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Abstract: Additive manufacturing (AM) or 3D printing of metals is gaining popularity due to its flexibility in
fabricating parts with highly complex designs, as well as simplifying manufacturing steps and optimizing
process times. In this investigation, 17-4 PH stainless steel was additively manufactured using Laser-Powder
Bed Fusion (L-PBF), followed by functionalization through a DUPLEX treatment. This treatment involved a
plasma-assisted nitriding process, followed by deposition of an arc-PVD c-AlosCrosN hard coating. The
microstructural modifications resulting from plasma nitriding (such as the formation of Fe23N and FesN, and
the aN or expanded martensite phases), and the surface improvements with the c-Alo7CrosN coating on the
3D-printed 17-4 PH steel, are evaluated in comparison to conventionally manufactured 17-4 PH steel. These
microstructural characteristics are correlated with the mechanical response of the treated surfaces. As a result
of the plasma nitriding process, the hardness of the 3D-printed 17-4 PH SS increased by approximately 260%.
The wear, measured through dynamic and static scratch-testing, was reduced by approximately 31%. This
improvement was attributed to the modification of adhesive failure mechanisms, leading to a reduction in wear
volume, improved coating adhesion, and enhanced scratch resistance.

Keywords: 17-4 PH stainless steel; additive manufacturing; DUPLEX treatment; hardness; scratch
resistance

1. Introduction

Additive manufacturing (AM), or 3D printing of metallic parts, has grown in popularity due to
its ability to fabricate parts with highly complex designs. Additionally, AM simplifies the
manufacturing steps in the production cycle and optimizes processing times [1]. Industries such as
aerospace, biomedical, automotive, tooling, among others, are exploring AM as a production process
to develop optimal components in form and functionality. The most popular AM process for metals
is Laser-Powder Bed Fusion (L-PBF), in which 3D parts are built by the superposition of micro-layers
of powder melted selectively. L-PBF is a mature technology with an increasing variety of metallic
powder alloys ready to use [2]. However, parts produced by L-PBF may have bulk and surface defects
inherent to the printing process, necessitating different post-processing steps (e.g., nitriding,
carburizing, thermal aging, and coating deposition, among others) to achieve the desired
characteristic properties and functionalities before their industrial implementation [3]. In any case,
any post-processing or surface functionalization needs to be evaluated to assess its pertinence and
practical perspectives.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Among the most commonly used and essential alloys for mankind, Stainless Steels (SS) have
been widely employed in several applications and sectors: manufacturing tools, biomedical
instruments and prostheses, chemistry, food processing, brewing, heat exchange, engine parts,
valves, etc. Nowadays, methods for producing and processing conventional SS parts may include
various hot and cold forming steps. However, in order to reduce the number of processing steps or
to manufacture SS parts and prototypes with highly complex geometries, AM technologies have
become the solution of choice [4]. Using optimal processing conditions, AM might produce materials
with better properties, such as the 17-4 PH SS, where printed specimens have displayed better wear
resistance under dry conditions compared to forged 17-4 PH SS samples [5]. The goal is to develop
AM parts with the same properties or even better than conventional manufacturing methods [6].
Precipitation-Hardened (PH) SS is applied as structural materials where corrosion resistance is
needed, such as in salt-rich environments, oil and gas, power plants, and chemical industries. This is
due to their excellent balance between mechanical properties and corrosion resistance, stemming
from their high copper and chromium content. They are commonly used in various applications at
working temperatures below 300°C. The microstructure of 17-4 PH SS is characterized by the
precipitation of copper-rich phases in a martensitic matrix [7]. Concerning AM 17-4 PH SS parts, they
have shown good mechanical and corrosion properties in their as-built conditions [8, 9], fabricated
by Selective Laser Melting (SLM) [10, 11], laser deposition, and supersonic laser deposition [12].

One method to improve the properties of metallic surfaces is by locally hardening them through
plasma nitriding, which can be further enhanced with the deposition of a hard coating produced by
physical vapor deposition (PVD) techniques. The combination of both processes is called the
DUPLEX treatment. The main advantage of the plasma nitriding process is the low treatment
temperatures (< 450 °C), which prevent substrate microstructural degradation and allow for an
increase in surface hardness due to nitrogen diffusion in the alloy, leading to the formation of
expanded crystalline phases and stable iron nitrides. Additionally, the geometric, dimensional, and
surface finish effects on the substrate are negligible [13, 14].

