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The corrosion resistance of 17-4PH stainless steel obtained by Selective Laser Melting was
investigated. It was found that the as-built SLM-ed steel was entirely ferritic, not martensitic as
expected. Re-austenitized SLM-ed steel recovered the martensitic microstructure. The two
SLM-ed steels (as-built and re-austenitized) had the same general corrosion resistance which
was correlated with their similar chemical composition. The martensitic re-austenitized SLM-ed
steel had superior general corrosion behavior than the wrought martensitic steel. This was due
to the nearly absence of MnS inclusions in the re-austenitized SLM-ed steel, while their

presence in the wrought steel destabilized the passive film.
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Stainless steels are widely used in a variety of applications such as food processing, petrochemical plants and
transportation industries, due to their high strength and good corrosion resistance. Their favorable corrosion
properties are due to the presence of more than 11% chromium content by mass which allows for an adherent
protective chromium oxide surface film to be formed [1]. 17-4 PH is a precipitation hardenable stainless steel that
contains 15-17.5 wt.% of Cr and 3-5 wt.% of Ni. It usually has a martensitic microstructure and can be hardened by
copper precipitates through aging treatments [2—4]. The corrosion resistance of this steel has been a subject of
several studies that dealt with general corrosion, pitting, hydrogen embrittlement, and stress corrosion cracking. It
was found that 17-4 PH steel was susceptible to both general and pitting corrosion in aqueous environment [5-7].

Pitting corrosion induced by a sulfuric and chloride acidic medium initiated at the MnS inclusions [6,7].

MnS inclusions have been known to be preferential sites for pit initiation in stainless steels in chloride containing
solutions. They form weak points at the surface of a stainless steel because they are not protected by a passive
oxide film [8]. Thus, chloride ions are adsorbed onto the sulfide inclusions, leading to the dissolution of the sulfide

ions. The dissolution occurs according to the following reactions [9,10]:

MnS + 3H,0 > Mn?* + HSO3™ + 5H*+ 6e” (Eq. 1)

HSOs3™ + 5H*+ 4e” - S + 3H,0 (Eq. 2)

The resulting sulfur species released from the reaction are deposited in the vicinity of the inclusion. The dissolution
of the MnS inclusion is accompanied by a decrease in pH, formation of a salt film and deposition of a sulfur layer.
As a result, re-passivation will be impeded and acceleration of pit propagation will take place [8,10—15]. It has been
reported that the stability of the pit is mainly related to the size, shape and orientation of the sulfide inclusions
[14-16]. Furthermore, E. William et al. [17] demonstrated that a chromium depleted zone developed in the region
adjacent to the MnS inclusion. In his analysis, this zone contributed to the increase of the dissolution rate.
However, this Cr-depleted zone was not observed by other authors [18,19] and leaves the question of its presence
ambiguous. On these bases, MnS inclusions must be controlled in stainless steels in order to minimize the pitting

attacks. Indeed, an enhancement of pitting resistance after a laser surface melting treatment has been reported.
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This was attributed to the redistribution, or elimination, of MnS inclusions caused by the surface treatment
[15,20,21]. It is important to note that the majority of these studies focused on the effect of MnS inclusions on the
corrosion resistance in austenitic stainless steel. Little attention was paid to their effect in ferritic and martensitic

stainless steels.

Recently, stainless steels have been produced by additive manufacturing (AM) techniques, in particular the
selective laser melting (SLM) process. AM consists of adding material layer by layer according to a computer-aided
design (CAD) in order to create a three-dimensional object [22—24]. The microstructures of stainless steels obtained
from AM have been the subject of many researches [25-29]. It has been shown that their microstructures can be
very different from their wrought counterparts which present an anisotropic structure exhibiting dissimilar phase
compositions. Such discrepancy was correlated to the high cooling rates that can be achieved during fabrication
(10°-108 K/s). Since the properties of the passive film vary with both composition and microstructure, the material
is expected to have different corrosion behavior. In addition, AM stainless steels were free from MnS inclusions due
to insufficient time for nucleation [30]. The absence of inclusions has been proven to be beneficial for the corrosion
resistance of stainless steels. This was confirmed by authors who studied the corrosion behavior of austenitic
stainless steel fabricated by AM. The AM material exhibited better electrochemical properties than the wrought
steel [30-32]. In addition, M. R. Stoudt et al. reported an improved pitting corrosion of the AM 17-4 PH steel after a
solution heat treatment. This improvement was associated with finer martensite lath, redistributed NbC
precipitates and a more stable passive film [33]. However, it has also been reported that the enhanced corrosion of

the AM 17-4 PH steel is due to the presence of porosity [34].

