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Abstract: Low-temperature plasma nitriding is a thermochemical surface treatment that promotes
surface hardening and wear resistance enhancement without compromising the corrosion resistance
of sintered austenitic stainless steels. Hollow cathode radiofrequency (RF) plasma nitriding was
conducted to evaluate the influence of the working pressure and nitriding time on the microstructure
and thickness of the nitrided layers. A group of samples of sintered 316L austenitic stainless steel
were plasma-nitrided at 400 ◦C for 4 h, varying the working pressure from 160 to 25 Pa, and the other
group was treated at the same temperature, varying the nitriding time (2 h and 4 h) while keeping the
pressure at 25 Pa. A higher pressure resulted in a thinner, non-homogeneous nitrided layer with an
edge effect. Regardless of the nitriding duration, the lowest pressure (25 Pa) promoted the formation
of a homogenously nitrided layer composed of nitrogen-expanded austenite that was free of iron or
chromium nitride and harder and more scratching-wear-resistant than the soft steel substrate.

Keywords: sintered austenitic stainless steel; nitrided layer; plasma nitriding; hallow cathode;
radiofrequency discharge; scratch test

1. Introduction

Low-temperature thermochemical treatments have been extensively applied to austenitic
stainless steels to improve their surface hardness, fatigue, and wear resistance while
maintaining their corrosion performance. This route is a way to expand the range of
applications of these materials, which are today dominated by the chemical, petrochemical,
pharmaceutical, and food industries [1–7]. Low-temperature plasma-assisted nitriding
and nitrocarburizing are diffusion treatments that minimize the detrimental effects of the
generally unwelcome porosity in powder metallurgy (P/M) austenitic stainless steels and
iron [8–10]. The surface porosity of P/M steels promotes a faster growth of the nitrided layer
in comparison with the fully dense steels [10]. Plasma-nitriding processes allow for nitrogen
diffusion in the crystal lattice, promoting the formation of a nitrogen-expanded austenite
phase (γN) layer [11–14] and an improvement in the corrosion resistance and mechanical
and tribological properties of wrought [13,15–21] and sintered ASS [22–25]. In addition,
compared with gaseous heat treatment technologies, plasma-assisted treatments show
reduced explosion risks and produce insignificant levels of dirt, toxic fumes, noise, and
reduced energy consumption [26]. Low-temperature plasma nitriding and nitrocarburizing
also prevent the precipitation of hard compounds in the inner surface of interconnected
pores, preventing both the embrittlement and the losses in the corrosion resistance of the
treated P/M parts [22,27].
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The nitriding efficiency can be increased in low-pressure radiofrequency (RF) plasma-
nitriding treatments, performed at approximately 0.1 Pa, since the higher mean free path
reduces the collision probability between particles and allows for the presence of a large
number of active species in the plasma atmosphere. Another significant advantage of
low-pressure plasma nitriding over conventional plasma nitriding conducted at higher
pressures of 100–1000 Pa is that the discharge is inherently stable and reduces its tendency
to transform into an arc [28,29]. This process has been successfully used in nitriding AISI
316 stainless steel, since it allows for performing relatively low-temperature treatments
at 400 ◦C, thereby avoiding chromium migration, chromium nitride precipitation, and
corrosion resistance loss [30–33]. RF plasma nitriding brings additional advantages such
as minimal distortion of the treated workpiece, shortening the nitriding time, a slower
decrease in nitrided layer thickness, better control of the substrate temperature, and a lower
feed gas consumption [28,34].

In conventional DC plasma nitriding systems, the plasma forms directly on the surface
of the workpiece, which causes an inhomogeneous temperature and inherent defects, such
as arc damage and edging [35]. One of the methods to increase the current density of the
plasma is through a hollow cathode discharge (HCD), in which the geometry of the cathode
is modified to a hollow structure that encloses the plasma with a higher concentration
of high-energy electrons, promoting intense ionization [36]. The higher current density,
known as the hollow cathode effect (HCE), is due to the creation of secondary electrons
through the interaction of high-energy oscillating electrons or ‘pendulum’ electrons with
the cathode sheath. These secondary electrons increase the probability of collisions with
other neutral atoms that are present in the plasma, which increases the excitation and
ionization efficiency [37,38]. Therefore, the heating efficiency in HCD plasma nitriding can
be raised compared to conventional plasma nitriding. This results in an effective treatment
of austenitic stainless steels, promoting a uniform single S-phase layer without the CrN
precipitation, enhanced hardness, and wear and corrosion resistance [31–34,39–42].