Moreover, PVD hard coatings allow for substantial improvements in surface properties, such as
hardness and wear resistance. Furthermore, the dimensional modifications of the coated part(s) fall
within the range of thicknesses (< 5 um) of the protective layers. Therefore, applying a DUPLEX
treatment results in a hardness gradient that increases the mechanical properties, wear resistance,
and lifetime of the part during service. [15, 16]. Literature reports indicate that wrought 17-4 PH SS
has been successfully nitrided from relatively thin depths (2.4 to 23.4 um) [17] to depths above 100
pm in gas activated and plasma-assisted processes (DC and pulsed) with temperatures ranging from
350 to 500 °C [18-22]. However, when the nitriding treatment takes place at temperatures higher than
400°C for extended periods (more than 4 hours), overaging may occur, resulting in detrimental
outcomes. For instance, this may involve the formation of an external white layer (consisting of a
mixture of Fe2sN and FesN nitrides) and the outward diffusion of chromium to form a brittle CrN
layer with low adhesion. Such effects can be detrimental to the mechanical properties of the coating-
steel surface system [22].

Based on this, the thermal treatment history (e.g., aged, solution treated) of the SS will have a
critical effect on the characteristics of the nitrided layer and the bulk properties [23]. Additionally,
the nitriding conditions will affect the adhesion and performance of any coating deposited on it [24].
To date, the effects of surface treatments, such as the plasma-assisted nitriding process applied to 3D
printed 17-4 PH SS, have not been reported. Information on the effects of plasma nitriding on
additively manufactured 17-4 PH SS is essential for material selection and application design.

L-PBF AM is likely to produce refined grains and introduce local defects such as porosities or
lack-of-fusion, resulting in a rough surface finish that affects the mechanical and wear properties of
the 3D-printed structure [25]. Hence, the surface finishing and hardening with the DUPLEX
treatment presented and discussed in this research can contribute to a large number of applications
and parts manufactured by AM for various industrial purposes.

In this work, a DUPLEX treatment consisting of plasma nitriding followed by Alo7CrosN arc-
PVD coating was applied to 3D-printed 17-4 PH SS coupons fabricated using the L-PBF method. The
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first part of this document discusses the effects of the surface treatments on the evolution of
crystalline phases and the microstructure of the steel surface. In the second part, these analyses are
correlated with the surface hardness and scratch resistance of the 3D-printed 17-4 PH SS and the
nitrided + coated system.

2. Materials and Methods

2.1. Additive Manufacturing of 17-4 PH SS

Morphology and chemical composition of the 17-4 PH SS powders (Concept Laser, GE Additive)
were obtained using field-emission scanning electron microscopy coupled with an energy dispersive
spectroscopy probe (FE-SEM/EDS) in a Jeol JSM-7200F equipped with an Ultim max 100 EDS probe
from oxford instruments. The particle size distribution was obtained in a Sympatec Helos LD system,
equipped with a Rodos R2 dry module using a 0.2 bar of pressure. Figure 1a shows the FE-SEM image
of the 17-4 PH SS powder particles with roughly spherical morphology, peanut-like agglomerated
grains, and the sporadic appearance of pores. Particle size and cumulative distribution in figure 1b,
showed that the distribution proved to be monomodal with a D1 =17.63 pum, Dso =26.34 pm, and Dg
=34.76 um.
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Figure 1. (a) 17-4 PH steel powder morphology and (b) Particle size and cumulative distribution
obtained by laser diffraction.

