure, b) dark field
image showing precipitates c) bright field image showing precipitates and d) high resolution image of precipitates.
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Fig. 7 — Systematic analysis for Cu precipitates. a) Brigh field image, b) X-ray map of Cu, c) X-ray map of Fe, d) X-ray map of

Cr, e) X-ray map of Ni and f) X-ray map of Nb.

which was evident since their nanometric size would
require a TEM microscopy analysis [36,50].

The TEM images of heat treated SLM 17-4 PH SS are shown
in Fig. 6a—d. The aged sampled exhibited incipient dislocation
cell structures in martensite lath. Moreover, an abundant
precipitation was observed within the cell structure, being
most of these precipitates spherical in shape and no coherent
with the matrix. Fig. 6b—d shows the dark field, bright-filed
and high-resolution images of the precipitates, most of them
have a very small size (less than 5 nm) although some aggre-
gates were more than 10 nm in size (Fig. 6b). In addition, no
triangular precipitates were observed as reported by Murr
et al. in aged SLM 17-4 PH SS [19]. However, the precipitates
were also quite homogeneous in size (100—300 nm) as in the
work of Murr et al. [19].

As it is well known, the hardening of 17-4 PH SS steel is
attributed to copper precipitates in the martensitic matrix.
The high density of dislocations provides a high amount of
nucleation sites and facilitates diffusion and, therefore, the
precipitation of copper. Fig. 7 shows EDS maps for Cu, Fe, Cr,
Ni, and Nb confirming that the precipitates are Cu within the
martensitic matrix (Fe, Cr, Ni). As stated before, it is expected
that these nanoprecipitates increase the hardness of the
material with respect to the as-built condition, which is dis-
cussed in the next section.

Finally, as observed by Lashgari et al. [44], no carbides were
observed. Some large polygonal precipitates have been found
such as the one observed in Fig. 8a. Fig. 8b—f shows the EDS
maps for Nb, Cr, Ni, Fe and Cu. The results indicated that the
polygonal precipitate shown in Fig. 8a is a Nb/Cr-rich nitride,
which most likely is originated due to the rapid cooling during

the manufacturing process of the SLM and was not dissolved
in the solubilised stage of the heat treatment.

3.2. Micro- and macrohardness

Macro and microhardness studies were used to see the effect
of the manufacturing process and the heat treatment on the
mechanical properties of 17-4 PH SS. Fig. 9 shows the variation
of macro/microhardness in the as-built condition and after
thermal treatment at 1050 °C for 1 h (solubilised) followed by
precipitation hardening at 550 °C for 5 h in comparison with
wrought steel. As it can be observed in the figure, a good
correlation between the results of both tests was obtained
indicating a low degree of porosity in the samples. The hard-
ness of wrought specimen is larger than the obtained in the
as-built SLM sample as a result of the effect of the heat
treatment applied to wrought sample during the
manufacturing process. The wrought sample, in the as-
produced state, had been subjected to a solubilisation and
aged heat treatment with the subsequent Cu-rich precipita-
tion. Moreover, other factors must be considered such as the
amount of retained austenite. The XRD spectra of both
wrought and as-built sample showed the fcc structure, and
that the amount of retained austenite could be higher in the
SLM sample due to the gamma effect of nitrogen [51] and
might also lead to an additional decrease in hardness. In
addition, some previous works have reported that SLM sam-
ples are softer than their wrought counterpart [50,52] whereas
other authors indicated the opposite [51,53]. In any case, un-
doubtedly, the type of used powders and the processing pa-
rameters can explain these differences. In the present work,
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the obtained values of hardness are similar to those reported
in the literature and in accordance with the martensitic
structure in a 17-4 PH SS, giving lower values of hardness due
to the lower amount of carbon in this steel.

The standard deviation value was higher in the as-built
SLM samples and can be attributed to the microstructural

heterogeneities caused during the additive manufacturing
such as dendritic segregation, columnar grains, sub-grain
structure, etc. [54].