There have been limited number of studies concerning the corrosion behavior of AM 17-4 PH steel. As a result, and
to further current understanding, this study focuses on the electrochemical characteristics of 17-4 PH steel
fabricated by SLM in chloride containing acidic medium. A correlation between the corrosion behavior and the

microstructure was made. Moreover, a comparison was also made with respect to the wrought material.



Experimental procedure

Materials

The materials used in this study were wrought and SLM-ed 17-4 PH stainless steels. The wrought material was a
commercial bar from UGINE (cast # 818025). It was studied after a solution heat treatment at 1050 °C for 1 h
followed by a water quench. Concerning the SLM-ed 17-4 PH steel, parts were cut from cylinders having 16 mm
diameter and 105 mm length. They were fabricated in an SLM machine of type EOS M270. The fabrication was
done in an argon purging environment. The longitudinal axis of the cylinder was horizontal perpendicular to the
building direction Z. The SLM-ed material was studied both in the as-built condition and after a re-austenization
heat treatment at 1050 °C for 1 h followed by a water quench. The plane used in the corrosion experiments was the

(Y-Z) plane which is parallel to the build direction, Z. The chemical composition of both materials is given in Table
1. The full composition of the wrought material is indicated (data from the steel provider) in the first line of Table
1. Additional measurements were conducted on both wrought and SLM-ed materials (lines 2 and 3 of Table 1).

These measurements were carried out using X-ray fluorescence (XRF) (FISCHERSCOPE X-Ray XAN-FD) for elements

Ni, Cr and Cu, and using combustion elemental analysis (CEA) for C, S (LECO CS 444/LS), N and O (LECO TC-436).

Table 1: Chemical composition (wt. %) of wrought and SLM-ed 17-4 PH stainless steels

17-4 PH c Ni si P Mn cr Cu s N o Nb Fe
Provider 31 482 031 0016 081 1561 312 002 . y 021  Bal
Data sheet
Wrought
XRF/CEA  0.026  4.95 . . . 1618 3.09 0021 0033 0.007 ; Bal.
SLM-ed  XRF/CEA 003  4.16 . 0.008 . 1611 373 0003 0033 0046 03 Bal.

Microstructural characterization

For microstructural characterization, scanning electron microscopy (SEM Zeiss SUPRA55VP) was used for both
electron backscatter diffraction (EBSD) and energy dispersive spectroscopy (EDS). For both modes, the SEM was

operated at 20 kV. For the EBSD preparation, samples were polished down to 1200 grit, followed by
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electropolishing using 94% ethanol + 6% perchloric acid as electrolyte at 25 V for 60 s. For EDS, samples were only

polished up to a 0.25 um diamond finish.

The size, density and volume fraction of MnS inclusions were estimated from the EDS maps and the porosities from
the optical micrographs, by using the image processing program Imagel. Neutron diffraction was performed using
the high-resolution powder diffractometer, HRPD, at the ISIS neutron and muon spallation facility, Rutherford
Appleton Laboratory (RAL), UK [35]. Using the instrument’s standard 30-130 ms time-of-flight measurement
window, the range of interplanar distances, or d-spacings, examined with highest-resolution backscattering
detectors was between 0.065 and 0.265 nm. Data were normalized to the incident spectrum and corrected for
instrumental efficiency using V:Nb null-scattering standard. Patterns were acquired at room temperature for the
three studied materials. The dislocation density p can be correlated to the average peak broadening 4d/d (where d

is the interplanar spacing) using the following Stibitz equation (Eq. 3) [36,37]:

— 2

here E is the Young’s modulus, W is the shear modulus with E/u = 2.5 for the materials studied here. The burger
vector b is approximately equal to 0.249 nm and the Poisson’s coefficient v is equal to 0.25. The peak broadening
Ad was determined using a deconvolution method. The determination of Ad/d was done on four peaks
corresponding to the crystallographic planes (220), (211), (200) and (110) and then their average was computed.
This is the same methodology that was already used on 17-4 PH steel in a previous study by Christien et al [38].
Furthermore, the mass fraction of the austenite present in the three studied materials was determined by the

Rietveld structure refinement method applied to the neutron powder diffraction data using GSAS/Expgui [39,40].

Surface analyses were performed using X-Ray Photoelectron Spectroscopy (XPS) with a Thermo VG Thetaprobe
spectrometer instrument. Analyses were carried out with a focused monochromatic AlKa source (hv = 1486.68 eV,
400 um spot size) and a concentric hemispherical analyzer operating in constant AE mode. The energy scale was
calibrated with sputter-cleaned pure reference samples of Au, Ag and Cu with Au4f7/2, Ag3d5/2 and Cu3p3/2

positioned at binding energies of 83.98, 386.26 and 932.67 eV respectively. In order to detect the presence of
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chemical species containing sulfur at the surface of samples, narrow scans were recorded for S2p peak with a step
size of 0.1 eV and a pass energy of 50 eV. This pass energy gives a width of the Ag3d5/2 peak measured on a
sputter cleaned pure Ag sample of 0.55 eV. These scans were performed with the analyzer operating in standard
mode but also in angle resolved mode using the ability of the spectrometer to collect simultaneously several photo-
electron emission angles over a 60° range without tilting the sample. The S2p experimental curves were adjusted
with components using lineshapes consisting of a convolution product of a Gaussian function (75%) and Lorentzian
function (25%) for components associated with the sulfate and sulfite species and asymmetric lineshapes for

components associated with sulfide species.