AM 17-4 PH SS was manufactured under a nitrogen environment in a Laser-Powder Bed Fusion
system (L-PBF) M2 Cusing Multilaser from Concept Laser. The laser power was 370 W, a scanning
speed of 800 mm/s with a scan pattern of random 5 x 5 mm square islands, a laser spot size of 135
pm, and a hatch distance (trace spacing) of 0.12 mm, for a layer thickness of 25 pum. Rectangular rods
of 10 x 10 x 50 mm were printed. As-built samples were cut along the XY-plane (perpendicular to the
printing direction) using a diamond disc to obtain 5 mm thick samples. Likewise, a 2.54 cm diameter
commercially forged bar of 17-4 PH steel was obtained, then cut into 5 mm height sections. Both
materials (L-PBF and forged) were heat treated using the H900 procedure to increase resistance and
obtain an equivalent microstructure [26]. Before the DUPLEX treatment, the L-PBF and forged
samples were polished down to mirror finish using 3 pum AlOs suspension by standard
metallography procedures. To evaluate the microstructure, samples were chemical-etched using
Fry's etchant (5g CuClz + 40ml HCl + 25ml ethanol + 30ml distilled H20) and then characterized by
FE-SEM.

2.2. The DUPLEX Treatment

DUPLEX treatment was performed in a Domino Mini PVD coater from Oerlikon, which consists
of a plasma nitriding step followed by the deposition of an arc-PVD AlosCrosN (hereafter called
AICrN). The plasma nitriding was conducted using an Arc Enhanced Glow Discharge (AEGD)
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process [27]. Initially, samples were ultrasonically cleaned, mounted in the two-fold rotation holder
and placed into the reactor chamber. Rotation speed was kept to 2 Hz for the complete DUPLEX
process. Subsequently, a 10 Pa vacuum was obtained, followed by a 2 h heating stage at ~ 350 °C.
Plasma cleaning in Ar atmosphere (1 Pa) at 250 V RF bias, 20 kHz, and 80 % active time was applied
for 25 min to activate the forged and L-PBF surfaces. The plasma nitriding was achieved using an 80
% active RF shielded cathodic arc (AEGD) with 80 A, 20 kHz, 1 Pa, and a mixture of 278 sccm Ar + 50
sccm N2 + 25 scem He high purity gasses, the process was applied for 90 min. AICrN films were
deposited by plasma-assisted cathodic arc using Al/Cr alloy targets (70/30 at.%) from PLANSEE, with
150 A, working pressure of 0.4 Pa, 500 sccm N2 flow, and a substrate temperature of ~ 430 °C kept
constant throughout the deposition process. A -80 V Bias voltage and a total of 45 min were used to
obtain a final coating thickness of ~ 1.3 um.

2.3. Material Characterization

In order to study the crystalline structure and phase evolution through the different processing
steps, i.e., heat treated, and plasma nitrided, and DUPLEX coated, the Grazing Incidence X-ray
diffraction (GI-XRD) technique was used. As a reference, XRD patterns from the steel powder were
also obtained. GI-XRD was performed using a Rigaku Smartlab diffractometer with a CuKa source
(A =1.5406 A), an incidence angle of 2°, 0.04° step and a period of 10 sec/step were used.

Thicknesses and microstructures of the nitrided layers and coatings were estimated from the
cross-sections by FE-SEM, tracking the nitrogen signal using an EDS line strategy (100 single spectra
in a 37 pm length line beginning from the surface). The nitrided layer was correlated with the
determination of the Vickers micro-hardness using a 3 N load and 10 s dwell time obtained with a
Revetest RST3 Indenter from Anton Paar. The mechanical properties of the coating were obtained by
nanoindentation, using a Fischer HM200 equipment with 300 mN load.

2.4. Scratch Resistance

In order to study the adhesion and scratch resistance of the AICrN coating in the DUPLEX
treatment, dynamic and static scratch tests were performed using a diamond Rockwell C indenter (®
=200 pm). Dynamic tests were performed using a load gradient from 0 to 35 N at a 3.5 mm distance.
Critical loads and scratch tracks were evaluated using FE-SEM and compared to the ASTM C 1624-
05 standard. Static tests were performed using constant loads of 15 and 23 N in a 3.5 mm distance. In
order to estimate the loss volume, 3D profiles were generated in an olympus DSX 5000 confocal
microscopy using a 50X lens. Subsequently, the wear coefficient was obtained using the Archard
model [28]. Finally, to evaluate the scratch resistance, the static tests were carried out on the AM and
forged steel before and after the DUPLEX treatment.