On the other hand, the evolution of the macro and micro-
hardness with the heat treatments can be clearly observed in
Fig. 9 and Table 4. The results showed that the solubilised
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treatment increased the hardness by 20% in comparison to the
as-built sample. This behaviour can be caused by the ho-
mogenizing treatment which is responsible for the recrystal-
lization of columnar grains that contribute to increasing the
hardness. However, the main cause of this greater increase in
the hardness is attributed to the lower volume fraction of
austenite which has been observed by XRD although the
observed decrease of Cr- and Nb-rich precipitates could also
lead to decrease the hardness. These opposite effects can
explain the fact that in the literature some studies have re-
ported a decrease in the hardness after the solubilisation
treatment with respect to the as-built state [44,55] and other
has reported the opposite [56].

Finally, it was found that the micro/microhardness of 17-
4 PH SS in aged state increased further with respect to the
hardness in the solubilised state, even though an increase in
the austenite amount was found by XRD spectra in these aged
samples. This increase in hardness is mainly attributed to the
increase of Cr and Nb-rich precipitates and also to the for-
mation of nanosized Cu-precipitates [57,58] that can act as
obstacles to the movement of dislocations in accordance with
the well-known Orowan mechanism [59]. It has also been re-
ported that the high density of dislocations in the martensitic
phase of 17-4 PH SS can lead to a faster formation of Cu-rich
precipitates due to the dislocation tube diffusion mechanism
[60]. This precipitation hardening compensates and

Table 4 — Macro and microhardness test values.

Macrohardness Microhardness
(HRC) (HRV)
Wrought 323+1.2 3379+73
SLM (as built) 28.2+0.3 286.6 + 17.5
SLM (solubilised) 31.8+0.3 350.3 +11.4
SLM (aged) 37.3+21 370.8 + 9.5

overcomes the decrease in the hardness caused by the reverse
austenite formed during ageing.

Finally, it can be concluded that the heat treatment has led
to values of hardness similar to those obtained in wrought
steel, or even higher, due to the predominance of the
martensitic structure in the solubilised steel and because of
the precipitation hardening in the case of the aged steel.

3.3. Corrosion behaviour

3.3.1. Effect of the manufacturing process

One of the objectives of this article is to analyse the corrosion
performance in a biological medium of the 17-4 PH SS parts
manufactured by SLM to be compared to their counterparts,
conventionally fabricated. For this purpose, three electro-
chemical testing has been carried out: Open Circuit Potential
(OCP), Potentiodynamic Polarization (PDP) and Electro-
chemical Impedance Spectroscopy (EIS). The corrosion per-
formance of SS is highly dependent on the growth and
stability of a chromium oxide passive film which is a function
of several parameters: alloy composition, corrosive media,
microstructure, etc. [61]. OCP was recorded over time to obtain
information about the passive film formation and the corro-
sion behaviour of the 17-4 PH SS samples.

Moreover, the OCP of as-built 17-4 PH SS, both X—Y plane
and X—Z plane, was also analysed to determine the isotropic
or anisotropic corrosion behaviour and to be compared to
wrought specimen. At first, the wrought sample exhibits a
more positive OCP than the SLM sample, decreasing the dif-
ference between their OCP values over time and, therefore,
SLM samples showed a more stable behaviour over time,
Fig. 10a. The SLM X—Z plane sample displayed slightly higher
potential than the X—Y plane sample.

The polarization curves showed in Fig. 10b are the usual
ones for an unstable passive film, typically exhibited by a
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Table 5 — Corrosion parameters obtained from the tests.

Sample Ecorr (V) Ieorr (1A/cm?) R, (Q/cm?) E (V)
Wrought -0.126 25.11 219 -
3D-SLM X-Y -0.221 2.46 2709 0.178
3D-SLM X—Z -0.173 8.22 2271 0.125
3D-SLM X—Z (S) —0.011 0.79 84966 =
3D-SLM X—Z (S + A) -0.127 1.02 85621 0.092