Various radiofrequency hollow cathode discharge sources have been employed to
deliver high-density plasma for plasma-processing technologies [43,44]. For these systems,
the HCE can be generated at low and high pressures, depending on the geometry and
cathode material, discharge current, and working gas [38,45]. RF HCD setups can be spe-
cially designed to operate at gas pressures that are significantly lower than the commonly
used pressures for DC HCD [46]. RF hollow cathodes of a small size can reach a high bias
voltage, are relatively easy to install, and can be used to treat selected areas of components,
such as hollow substrates and narrow tubes [44,47].

In some practical applications, the contact between surfaces can be characterized by
the microscale-to-nanoscale contact. These realistic contact scales open a possibility to eval-
uate the mechanical and tribological performance of metallic, ceramic, and composite parts,
as well as coated surfaces, through instrumented scratch tests at the nano- or microscale.
Scratch tests are widely used to assess the mechanical failure modes and adhesion strength
of coating–substrate systems at a specific normal load [48,49]. Furthermore, the failure
modes and tribological behavior of metallic surfaces that are modified by plasma-assisted
treatments such as low-temperature nitriding, carburizing, and nitrocarburizing using
scratch tests have also been reported. Yildiz and Alsaran [50] investigated the multi-pass
scratch test behavior of a nitrided layer that was formed after plasma nitriding of the AISI
316L austenitic stainless steel. The authors reported a tensile cracks failure mode inside
the tracks of the nitrided layers and a variation in the friction coefficient and wear rate at
different applied loads. Espitia et al. [51] used the scratch test to investigate the friction
coefficient’s behavior, failure mode, and critical load to damage the expanded martensite
layer formed on the active screen-plasma-nitrided AISI 410 martensitic stainless steel. The
authors found tensile cracking to be the mechanical failure mode and a decrease in the
friction coefficient after plasma nitriding. Progressive and multi-pass scratch tests con-
ducted by Manfrinato et al. [52] in plasma-nitrided and nitrocarburized AISI 321 austenitic
stainless steel revealed that increasing the treatment temperature produces a detrimental
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effect concerning failure mechanisms and higher values of the friction coefficient and
wear volume.

The novelty of this research work lies in applying the RF HCD plasma source to nitride
the powder metallurgy 316L austenitic stainless steel. To our knowledge, such processes
have not been performed concomitantly in plasma nitriding of this high-alloy steel family
in its sintered state. In addition to the advantages of plasma nitriding of sintered parts
over conventional gas and salt bath surface treatments [27], specific considerations have
motivated the investigation into the RF HCD of the sintered 316L steel. For instance, the
RF plasma source enables low-temperature nitriding treatments, so that the corrosion
resistance is not compromised by the precipitation of chromium nitride on the nitrided
layer and pores.

With this background, this work investigated the scratch response of a sintered grade
316L austenitic stainless steel after hollow cathode plasma-nitriding (HCPN) treatment with
a radiofrequency (RF) power source. Thus, a uniform nitrided layer is expected through
a hollow cathode discharge and a radiofrequency power source for plasma nitriding
of the sintered 316L steel, depending on the working pressure. The scratched surfaces
were characterized using field emission scanning electron microscopy and 3D optical
profilometry. The relationships among the scratching wear behavior, hardness, elastic
modulus, and the indentation energy of nitrided layers were analyzed.