3. Results and Discussion

3.1. Chemical and Microstructural Analysis

Table 1 shows the chemical composition obtained by EDS from the steel powder, the top surface
of forged and AM 17-4 PH SS samples after heat treatment, and the nominal composition provided
by Concept Laser. The elemental composition after printing is in good agreement with its feedstock
powder, except for the silicon composition, which shows a higher percentage for the forged sample
and a lower percentage for the steel obtained by AM. The percentage of niobium, phosphorous and
sulfur are also higher in the forged sample compared to the powder and 3D printed material. Powder
composition control is essential for the final properties of the printed parts, and its variation during
fabrication will affect the final microstructure and therefore their mechanical properties [29].
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Table 1. Chemical composition of the 17-4 PH stainless steel powder, forged, L-PBF and the nominal
composition provided by Concept Laser.

Element Initial Powder Forged L -PBF Nominal Composition from
(wt. %) (wt. %) (wt. %) Concept laser (wt. %)

Si 0.45 0.88 0.28 1

P 0.04 0.24 <0.01 0.04

0.02 0.36 <0.01 0-0.03

Cr 16.16 15.72 16.5 15-17.5
Mn 0.8 1.34 0.98 1

Ni 3.80 4.39 3.71 3-5

Cu 3.75 3.10 3.45 3-5

Nb 0.25 1.07 0.3 0.15-0.45

Fe 69.3 72.90 69.62 Balance

A representative microstructure of the forged and additively manufactured samples after H900
heat treatment and etching with Fry's reagent are shown in figure 2. Fine martensite grains and
austenitic structures located at the grain boundaries are observed. These observations are consistent
with other bibliographic reports, where it has been shown that due to the rapid cooling of the L-PBF
process, it is possible to obtain retained austenite at the grain boundaries [30-32]. However, the
refinement of martensite grains due to heat treatment was more homogeneous in the material
obtained by AM than in the forged material. This is evident as the austenite grains observed in Figure
2a are larger, irregular, and more abundant compared to those observed in Figure 2b. This effect is
caused because the additive manufacturing process melts material selectively, with high cooling
rates, which can cause the distribution of alloys to not be distributed homogeneously in the material
[29-33]. However, it is observed that the microstructures obtained are equivalent.

a) Forged

Figure 2. Microstructure of the 17-4 PH SS alloy after heat treatment a) forged and b) printed by L-
PBF.

3.2. Crystalline Phase Identification

Figure 3a compares the GI-XRD patterns of the 17-4 PH feedstock powder, AM samples, forged,
both after heat treatment and plasma nitrided samples. Results showed that both the a-Fe phase (bcc-
martensite) and some traces of the y-Fe phase (fcc-austenite) are present in the feedstock powder, in
the L-PBf and the forged material. As shown in Figure 2, y phase is visible as micrometer-sized
clusters, mainly at the martensitic grains boundaries and was observed to be more abundant in the
forged material. After the plasma-assisted nitriding process, Fe23sN and FesN phases were formed due
to the chemical reactions taking place between the N-ions and the steel. Additionally, an increase in
the FWHM and a shift to lower 20 angles of the initial a peaks are observed, see Figure 3b. This
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behavior has been observed by different researchers and corresponds to the N-ions diffusion into the
bce structure, forming an expanded martensite phase (EM) or aN [17, 19, 20]. Furthermore, the
diffraction peak intensity at 20 = 43.6° increases due to the formation of the FesN phase. Formation
of the y phase due to the nitriding process (350 °C, 2-h) can be ruled out because no diffraction peaks
were identified for this phase. Since aging temperatures for the 17-4 PH SS are relatively low, with
short exposure times (e.g., 482 °C for 1-h), some researchers have investigated the pertinence of
performing thermal treatments together with the plasma nitriding, finding that it is possible to obtain
uniform microstructures extending the nitriding time. However, it was reported that under certain
conditions, an external chromium nitride (CrN) layer is formed, which is fragile and tends to spall
off, being a detrimental side effect of the dual-purpose treatment [17]; although, other treatment
conditions exhibited benefits to fatigue life under high-stress conditions [21]. On the other hand, Sun
and Bell [34] reported the precipitation of CrN after plasma nitriding at 430 °C; however, the features
in their GI-XRD patterns indicate that the CrN formation might start at 425 °C or slightly lower
temperatures.