stainless-steel alloy without a clearly defined passive region
[22]. However, this result has been observed in other studies
for this material in neutral chloride solution [42,62]. For this
reason, it is difficult to establish characteristic corrosion pa-
rameters of this material. Nevertheless, the corrosion poten-
tial (Ecorr), corrosion current density (I.orr) and polarization
resistance (R,) were extrapolated by Tafel analysis and sum-
marized in Table 5. The E.oy value of wrought sample was
higher than the obtained for SLM samples which is in good
correlation with the OCP results, indicating that the wrought
material is more noble than the others. Moreover, the I..,, of
the SLM X—Z plane is approximately 10 times lower than the
Ieorr Of the wrought. This result is quite consistent with pre-
vious corrosion rate results in acid chloride [22] and other
studies [42,55]. Fig. 10b revealed that both the wrought and
SLM alloys exhibited a similar behaviour over the passive
range but with a different potential value for the initiation of
pitting corrosion. The wrought sample showed a continuous
dissolution behaviour but in contrast, SLM samples showed a
clear pitting potential and higher current densities. The lower
pitting current density exhibited by the wrought alloy sug-
gests that the pitting resistance in that alloy is slightly better
than in the SLM samples in PBS environment at high
potentials.

EIS measurements have been used to characterize and
compare the electrochemical interface between the 17-4 PH SS
and the PBS electrolyte for the SLM samples and the wrought
sample as reference. The Nyquist plot constructed from EIS
data tested is presented in Fig. 10c. The results showed a
similar depressed capacitive semicircle in the high frequency
region for both the SLM material and the wrought sample.
This depressed form is related to the semi-conductive
capacitive behaviour of the electrodes and to the non-
uniform distribution of the current and the potential as a
result of the structural features such as the surface porosity
and/or roughness [63], and other surface heterogeneities [64].
The line at low frequencies revealed that the process is
controlled by the diffusion phenomena. In general, a larger
diameter of the semi-circle is representative of a higher
corrosion resistance of the material and, therefore, in this
case SLM samples showed a better corrosion behaviour, and
SLM X—Z sample exhibited the highest corrosion resistance.

The Bode plots are shown in Fig. 10d and e. The impedance
plot reveals that the SLM samples experienced an increase in
the impedance module at low-medium frequencies values in
comparison with the wrought material and this increase is
reduced at high frequencies without practically no distinction
between the samples, specially between SLM samples (X—Y
plane and X—Z plane).

For all samples, a peak is observed in the phase diagram
that is characteristic of a passive behaviour. The phase angle

plot provided maximum phase angles of 66°, 52° and 45° for
the SLM (X—Z plane and X-Y plane) and wrought samples,
respectively. The SLM X—Z plane exhibited a higher phase
angle which implies the formation of a more compact passive
film on the Considering that the additive
manufacturing process is known to promote the formation of
pores, elemental segregation, inclusions, carbides and other
undesirable phases may increase the probability of a localized
corrosion attack, and therefore, it is expected that SLM sam-
ples provide a poorer corrosion behaviour than the conven-
tional steel [65]. However, previous studies carried out in acid
chloride evidenced that 17-4 PH SS processed by SLM had a
better corrosion behaviour its wrought counterpart [22]
finding that the low porosity; the low content of oxides and
sulphurs; the nitrogen retained in austenite [42], and the fine
martensitic microstructure obtained in SLM manufactured
samples might explain this better behaviour. In the present
work, the electrochemical tests in PBS have shown that the
SLM material perpendicular to build direction (X—Y plane)
displayed a similar corrosion resistance compared to wrought
17-4 PH SS, but the corrosion behaviour of the SLM material
parallel to build direction (X—Z plane) is quite superior. These
results agree with those obtained by Stoud et al. [42] in 0.5%
NacCl solution. Finally, a recent study shows that the passive
film formed on AM SS used for bio applications is more stable
with a better barrier compared to the traditional counterparts
[66], but in that study a post-built heat treatment has been
applied in the specimens.

surface.

3.3.2.  Effect of the heat treatment

The corrosion behaviour of the SLM samples after a heat
treatment was study in PBS solution using the same electro-
chemical tests described in previous paragraphs. The SLM
X—Z plane was selected for this comparative study due to their
better corrosion behaviour previously described. The samples
were tested after the solubilisation -named as (S)- and after
the solubilisation and aged -named as (S + A)-.

Fig. 11a shows the open circuit potential curves of the as-
built and heat treated 17-4 PH SS samples. The OCP values of
the 17-4 PH SS samples are quite different since the OCP of the
as-built sample remained stable over time, in contrast, the
heat-treated samples showed a different behaviour: OCP of
the solubilised sample increases over time and for the S + A
sample is the opposite. Finally, the solubilised sample showed
the more noble potential, indicating a higher thermodynamic
corrosion resistance.