Electrochemical measurements

Electrochemical measurements were performed on the three materials using a VoltaLab PST 006 potentiostat. They
were carried out using a typical three-electrode cell. The working electrodes were wrought and SLM-ed ((Y-Z) plane
in the as-built and re-austenitized condition) materials. The counter electrode used to provide the applied current
was made of platinum. Potentials were measured with reference to the saturated calomel reference electrode
(SCE). Specimens were polished with a 0.25 um diamond paste to produce a mirror like surface finish. They were
rinsed and cleaned with water and ethanol. In order to have the same surface condition at the beginning of each
test, the specimens were left after polishing for one day in air to form a similar passive film. The surface exposed to
the solution had an area of 0.5 - 0.8 cm?. The test solution was deionized water with 30 g/L NaCl and was deaerated
using a continuous flux of N, gas for 24 h before introducing the specimen and throughout the experiment. The
studied pH were varied between 1.5, 2.5 and 3.5 with an error of £ 0.05. They were adjusted by adding some
droplets of hydrochloric acid and sodium hydroxide in the solution. The temperature was maintained at room
temperature (20°C = 2°C). The open circuit potential was measured for an immersion time of 5 h. The anodic scans
were repeated 3 times on each specimen, and at each condition, to ensure the good reproducibility of the
experiments. Between two anodic scans, samples were grounded to remove the pitting and then re-polished. The
polarization curves shown in this paper are the mean of the three curves measured (the raw data of each curve are
provided as supplementary material). The scans started from -600 mV vs. SCE, slightly in the cathodic region, and

continued until an anodic current of 1 mA was reached. The scan rate applied during testing was 0.1 mV/min.



Results and discussion

Microstructure

The wrought 17-4 PH steel was studied after a solution heat treatment at 1050 °C for 1 h followed by a water
quench. The microstructure obtained was a fully martensitic structure, as shown by the EBSD map in Fig. 1a. The
laths of martensite are gathered into different packets inside the same prior austenitic grain. The average
martensitic grain size was measured using the intercept method and is given in Table 2. In addition, a
reconstruction of the former austenitic grains was applied to the EBSD map using an automatic iterative method
based on the austenite/martensite orientation relationships developed by T. Nyyssénen [41]. Fig. 1d reveals the
map of the reconstructed former austenite grains. Their average size was measured using the same intercept
method and was found to be approximately 19.8 um. The EDS measurements in Fig. 2a reveal a homogeneous
distribution of elements and the presence of circular MnS and NbS inclusions of approximately 1 um in diameter, as
well as some oxides. Table 2 indicates the inclusions density, size and volume fraction estimated from the EDS

maps. In addition, NbC precipitates are also possibly present in this material. These observations are typically found

in the wrought 17-4 PH steel after this heat treatment.

In contrast to the wrought steel, the microstructure of as-built SLM-ed 17-4 PH steel (Fig. 1b) does not show a
typical martensitic microstructure with packets and blocks. The microstructure consists mainly of coarse grains
having an average grain size of 9.2 um. Since the majority phase has a BCC structure, it is deduced that the as-built
SLM-ed 17-4 PH steel has a ferritic microstructure, more specifically 6 ferrite. This ferritic microstructure has been
observed and discussed in details in a previous study [29]. Furthermore, some authors also reported similar ferritic
microstructures in SLM-ed 17-4 PH steel [42,43]. This ferritic microstructure is due the high cooling and heating
rates experienced during SLM which do not allow the austenite phase time to be formed. Thus, the & ferrite formed
during solidification does not undergo any further metallurgical transformation. This can be described as if delta
ferrite has by-passed the austenite phase. In addition, during SLM construction the steel will exhibit multiple

thermal cycles and the temperatures can reach the austenite phase stability range. Thus, there might be a



possibility for the austenite to form. However, due to the extremely high thermal rates the austenite formation will
also be suppressed and the same by-passing phenomenon will occur. Thus, the delta ferrite will be maintained
during the SLM process until the building of the part is completed. Fig. 2b depicts the EDS measurements of the as-
built material. It reveals a homogeneous distribution of elements. This homogeneity of elements is correlated to a
planar solidification front characteristic of very high cooling rates, as the case with SLM fabrication. The planar
interface between solid and liquid state is an indication of a diffusionless solidification. Unlike the wrought
material, no MnS inclusions or NbC precipitates were visible. This can be due to the high cooling and heating

kinetics that suppressed their nucleation and growth. Only widely-spaced oxides can be observed.