In our case, the presence of the CrN phase was not detected by GI-XRD. This indicates that the
nitriding process did not achieve critical N-concentrations to stabilize internal nitride precipitates or
an external nitride layer.

Figure 3c shows the GI-XRD pattern for the AICrN coating obtained after cathodic arc
evaporation, which is consistent with an fcc structure with an Fm3m space group, showing the
diffraction peaks (111), (200), (220), and (311). The material corresponds to a solid solution between
elements Al and Cr in a B1-NaCl configuration, no peaks from the binary nitrides (e.g., AIN-wurtzite
and Cr2N-Hexagonal) were found. The diffraction pattern shows preferential orientation in the (111)
plane, which belongs to the densest plane of the fcc structure; however, high-intensity peaks were
also observed in the (200) and (220) orientations. This is a consequence of the high energy involved
in the cathodic arc deposition process, where atoms tend to be located such that the free energy of
the system is minimized, and high energy species tend to be arranged in planes with less density (or
less residual stress). The dependence of the crystalline orientation in PVD-coatings has been
extensively studied for different deposition methods, having ion density, bias voltage, and pressure
as main parameters [35, 36].
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Figure 3. Grazing incidence X-ray diffraction patterns for a) 17-4 PH SS powder, 3D-printed sample,
forged sample, and plasma nitrided, b) a zoom-in view for peaks between 42 and 68°, and c) AICrN
coating deposited by cathodic arc.

3.3. Cross-Sectional Characterization after the DUPLEX Treatment

Figures 4a and 4b show the cross-section of the steel manufactured by L-PBF and forged after
the DUPLEX treatment respectively. The formation of a homogeneous diffusion layer of around 26.5
pm for the AM material and 21.38 pm for forged material was observed. No nitride segregation was
visible after Fry's reagent etching at steel grain boundaries, showing a homogenous nitrogen
diffusion. Figure 4c shows the AICrN coating, with a typical morphology of zone II in the Thornton
diagram, composed of columnar grain growth and well-defined grain boundaries with no visible
porosity. However, the formation of microdroplets of the molten material from the target is observed
on the coating surface, which is characteristic of the cathodic arc deposition process [37, 38]. The
variation in nitrogen content along the cross-section (Figure 4d) (i.e., dotted line of Figure 4a and b),
shows a zone rich in nitrogen for both materials, corresponding to the diffusion layer, which shows
variations between 6.9 and 5.4 wt%, followed by a rapid reduction of the element until reaching zero
nitrogen content. This reduction is more abrupt for the forged material, which is due to a smaller
interface between the steel core and the nitrided layer.

Other authors have reported nitrided layers for 17-4 PH SS of 5 and 23 pm thickness for plasma-
assisted nitriding processes at temperatures of 400°C for 20 h and 500°C for 5 h, respectively [17, 18].
On the contrary, the high density of ions generated by the arc Enhanced Glow Discharge (AEGD)
process results in greater efficiency compared to conventional plasma-assisted nitriding, allowing for
layer thicknesses higher than 20 um to be obtained at temperatures below the annealing temperature
of the steel (~350°C). Additionally, short nitriding times (1.5 h) prevent the formation of Cr-depleted
zones and the formation of CrN precipitates, which have been reported to increase surface fragility
and reduce fatigue resistance [18].
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Figure 4. a) FE-SEM cross-section image of the DUPLEX treated AM steel, b) FE-SEM cross-section
image of the DUPLEX treated forged steel, c) cross-section of the DUPLEX treatment and d) nitrogen
content as a function of the distance from the surface obtained by EDS from the nitrided zone.
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3.4. Hardness Analysis after the DUPLEX Treatment