Regarding the results obtained in the anodic polarization
measurements, the curves of the heat-treated samples
appeared shifted to higher potentials and at lower current
densities in comparison with the as-built sample, Fig. 11b. The
shape of the solubilised sample scans was similar to those of
the wrought sample, a continuous and unstable passivation
was observed without a clear pitting potential. The extrapo-
lated corrosion parameters are summarized in Table 6. The
Ecorr Value of the solubilised is higher (-0.01V) than that for
the as-built sample (—0.17 V) and similar to the solubilised
sample (—0.12 V). The corrosion current density of solubilised
sample is the lowest (0.39 pA cm?) and, approximately, 10
times lower than the obtained with the as-built samples, the
aging treatment caused a subsequent slight increase in the
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Table 6 — EIS equivalent circuit parameters of samples.

Sample Rs (@/cm?) Co-C (uF/cm? Con  Ro (Q/cm?)  Cpi-C (uF/cm?) Cpi-n Ry (kQ/cm?) %2 (1079
3D-SLM X-Z 19.8 50 0.86 64.0 2.8 1 1.4 5
3D-SLM X—Z (S) 22.1 48 0.85 58.8 3.6 1 87.7 6
3D-SLM X—Z (S + A) 20.5 95 0.82 4405 83.9 0.57 21.6 3

current density. The low corrosion current density indicates a
low corrosion rate of the post-built heat-treated samples. This
result is quite consistent with the results described in the
literature [9,67].

The results of impedance spectra measurements shown in
Fig. 11c—e evidence important differences between the as-
built and heat-treated samples. The Nyquist plots of the
heat-treated samples show a large capacitive semi-circle
indicating the existence of the passive protective layer on
the surface that is the main reason of the high corrosion
resistance of the SS. The impedance in Bode plot reveals that
the heat-treated samples experienced an increase in imped-
ance module compared to as-built material, especially in the
low frequency region (Fig. 11d) and e shows that the phase
angle was maximum for the solubilised sample which might
be attributable to the formation of a compact thick passive
film caused by the heat treatments.

The EIS results were fitted to an equivalent circuit (Fig. 11f)
using the CorrView analysis software, the EIS parameters are
summarized in Table 6. This circuit model is just one of the
several available equivalents circuit and has been proposed by
other researchers for 17-4 PH SS [68]. The inserts show the
equivalent electrical circuit model where Ry represents the
solution resistance and CPE is the constant phase element
instead of C capacitance. There are two CPEs, the first is the
parallel combination of CPE, and R, in the oxide layer
impregnated with electrolyte. The electrolyte can penetrate
through the pores of the passive layer and cause the metal to
dissolve, generating a second time constant. The second
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relates to the parallel combination of R (electron transfer
resistance) and CPEq4 (double layer CPE). The CPE is considered
to explain the impedance properties of this behaviour (when n
changes between 0.5 (Warburg) and 1 (ideal capacitor)) and
can be calculated from Equation:

Zq = [CGw)"]

where C is the capacitance (uF/cm?), o is represented the
angular frequency (rd/s) and n is the frequency independent
parameters that depends on the surface roughness. As shown,
R, Ro, and R are the resistance of the solution, the active
areas or the oxide and charge-transfer and CPE4 and CPE, are
the capacity of the double layer and the oxide or active re-
gions, respectively, and W is the Warburg impedance. This
model has been successfully used to adjust the impedance
spectra of 17-4 PH SS [69,70]. So, the polarization resistance in
the electrolyte, R, (sum of R, and Rcy), is the resistance through
the film and across the oxide/electrolyte interface and could
be associated to the corrosion resistance.

In comparison with the untreated sample, the solubilised
sample showed the highest Rp value which represents the least
suppressed loop among the different samples shown in
Fig. 11c. On the other hand, the aged sample showed a higher
Rp value than the untreated sample but lower than the solu-
bilised one. These results confirm that the solubilised treat-
ment provide a higher corrosion resistance compared to other
conditions.