After re-austenization (at 1050 °C for 1 h followed by a water quench), the SLM-ed material presents a martensitic
microstructure, as shown in the EBSD map in Fig. 1c. This implies that the delta ferrite-to-austenite transformation
took place during heating and subsequent holding for 1 h at 1050 °C, and that the austenite-to-martensite
transformation occurred during cooling, resulting in the observed microstructure. From the EBSD map, it can be
seen that the laths of martensite are gathered into packets inside prior austenitic grains. The martensitic grain size
was measured using the intercept method and is given in Table 2. Fig. 1le shows the map of the reconstructed
former austenitic grains. The reconstruction was applied to the EBSD map by using the same automatic iterative
method that was applied to the EBSD map of the wrought steel. The average former austenitic grain size was

approximated 12.5 um by using the intercept method. From Table 2, it can be seen that the martensitic re-
austenitized SLM-ed steel has the smallest grain size. Fig. 2c shows a homogeneous distribution of elements. In
addition to rare oxides particles found initially in this steel, MnS and NbS inclusions, as well as possible NbC
precipitates, are formed during this treatment. Since these inclusions and precipitates were able to form during re-
austenization, this confirms that the high cooling and heating rates have indeed inhibited their formation during
the SLM process. Table 2 shows the MnS inclusions density, size and volume fraction. It can be seen that their

density and size are less in the re-austenitized SLM-ed steel when compared to the wrought steel.



Fig. 1: EBSD orientation map of (a) wrought 17-4 PH steel showing a typical martensitic microstructure, (b) as-built SLM-ed
17-4 PH steel in the (Y-Z) plane showing coarse grain ferritic microstructure and (c) re-austenitized SLM-ed 17-4 PH steel
showing martensitic microstructure. Prior austenitic grains reconstruction using the EBSD maps is presented in (d) for the
wrought steel and in (e) for the re-austenitized SLM-ed steel (IPF coloring).



Fig. 2: EDS maps of Fe, Cr, Mn, S, O and Nb showing (a) homogeneous distribution with MnS and NbS inclusions, oxides and
possibly NbC precipitates for wrought 17-4 PH steel, (b) homogeneous distribution with oxides for as-built SLM-ed 17-4 PH
steel and (c) homogeneous distribution with MnS and NbS inclusions, oxides and possibly NbC precipitates for re-austenitized
SLM-ed 17-4 PH steel.
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Fig. 3 depicts the neutron diffraction pattern of the BCC plane (110) peak (ferrite and martensite) at room
temperature for the three steels. It is seen that the BCC peak is larger in area for both martensitic steels (wrought
and re-austenitized SLM-ed steels) in comparison with the ferritic as-built SLM-ed steel. From Eq. 3, the dislocation
density was approximated and is given in Table 2. The dislocation density is almost the same for the martensitic
steels (wrought and re-austenitized SLM-ed steels). These martensitic steels have higher dislocation density than
the as-built SLM-ed steel. This observation is in agreement with several studies showing that the martensitic
transformation results in a high dislocation density in the quenched state [44—46]. Furthermore, the austenite mass
fraction of the three studied materials was approximated by applying Rietveld refinement method on the neutron
diffraction data (Table 2). The as-built SLM-ed steel had the highest austenite content. While the wrought steel
and re-austenitized SLM-ed steel had less than a 1% austenite mass fraction. The porosity in the materials was also
measured and is given in Table 2. The wrought steel was free of porosity while both SLM-ed steels had a similar

porosity characteristics.

Table 2: Microstructural features (grain size, MnS inclusions, dislocation density, porosity, austenite) of the three studied
steels.

Wrought SLM as-built  SLM re-austenitized

11



Martensitic: 3.3 Martensitic: 2

Grain size (pm) Former austenitic: 19.8 Ferritic: 9.2 Former austenitic: 12.5
Density: number/area (m?) 7.6 10° 0 3.7 10°
MnS inclusions  Size (um) 1.0 0 0.5
Volume fraction (%) 0.7 0 0.1
Dislocation density (m) ~6.0 10 ~1.0 10 ~7.0 10%°
Density: number/area (m?) 0 1.1108 1.1 108
Porosity Size (um) 0 4.4 4.4
Volume fraction (%) 0 0.1 0.1
Austenite (%) <1.0 9.2 <1.0

e
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=
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Fig. 3: Neutron diffraction pattern of the three studied materials showing a larger BCC (110) peak for both martensitic
wrought steel and re-austenitized SLM-ed steels in comparison with the ferritic as-built SLM-ed steel. (d is the interplanar

spacing)