Figure 5 shows the hardness profile obtained from the nitrided 3D-printed 17-4 PH steel and the
forged steel cross-section. An increase of ~ 2.5 times in hardness was achieved in the outer zone (~
26.5 um), with a maximum value for the L-PBF of 857 + 20 and 752 + 18 HVo. for the forged steel,
which agrees with the nitrided region (figure 4a and b). Subsequently, a sudden decrease in hardness
is observed until the average value of the 3D printed 17-4 PH steel (328 + 8 HV) and the forged steel
core (348 = 12 HV) are reached. The higher bulk hardness of the steel obtained by forging in
comparison with the steel obtained by additive manufacturing is due to the differences in
microstructure observed in figure 2. Furthermore, the hardness of the c-AICrN coating obtained by
nanoindentation was 15.63 GPa (~ 2897 HV), and the elastic modulus of 415.58 GPa. These results
showed that with the DUPLEX treatment, the surface hardness increases more than 2 times with
respect to the nitriding case and ~9 times concerning the steel substrate, which agrees with the
literature reports for similar treatments [39-41]. The microstructure and hardness measurements
allow us to state that through the DUPLEX treatment, a gradient of mechanical properties has been
generated, which will act as a load-bearing buffer during the life-service of the material.

900 4 856.87 - «— |L-PBF
$ . % 85295 - =— Forged
800 - v
& 752.01
S7004 Y,
= “m\ 678,57
= s
L 5004 Y
w 1
4 )
S 500 - ¢
B ¥
£ \
™
4001 37666 g~ . gl 31T 348,07
s ~_,___A2°--Z-----8
300 1 32941 34531 328.49 328.43
20+—T——7T— T T T T T T T T T

T
0 20 40 60 80 100 120 140 160 180 200 220
Depth (um)

Figure 5. Vickers Hardness from the cross-section of the 3D-printed and forged 17-4 PH steel after
plasma nitriding.

The abrupt drop in hardness implies a diffuse nitrogen concentration gradient with a rapid
reduction of the element, consistent with what was observed in the composition profile performed
by EDS in Figure 4d. Additionally, it is possible to relate it to the asymmetry (increase in the FWHM
and a shift to lower 20 angles) observed in the peaks of expanded martensite in the diffraction
patterns (Figures 3a and b). The broadening and asymmetric shift of the EM peaks indicate the
inclusion of nitrogen at the surface of the material and diffusion towards the a-Fe matrix, resulting
in a nitrogen concentration gradient from the unaffected steel substrate towards the surface.

3.5. Scratch Resistance of the DUPLEX - 3D Printed 17-4 HP SS

Dynamic scratch testing

The adhesion of a coating is widely recognized as the most critical characteristic, as its relevance
in any application is diminished if the material fails to adhere to the substrate. To delve into this
essential property, we employed the dynamic scratching technique. This method enabled us to
explore two pivotal aspects: the cohesive and adhesive loads at critical points (Lcl & Lc2) and the
overall separation of the coating, which correlates with the ultimate critical load (Lc3). Figure 6 shows
the representative curves of the drag coefficient, including the load and acoustic signal versus the
scratch distance for the forged/duplex (figure 6a) and the L-PBF/duplex (figure 6b).

The first observable peaks associated with cohesive failures (Lcl) appear at ~7 + 2 N for
forge/DUPLEX and ~12 +3 N for L-PBF/DUPLEX (these values are averaged from 3 separated
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measurements). Which corresponds to the formation of the first cracks on the surface. Subsequently,
peaks with high relative acoustic emission intensity associated with the critical adhesive load (Lc2)
are observed for both systems at Lc2 ~ 15 = 3 N for the forged (figure 6a) and Lc2 ~ 21 + 2 N for the
LPBF DUPLEX (figure 6b). Changes in acoustic emission are also reflected in changes in the drag
coefficient, however these changes can be subtle and difficult to interpret. For this reason, it is
essential to analyze the scratch tracks, through the observation of the failure mechanisms and the
comparison with the atlas in the ASTM C 1624-05 standard.
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Figure 6. a. Drag coefficients (black lines), load (red lines), and acoustic emissions (blue lines) versus
scratch distance for forge/duplex and b) for L-PBF/duplex.

Figure 7 shows selected areas of the scratch tracks of both substrates, at the distances where the
critical loads were found. For the forged/DUPLEX (figure 7a), cohesive failure was related to forward
chevron tensile cracks, which are generated on the back of the indenter due to tensile stress. For
LPBF/DUPLEX (figure 7b) the cohesive failures corresponds to chevron compression cracks. This
type of failures are generated in the front of the indenter due to compression stress and they reflect
the plastic deformation of the substrate and the coating's attempt to accommodate this deformation.
Cohesive failures are intrinsically related to the mechanical properties of the surface. Although the
hardness of the coating and nitriding are similar for both systems, the forged steel showed a slightly
higher hardness than the steel obtained by AM and therefore, the appearance of cracks related to
brittle failures, such as cracks generated by tensile stress, will tend to appear more frequently in
forged steel.