The obtained results demonstrate that the corrosion rate of
as-built sample is likely to be higher than those samples
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curves and b) Polarization curves.
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Fig. 13 — Optical micrographs of the surface of the SLM aged samples after the polarization test. a) Samples without

immersion, b) Samples with 75 days of immersion.

subjected to heat treatments, and this could be due to that the
solubilisation treatment relieves stress of the martensite ma-
trix [71], destroys large solidification grains that grow prefer-
entially along an axis aligned toward the moving heat source
and remove the segregation of chromium at the grain bound-
aries [72]. The morphology and type of precipitates also influ-
ence corrosion behaviour. Chromium-rich carbides or nitrides
can increase susceptibility to localized corrosion that will
degrade the passive layer [73]. The small chromium/niobium-
rich precipitates observed in the microstructure of the SLM
samples would lead to an overall enhancement in the insta-
bility of the passive film, these precipitates disappeared with
solubilisation treatment and promoting a better corrosion
behaviour. The aged heat treatment promoting a new increase
of precipitates, and the lower chromium content on the matrix
causes the decrease in corrosion resistance [73]. Moreover,
aging heat treatment promote the formation of revert austenite
[74] and consequently, galvanic coupling can be formed.

100
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% Cell viabili
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Finally, it can be concluded that a clear improvement of
mechanical and corrosion behaviour is observed in the SLM
17-PH SS that could be related with the nitrogen content
(0.0829 + 0.0007%w). Therefore, the higher amount of nitrogen
of sintered sample promotes the formation of a nickel and
nitrogen rich austenite phase and this enrichment affects the
chemical content and crystallinity of the passivation film,
improving its pitting corrosion resistance [75]. This retained
austenite in the as-built steel could be transformed into
martensite by heat treatment with a considerable increase in
hardness [76]. In addition, the homogeneous distribution of
nitrogen in the retained austenite and the precipitation of
NbCN could produce a more stable passive film in heat treat-
ment samples, as reported by Stoudt et al. [75].

Finally, in view of the results, it is expected that for the
precipitation-strengthened martensitic SSs (including SLM 17-
4 PH), a heat treatment of the as-built steel is required to
produce the desired mechanical and corrosion behaviour.
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Fig. 14 — Metabolic activity of MC3T3-E1 cells in the presence of W and SLM 17-4 PH SS normalized to the positive control
(considered as 100% metabolic activity), after 1 and 3 days of culture.
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3.3.3.  Corrosion behaviour after immersion test
The SLM 17-4 PH heat treated samples that have shown an
improved corrosion resistance, as reported before, were
immersed during 75 days on PBS solution at 37 °C to determine
the effect of the immersion time in passive film. Fig. 12a
shows the variation in the OCP values of the SLM sample
(solubilised and aged) after 75 days with respect to the initial
ones where it is observed a clear shift to more noble values of
OCP for the sample after 75 days of immersion, indicating a
passive film with better corrosion resistance. The immersion
test originated an important change on the shape of the
anodic polarization curves. As can be observed in Fig. 12b, the
sample experimented a clear improvement in the passive
behaviour after the test without pitting potential and with a
significant reduction in the current density. Moreover, an in-
crease in the corrosion potential was observed suggesting the
formation of a more compact and less unstable passive film.
This behaviour is in accordance with previous results in the
literature [77] that confirmed the PBS electrolyte helps to
stabilize passive film and improves the protection against
corrosion.

The optical micrographs of Fig. 13 show the surface of the
SLM aged samples after carried out anodic polarization test on
the samples without and with 75 days of immersion,

respectively. It can be observed that 17-4 PH SS becomes
deteriorated by localized corrosion: deep and large pits were
observed in samples after the heat treatment (without im-
mersion) while relative smaller pits appeared in the heat-
treated samples after immersion. The corrosion sites are
more likely initiated from existing isolated residual pores or
metallic inclusions, which could cause a discontinuous pro-
tective film.