Potentiodynamic measurements
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Fig. 4 depicts the potentiodynamic plots of the SLM-ed steels in the as-built and re-austenitized conditions for
different pH in deaerated 30 g/l NaCl solution. The polarization scan starts immediately at the immersion of the
working electrode from -600 mV/ SCE (slightly cathodic potential) at 0.1 mV/min scan rate. For each pH, the
corrosion potential for both SLM-ed steels is similar and varies between -405 and -455 mV/SCE. At this potential,
the anodic dissolution and the cathodic reduction rates at the surface of the electrode are balanced and the sum of
their respective density current is equal to zero. As the potential increases, the dissolution of the metal takes place
characterized by an increase in current. This region is called the active region. For pH higher than 2.5, the anodic
peak current density for both SLM-ed steels is smaller than 10 pA/cm? and the metal is considered passivated. The
value of 10 pA/cm? is the critical active peak value above which the metal is considered as no longer passivated.
This arbitrary value corresponds to a corrosion rate of 0.1 mm/year and is taken as the onset of a significant
corrosion rate [47,48]. For pH equal to 1.5, the active peaks for the SLM-ed in the as-built and re-austenitized
conditions were 45 pA/cm? and 60 pA/cm? respectively. These peaks are higher than 10 pA/cm? and the materials

are no longer considered passivated in this potential range.

It can be concluded that the general corrosion behavior of the two steels is very similar (same corrosion potential
and same pH of passivation). It should be noted that the two steels have different microstructures: the as built
SLM-ed steel is ferritic, while the re-austenitized SLM-ed steel is martensitic. This leads to the conclusion that the
microstructure did not have any effect on the general corrosion behavior. This similar corrosion behavior can be
correlated to the identical chemical composition of the two steels that controlled the composition of the passive

film and consequently its stability in the acidic chloride medium.

Concerning the pitting corrosion behavior at higher potential, the two steels had different pitting potentials. For all
the pH, the pitting potential was higher for the as built SLM-ed steel than the re-austenitized one. Thus, the as built
SLM-ed steel is more resistant to the pitting corrosion. The pitting corrosion normally initiates at some
microstructural defects or discontinuities in the passive film caused by inclusions, grain boundaries and dislocations
[49,50]. Since the re-austenitized SLM-ed steel has a martensitic structure, it has higher dislocation and grain
boundary densities than the as-built SLM-ed steel (shown in Table 2) which will increase the probability of pit
initiation. It is worth mentioning that there have been many studies concerning the effect of grain size on corrosion
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resistance. However, their results are not conclusive. For ferrous alloys, in some cases, the refinement of grains was
considered beneficial for pitting corrosion [51,52]. In other cases, it was detrimental [53-55]. Furthermore, to the
author’s knowledge, no work has been done concerning the effect of grain size on pitting corrosion in a martensitic
stainless steel. In addition, the MnS inclusions present in the re-austenitized SLM-ed steel, which have been proven
to be preferential sites for pitting, could be also the cause of the lower pitting potential. However, this assumption
is questionable because, as it will be shown later, the MnS inclusions did not have any effect on the pitting
potential of the wrought steel. On the other hand, since the porosity content is the same for both steels, it cannot
account for the difference in pitting potential. As shown in Table 2, the austenite content was higher in the as-built

SLM-ed steel. Thus, it seems that the austenite did not have any detrimental effect on the observed pitting

potential.

(a) pH=3.5 (b) pH=2.5 (c) pH=1.5
10000 1 10000 -+ 10000 1

1000 A 1000 + 1000 4

100 4 100 A 100 A

1 4 1 4
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==SLM re-austenitized

0.1 1 0.1 4
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Fig. 4: Comparison of the electrochemical behavior of the as-built SLM-ed steel and the re-austenitized SLM-ed steel in 30g/I
NaCl solution at (a) pH=3.5, (b) pH=2.5 and (c) pH=1.5.

Fig. 5 shows the polarization curves of the re-austenitized SLM-ed and the wrought steels at different pH in
deaerated 30g/l NaCl solution. Similarly to Fig. 4 the polarization scan starts immediately at the immersion of the

working electrode from -600 mV/ SCE (slightly cathodic potential) at 0.1 mV/min scan rate. The corrosion potential
is different for the two steels. It tends to more noble values for the re-austenitized SLM-ed steel. In addition, it is
noticed that at the corrosion potential the current density is almost ten times higher for the wrought steel.