In the case of the adhesive failures (figures 7c & d), the formation of chipping spallation was
observed, which is characterized by rounded-like shape areas removed from the coating in the lateral
regions of the scratch track. This type of failures are related to a brittle behavior in the steel, since the
coating spallation in these areas occurs by the adhesive failure of the nitrided region of the steel
substrate [42, 43]. Figures 7e and 7f compare the end of the scratch-track for forged/DUPLEX and the
LPBE/DUPLEX treated materials, respectively, gross spallation is observed due to high residual
stresses [16, 43]. These are characterized by large sections of detached coating within and extending
beyond the track and are denominated as the final critical load or Lc3, which were observed at loads
of 32 + 4 Ny 30 £ 5 N for the forged/ DUPLEX and the LPBF/DUPLEX respectively. In the
forged/DUPLEX steel system, the appearance of buckling-type spaces is also observed, where coating
buckles ahead of the indenter, producing irregularly-spaced patches missing from the coating,
opening away from the direction of scratching (figure 7e)

Both coating systems showed good adhesion, with cohesive failures composed of cracks and
mild adhesive failures. Serious failures, such as chevron, chipping and gross spallation, occurred after
the appearance of adhesive damages, where indenter penetration increases and coating spallation is
inevitable. This failure mechanism is accompanied by high-intensity peaks in the acoustic emission
signal, as shown in Figure 6.
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Figure 7. Selected areas of the scratch tracks at the distances where failures were obtained: a)
forged/DUPLEX Lcl, b) L-PBF/DUPLEX Lcl, c) forged/DUPLEX Lc2, d) L-PBF/DUPLEX Lc2, e)
forged/DUPLEX L¢3 and f) L-PBF/DUPLEX Lc3.

Static scratch resistance

In order to evaluate the scratch resistance of both the forge and LPBF, static scratch tests were
performed at two normal loads, 15 N and 23 N (see Figure 8). These loads were chosen due to the
behavior of the critical loads observed in Figure 6, since they are above the limit of the critical
adhesion load of both systems.

Regardless of the load used, the surfaces showed a similar behavior, the 17-4 PH SS obtained by
forging showed the highest and most unstable coefficient of friction (COF) of the set, with values
between 0.17 and 0.25, while the 17-4 PH SS obtained by AM showed a more stable behavior, with a
COF between 0.14 and 0.17. The slight increase in hardness observed for forged steel (figure 5) and
the appearance of retained austenite grains after heat treatment (figure 2a) increase the friction
coefficient and produce higher instabilities during scratching, while the fine microstructure observed
for the steel obtained by AM (figure 2b) allowed the variation in the COF to be minor.

After the DUPLEX treatment, a reduction and increase in the stability of the COF was observed
for both steels. The forged steel showed a COF with values of 0.13 and 0.16 for 15 and 23 N
respectively, while the steel obtained by AM showed a COF between 0.09 and 0.11 for 15 and 23 N
respectively. The increase in the mechanical properties and the ability to withstand the load of the
surfaces after the DUPLEX treatment allowed a clear reduction in the COF, demonstrating the
synergy presented between the plasma nitriding assisted by AEGD and the AICrN coating.
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Figure 8. Static scratch test results showing friction coefficient vs distance for a) 15N constant load
and b) 23N constant load.