Finally, the determination of the chemical interaction of
metallic implants with the body fluids is essential to un-
derstand their stability in the body. For bio applications, it is
critically important to minimize the risk of released metals
from the bulk material. In order to know the quantities of
primary metal elements released from the aged SLM 17-4 PH
SS samples into the PBS electrolyte after the 75 days of
immersion, the concentration of the elements in the liquid
was determined by ICP-OES technique. The presence of
metals such as Cu, Cr, Fe, Ni and Mo is essential for various
biochemical and physiological functions, however, a high
amount of these metals in human body can lead to toxicity
and risk of carcinogenesis [78]. The concentration obtained
for each element after 75 days of immersion was: Fe
(52 + 3 ppb), Cr (31 + 2 ppb), Ni (76 + 4 ppb), Cu (46 + 2 ppb)
and Mo (8 + 1 ppb). The obtained results have been

Fig. 15 — LIVE/DEAD assay of MC3T3-E1 preosteoblasts cultured in contact with a) W and b) SLM 17-4 PH surfaces after 3
days. Upper image for each timepoint shows a mosaic of almost the full.
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compared with reference levels of these metal ions in
human body fluids reported in the literature [79,80]. In view
of the results, it can be concluded that the concentration of
these ions in the electrolyte is not relevant for human body
fluids. This result can be attributed to the resistance of the
strong passive film on the 17-4 PH SS after the heat
treatment.

3.4. Cytocompatibility test results

Cytotoxicity evaluation is a mandatory study for materials
aimed to biomedical applications. The effect of manufacturing
process conducted in 17-4 PH SS using MC3T3-E1 preosteo-
blasts cells are shown in Fig. 14. It is possible to observe that
the cell viabilities are all larger than 90% after 1 and 3 days of
incubation time. Viability values did not decrease with incu-
bation time, therefore these materials do not have a potential
cytotoxicological risk on cells. AlamarBlue reduction results
show that the presence of manufacturing process does not
influence the metabolic activity of MC3T3-E1 cells, since no
significant differences were found between the measure-
ments obtained from cells in contact with the metallic sur-
faces and the positive control after 1 and 3 days of culture.
Moreover, the values of % cell viability was slightly higher for
SLM 17-4 PH SS, which is probably caused by its higher
roughness. Similar results of cell proliferation have been ob-
tained by other authors [81].

The evaluation of cell viability through the LIVE/DEAD
assay showed that MC3T3-E1 preosteoblasts in contact with
the different metallic surfaces were viable similarly to the
positive control. Cells were also found to proliferate over time
(Fig. 15), as confirmed by the difference in the number of cells
between day 1 and day 3. Results showed a new bioactive layer
of cells on the surface of both samples after 3 days of incu-
bation time, which can be attributed to the proliferation,
elongation, and well distribution of the cells on the surfaces,
exhibiting a good biocompatibility.

4, Conclusions

The present study aims to investigate the influence of heat
treatment on the microstructure, hardness, and corrosion
resistance in PBS medium of 17-4 PH stainless steel processed
by SLM in comparison to the commercial wrought counterparts.
The main conclusions of this work are summarized below:

1. Regarding microstructure, wrought steel has a more ho-
mogeneous microstructure, while SLM-produced steel is
more heterogeneous due to the presence of columnar
grains and overlapping melt pools. Post-processing heat
treatment provide a uniform and reproducible micro-
structure in SLM samples and eliminate micro-segregation
and reduce the amount of Cr—Nb rich precipitates and
retained austenite. The presence of nitrogen in the SLM
piece may lead to the formation of retained austenite and
possible presence of delta ferrite or martensite.

2. The hardness of wrought sample is higher than that of as-
built SLM sample, but post-processing heat treatment
result in similar or higher hardness values due to the

predominance of the martensitic structure and precipita-
tion hardening in solubilised and aged steel.

3. Regarding corrosion, post-processed SLM samples showed
a more stable behaviour over time than wrought samples
in three electrochemical tests. Tests also showed that
solubilised samples have better corrosion performance
than solubilised and aged samples.

4. In addition, the concentrations of primary metallic ele-
ments released from aged SLM 17-4 PH SS samples to PBS
electrolyte after 75 days of immersion are not relevant to
human body fluids. Results indicating that such material is
likely to be used as a biomaterial.

In summary, it can be said that 17-4 PH SS processed by
conventional manufacturing (wrought) and additive manu
facturing (SLM) present significant differences in micro-
structure and mechanical and corrosion properties, aspects
that improve with the application of heat treatment to such
steel.
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