Furthermore, the general corrosion characterized by the anodic peak current density was more pronounced in the
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wrought steel. At pH=3.5, both steels had an activation peak lower than 10 pA/cm? which means that they can be
considered as passivated even close to the corrosion potential. At pH=2.5, the re-austenitized SLM-ed steel was still
passivated while this wasn’t the case for the wrought steel. The latter exhibited a very large active peak. As the pH
decreased to 1.5, both steels were depassivated. However, the peak current density was significantly higher in

intensity and much larger for the wrought steel.

It should be noted that both steels have almost similar martensitic structure. However, the sulfur content is much
higher in the wrought steel (Table 1), which results in higher density and size of MnS inclusions (Table 2). Actually,
MnS inclusions are not only possible preferential sites for pit initiation but also destabilize the passive film. This was
proven by several studies, where authors found anodic activity in the vicinity of the MnS inclusions corresponding
to the breakdown of passivity. It was explained by the deposition of sulfur species in the adjacent region that were
liberated from the MnS dissolution. The deposited sulfur promoted the destabilization of the passive film [56-61].
Oudar et al. [61] studied the active/passive behavior of pure nickel related to the amount of adsorbed sulfur. They
have found that the adsorbed sulfur had a catalytic effect on the rate of dissolution of metal in the active region of
the anodic curve. Furthermore, they showed that there was a critical concentration of adsorbed sulfur, slightly

lower than a monolayer, which totally inhibits the passivation of nickel alloy.

On the other hand, the pitting potential was not significantly different; it was even slightly higher in the wrought
steel. Although the MnS content was far higher in the wrought steel, this did not have any strong influence on the
pitting behavior. According to Eklund [62], MnS inclusions can only exist between pH 4.8 and 13.8. Since the anodic
scan rate used during these tests was slow, it is possible that there was enough time for the MnS inclusions to
dissolve completely and for its exposed surface to passivate before reaching the pitting potential. As a result, these
inclusions did not affect the pitting resistance. Indeed, some authors reported that a preliminary electrochemical
treatments were successful in removing the MnS inclusions leading to an improved pitting resistance [63,64]. One
possible explanation for the slightly lower pitting potential for the re-austenitized SLM-ed steel would be its higher
grain boundary density, since it has smaller grains, and the presence of porosities as shown in Table 2. This

suggests that the grain boundaries and porosities could be sites for pit initiation in these steels.
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Fig. 5: Comparison of the electrochemical behavior of the wrought steel and the re-austenitized SLM-ed steel in 30g/l NaCl
solution at (a) pH=3.5, (b) pH=2.5 and (c) pH=1.5.

Open circuit potential

The open circuit potential (OCP) of the three steels at pH equal to 2.5 is given in Fig. 6. The OCP was measured for
5 h. It is shown that at the beginning of immersion there is a sharp decrease of the OCP for all the steels. This is
correlated to the dissolution of the passive film formed in contact with air [65]. After the sharp decrease of the
OCP, the potential for both SLM-ed steels (as-built and re-austenitized) exhibit a slight increase with time of
immersion. This increase of the OCP is an indication of a growing stable passive film and its enrichment in
chromium oxide [66]. However, the wrought steel does not exhibit this increase of the OCP and the potential

stabilizes after half an h to a less noble potential than the SLM-ed steels. This indicates that an unstable oxide film

developed that does not have an effective protection.
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Fig. 6: OCP measurement over 5 h period at pH=2.5 for the three steels. The data shows a slight increase in OCP for the SLM-
ed steels and a stabilisation at less noble potential for the wrought steel.

After the test at OCP for 5 h at pH equal to 2.5, the exposed surfaces were studied by optical microscopy (Fig. 7).

Fig. 7b and Fig. 7c show the exposed surfaces of as-built and re-austenitized SLM-ed steels. They both present an
intact surface with no evidence of generalized corrosion. Some porosities can be seen that were initially present in
the SLM-ed steels before corrosion. In contrast, the exposed surface of the wrought steel in Fig. 7a was subjected
to general corrosion. Small dark points that cover all the surface correspond to the dissolved MnS inclusions. The
dissolution of MnS in stainless steels under free corrosion was reported by multiple authors [11,57,66]. As
mentioned earlier, MnS inclusions are not stable below pH 4.8 [62]. Therefore, it is expected that MnS inclusions
would dissolve at pH 2.5. These observations along with the OCP measurements confirm the results of the
potentiodynamic scans at pH 2.5 that showed that the SLM-ed steels were passivated in contrast to the wrought

steel.
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Fig. 7: Optical micrographs showing the exposed surface after OCP for 5 h of (a) the wrought steel, (b) as-built SLM-ed steel
and (c) re-austenitized SLM-ed steel.