Figure 9 shows images of the scratch tracks using confocal optical microscopy for the 23N static
scratch test. Wear tracks of the L-PBF and forged steel (figures 9a & b) are wider and deeper, with a
large amount of material accumulated at the edge of the track. This type of behavior is typical of
materials with a relatively low plastic deformation resistance [40], which is characteristic of metals
alloys. It is important to remark that the AICrN coating deposition (figure 9c & d) increases the
surface roughness of the coated system; however, thinner and shallower scratch-tracks are observed,
which implies a reduction in the lost volume. Additionally, for both L-PBF and forged steel
conditions, areas where the steel substrate has been plastically deformed are observed, showing a
sudden increase in the width of the scratch track. For the DUPLEX treatment, zones that are
practically free of discontinuities are observed in figures 9c and d. This behavior agrees with the
observations made in Figure 8, where before the DUPLEX treatment, instabilities appear in the COF,
characterized by sudden peaks, which are caused by plastic deformation of the substrate and the
accumulation of material in the corners of the scratch track. Meanwhile, the DUPLEX treatments
showed stable COF throughout the entire scratching distance.
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Figure 9. Confocal optical microscopy of the scratch track for: a) L-PBF 23 N, b) Forged 23 N, c)
LPBF/DUPLEX 23 N and d) Forged/DUPLEX 23 N.

The wear coefficient (k) values were calculated using the worn volume (V) obtained from
confocal microscopy and using the Archard model [28]:
k=V/Ld
where L is the applied load and d is the scratch distance.
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Figure 10 shows the wear coefficients for the forged and AM 17-4 PHH SS heat treated and
DUPLEX conditions. The thermally treated forged steel exhibits the highest wear coefficient,
followed by the steel obtained by AM. However, upon applying the DUPLEX treatment, a decrease
in the wear coefficient was observed for both materials, with reductions between 27% and 31% for
forged steel and between 21% and 25% for steel produced by AM. The defects observed in the scratch
tracks through confocal microscopy, which are related to the plastic deformation of the steel and lead
to the appearance of instabilities in the COF, resulted in an increase in the material worn volume and,
consequently, in the wear coefficient. Furthermore, the formation of a hardness gradient generated
by the diffusion of nitrogen and the formation of iron nitrides in the nitriding process, which increases
the intrinsic stress in both the substrate, the interface, and the deposited AICrN layer, allows the
surface to better distribute the stresses during scratching and reduce wear [44, 45].
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Material

Figure 10. Wear coefficients of the forged and AM 17-4 PHH SS heat treated and DUPLEX
conditions.

4. Conclusions

e The heat distribution during the printing process and the thermal history significantly influenced
the microstructure of the steel after heat treatment. In the steel obtained by AM, a fine distribution
of austenite grains was observed, with small sporadic zones of retained austenite, whereas the
forged steel exhibited less refined austenite grains, with the presence of large grains of retained
austenite. These differences directly impacted the mechanical properties of the materials,
resulting in an observed increase in surface hardness for the forged material.

e After DUPLEX treatment, the formation of iron nitrides, the appearance of the expanded phase
and the reduction of the gamma phase of iron were observed. For the nitriding conditions used,
the appearance of segregated Cr-N phases was not observed, which can increase brittleness and
reduce fatigue resistance. The thickness of the nitrided layers was between 21 and 26 um,
demonstrating the high efficiency of the low-temperature AEGD-assisted nitriding process.
Similarly, the growth of a homogeneous AICrN layer of 1.27 um thickness was observed,
composed of microdroplets, typical of the cathodic evaporation process by electric arc.

e The creation of a hardness gradient on the surface was observed when producing the DUPLEX
treatment. The nitriding process increased the hardness of the heat-treated steel by between 210
and 260%. While the AICrN coating increased the hardness of the substrate by 830% and 338%
with respect to the nitrided surface.
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e It was demonstrated that the coatings exhibited acceptable adhesion; however, differences in
failure modes were observed, which were related to mechanical properties. The steel
manufactured by AM presented cohesive failures related to compression mechanisms and plastic
deformation. The forged steel showed failures related to brittle mechanisms induced by tension.
However, the adhesive failure patterns were similar for both materials and were characterized
by the appearance of chippings, indicated by rounded areas where the coating detached. Finally,
at loads greater than 30 N, gross spallation of the coating were observed, attributed to critical
plastic deformation of the substrate.

e A reduction in the coefficient of friction (COF) of the materials was observed when performing
the DUPLEX treatment. Additionally, instabilities in the COF due to critical plastic deformation
were reduced. This produced a decrease in the worn volume and the amount of material
accumulated on the edges of the scratch track, which in turn was reflected in the decrease of the
wear coefficient between 21 and 31% after the application of the DUPLEX treatment.
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