XPS measurements

XPS measurements were performed in order to confirm the presence of a sulfur enrichment on the surface
resulting from MnS dissolution. Only the wrought steel was studied here. The surface states were studied in two
conditions: after polishing to a mirror finish (polished) and after 24 h of immersion at OCP in a deaerated solution
containing 30 g/l NaCl at pH=2.5 (exposed). Fig. 8a depicts the S 2p spectrum for both conditions. The polished
surface had a small S2p peak at 161.55 eV. According to the literature, this component corresponds to MnS
inclusions [67,68]. After immersion for 24 h, the total sulfur signal became higher by a factor of six compared to the
initial polished surface. This indicates that a large part of the surface was covered by sulfur containing species.
Thus, the corrosion of this steel (OCP for 24 h) resulted in an enrichment of sulfur species on the surface. In
addition, three peaks, related to the S2p level, can be identified on the exposed surface. The peak at 161.7 eV
corresponds to the sulfur deposited on the surface that formed sulfides like FeS, CrS and Cu,S [69-72]. The peak at
166.6 eV is a typical value for sulfite ions, more specifically ferrous sulfite FeSO5 [70,73]. The peak at 168.26 eV was
found to correspond to ferrous sulfate FeSOa4 [57,71,74]. Fig. 8b shows the three components of S2p spectra of the
exposed surface recorded in XPS angle resolved mode. For each component the ratio of the intensity at
photoelectrons take-off angle of 25° to the one at 65° indicates how close chemical species are to the extreme

surface. A “relative depth” d* of each component can be estimated using Eq. 4:

d =d [(lcosl(zs) B Acosl(65))] =~In (iz—z) (Ea. 4)

Where d is the depth of a given layer, A is the electron inelastic mean free path (considered the same in all the
layers), and ls- and lgs are the intensities of a given component at 25° and 65° take-off angle respectively. The

relative depth, d*, is a dimensionless parameter that allows the localization of the different layers with respect to
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each other. This relative depth is presented in Fig. 8c and indicates that the sulfate component seems to be located
at the extreme surface. The sulfide is the deepest component and the sulfite is at an intermediate depth. This is in
agreement with previous studies that demonstrated that the sulfate is located in the outer part of the passive film
[57]1, while the sulfide is more profound [69]. Based on these observations, a schematic distribution of the sulfur
species is proposed in Fig. 8d. Fig. 9 shows the secondary electron micrograph of the exposed surface of the
wrought 17-4 PH steel along with its EDS maps of manganese and sulfur. The EDS maps don’t show any MnS
inclusions indicating their complete dissolution after 24 h of immersion at OCP in a deaerated solution containing
30 g/l NaCl at pH=2.5. These observations confirm that during immersion, the MnS inclusions dissolve and the
sulfur liberated from the dissolution is deposited on the surface and changes the chemical composition of the
passive film. Thus, it leads to a destabilization of the passive film, which is in agreement with previous studies on

austenitic stainless steels [56—59]. This destabilization will result in the occurrence of general corrosion.

LT T L LR B TR RN BRI BN FR SR |
B! (b) ()
I L , _ Sulfate Sulfite
L J 1 Surfaceo.2 L 1 L
MnS inclusions
:"3 0 4 1 ;“_.?
'c | Polished 1 cr 0.4 -
3T 1 L =]
> A P g J A > .
S g o
af el o
sl 1 0561
> >
Pl Z
£ £
[ = =
L 1.2r
£ I Bulk 038
—
1
R T TP T T T TR Y Substrate
174 172 170 168 166 164 162 160 15 174 172 170 168 166 164 162 160 158
Binding energy (eV) Binding energy (eV)

Fig. 8: (a) S2p spectra determined from XPS of the polished and exposed (24 h at OCP in 30 g/l NaCl at pH=2.5) surfaces of the
wrought 17-4 PH steel (b) S2p angle-resolved XPS analyses of the exposed surface at two photoelectron escape angles (6=25°
and ©=65°), (c) depth plot based on the ratio of intensities at ©=25° and ©=65° using Eq. 4, (d) schematic distribution of the
sulphur species related to each component.
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Fig. 9: (a) and (b) Secondary electron micrographs of the exposed surface of the wrought 17-4 PH steel. EDS maps of (c)
manganese and (d) sulfur elements corresponding to image (b) showing a complete dissolution of MnS inclusions after 24 h at
OCP in 30 g/l NaCl at pH=2.5.

Conclusion

The aim of this study was to determine the corrosion behavior of SLM-ed 17-4 PH steel by electrochemical
characterization. A series of potentiodynamic scans were performed at three different pH in deaerated 30 g/I NaCl
solution. Measurements were conducted on the SLM-ed steel in the as-built condition and after re-austenization
treatment (both in the (Y-Z) plane) and on the wrought steel. The microstructure of the SLM-ed steel in the as-built
condition was mostly ferritic and was due to the high cooling and heating rates that did not allow enough time for
the austenite to be formed. As a result, the delta ferrite formed during solidification did not undergo any
metallurgical transformation and was retained at room temperature. After re-austenization heat treatment, the
SLM-ed steel was completely transformed into martensite. In addition, the wrought steel had a typical martensitic
structure. The sulfur content that had a significant influence on the obtained results was higher in the wrought

steel compared with the SLM-ed steels. Potentiodynamic measurements showed that:

1. The pH of depassivation was the same for the SLM-ed steel in the two conditions (as-built and re-
austenitized) regardless of their microstructures. This suggests that the difference in microstructures had

little effect on general corrosion resistance for both steels.
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The pitting potential was higher in the as-built condition than the re-austenitized one. This was associated
with the higher grain boundaries and dislocation densities.

The re-austenitized SLM-ed steel had a remarkably superior general corrosion resistance than the wrought
steel. This was associated with the lower sulfur content, more specifically the lower MnS inclusion content
in the re-austenitized SLM-ed steel. In the wrought steel, the dissolution of MnS inclusions led to a
deposition of a sulfur rich layer in the adjacent regions that promoted the destabilization of the passive
film and thus deteriorated the general corrosion resistance. The XPS measurements confirmed the
formation of sulfur species on the surface of the wrought steel.

The wrought steel was slightly more resistant than the re-austenitized SLM-ed steel. The higher grain
boundary density and the presence of porosities in the martensitic re-austenitized SLM-ed steel could

contribute to this behavior.
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Fig. 1: EBSD orientation map of (a) wrought 17-4 PH steel showing a typical martensitic microstructure,
(b) as-built SLM-ed 17-4 PH steel in the (Y-Z) plane showing coarse grain ferritic microstructure and (c)
re-austenitized SLM-ed 17-4 PH steel showing martensitic microstructure. Prior austenitic grains
reconstruction using the EBSD maps is presented in (d) for the wrought steel and in (e) for the re-
austenitized SLM-ed steel (IPF COIOINE). ...ccciiiiiii ettt e e e e e e e e e e e e e e e e e e e e e e e s e e e esesanenneennes 9
Fig. 2: EDS maps of Fe, Cr, Mn, S, O and Nb showing (a) homogeneous distribution with MnS and NbS
inclusions, oxides and possibly NbC precipitates for wrought 17-4 PH steel, (b) homogeneous distribution
with oxides for as-built SLM-ed 17-4 PH steel and (c) homogeneous distribution with MnS and NbS
inclusions, oxides and possibly NDC precipitates. ...cccccv e reeee 10
Fig. 3: Neutron diffraction pattern of the three studied materials showing a larger BCC (110) peak for
both martensitic wrought steel and re-austenitized SLM-ed steels in comparison with the ferritic as-built
SLM-ed steel. (d is the interplanar SPACING) ........cceieiiiieiiiiieree e e e e e e e e e e e e e e e s e e e e s e ee s nransbrseeenes 12
Fig. 4: Comparison of the electrochemical behavior of the as-built SLM-ed steel and the re-austenitized
SLM-ed steel in 30g/I NaCl solution at (a) pH=3.5, (b) pH=2.5 and (c) pH=1.5. ..ccccvetreiiiiiiire e, 14
Fig. 5: Comparison of the electrochemical behavior of the wrought steel and the re-austenitized SLM-ed
steel in 30g/! NaCl solution at (a) pH=3.5, (b) pH=2.5 and (c) pPH=1.5.....cccceeiiiiiieeeiee e 15
Fig. 6: OCP measurement over 5 h period at pH=2.5 for the three steels. The data shows a slight increase
in OCP for the SLM-ed steels and a stabilisation at less noble potential for the wrought steel................. 16
Fig. 7: Optical micrographs showing the exposed surface after OCP for 5 h of (a) the wrought steel, (b) as-
built SLM-ed steel and (c) re-austenitized SLM-ed STEEl. .........uuviriiiiiiiiiiiiiiieeee s 17
Fig. 8: (a) S2p spectra determined from XPS of the polished and exposed (24 h at OCP in 30 g/l NaCl at
pH=2.5) surfaces of the wrought 17-4 PH steel (b) S2p angle-resolved XPS analyses of the exposed

surface at two photoelectron escape angles (6=25° and ©=65°), (c) depth plot based on the ratio of
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intensities at ©=25° and ©=65° using Eq. 4, (d) schematic distribution of the sulphur species related to
1= Tl g I ele 0 o o Yo Y =1 o | USRS 18
Fig. 9: (a) and (b) Secondary electron micrographs of the exposed surface of the wrought 17-4 PH steel.
EDS maps of (c) manganese and (d) sulfur elements corresponding to image (b) showing a complete

dissolution of MnS inclusions after 24 h at OCP in 30 g/l NaCl at pH=2.5. ......cccciiiiiiiiiicieeee e, 19
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