2. Materials and Methods
2.1. Material Processing

In this work, we conducted treatments on AISI 316L austenitic stainless steel samples
manufactured by conventional powder metallurgy (P/M), as described elsewhere [25].
The materials were P/M-processed from 61,6 µm (d50-equivalent particle diameter) water-
atomized AISI 316L steel (Höganäs, Tomball, TX, USA), with a chemical composition of
0.025% C, 0.81% Si, 0.13% Mn, 16.8% Cr, 12.8% Ni, 2.20% Mo, and bal. Fe (in wt. %). The
steel powders and 1 wt % of Licowax® binder were mixed with a V-type mixer and then
uniaxially compacted to 400 MPa. After the debinding step (350 ◦C, 2 h, air atmosphere),
the samples were sintered for 30 min in an argon atmosphere at 1280 ◦C, at a rate of
10 ◦C min−1, and then slowly cooled down to room temperature inside the furnace.

The sintered samples were mechanically polished to a 1000-grit sandpaper finish,
ultrasonically cleaned in a pure acetone bath for 10 min, and finally dried in a stream of air.
The sintered samples were treated by radiofrequency (RF) plasma nitriding with a hollow
cathode discharge (HCD). A detailed setup of the reactor that was used in the RF HCD PN
treatments is described elsewhere [53]. A gas mixture of 75% N2 + 25% H2 in volume was
admitted into the chamber until reaching the working pressure. The plasma was generated
by an RF power source (13.56 MHz), brand Tokyo Hy-Power, model RF-300. The treatment
temperature was increased to 400 ◦C and read with an infrared thermometer. The RF HCD
PN treatments were conducted at working pressures ranging from 25 to 160 Pa for 4 h. To
evaluate the effect of the nitriding time on the scratch test response, the samples obtained
at 25 Pa were nitrided for 2 h and 4 h.

2.2. Characterization of Nitrided Samples

The microstructure of untreated and nitrided samples was examined by optical mi-
croscopy and field emission scanning electron microscopy (FESEM, MIRA3, Tescan, Brno,
Czech Republic). The thickness of the nitrided layer was determined by FESEM analysis
of the cross-section of the treated samples. For this purpose, cross-sectional samples were
prepared following the conventional metallographic procedure, consisting of sequential
steps of sectioning, mounting, mechanical grinding and polishing, and chemical etching.
Sectioning was conducted using a precision cutter and a diamond wafering blade. A
thermosetting phenolic resin (Bakelite) was used to mount the samples in compression
mounting equipment. The mounted samples were ground in semi-automatic grinding
and polishing equipment using 400-, 600-, and then 1000-grid water-cooled silicon carbide
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(SiC) papers. After grinding, the samples were roughly polished using 6 µm and 3 µm
diamond pastes on napless cloths. The final polishing was conducted with a colloidal silica
suspension with a particle size of 0.25 µm. After each polishing step, samples were ultra-
sonically cleaned with acetone for 10 min. Chemical etching was conducted by immersion
in Kalling’s reagent.

Phases that formed in the nitrided region were identified by X-ray diffraction (XRD)
using a Bruker D8 Advance diffractometer with Cu-Kα radiation (λ = 0.15418 nm), with
Bragg–Brentano geometry (θ–2θ), at 40 kV and 30 mA, with an angular range from 35◦ to
55◦ (2θ), step size of 0.05◦, and 5 s of integration time. XRD patterns were indexed using
the X’Pert High Score Plus software (version 2.1) and the Powder Diffraction File (PDF)
database of the International Centre for Diffraction Data (ICDD).

The surface hardness of each nitrided layer was determined from the instrumented
indentation test (nanoindentation) using a Hysitron T1950 triboindenter equipped with a
Berkovich diamond tip and a scanning probe microscope (SPM). Twenty-one measurements
were conducted in a (10 × 10) µm SPM image of a sample region with a peak load of 1 mN.
The average values of the instrumented hardness were estimated from load–displacement
curves, according to the Oliver and Pharr method [54]. Figure 1 shows a schematic repre-
sentation of the indentation load (P) versus displacement (h) curve, acquired during one
complete cycle of loading and unloading in the nanoindentation test of an elastoplastic
material. Important quantities are also shown, including the peak load (Pmax), the maxi-
mum depth (hmax), the final or residual depth after completing the unloading stage (hr),
and the elastic, plastic, and total works of indentation (We, Wp and Wt). The area under
the loading curve is defined as the total work (Wt) during indentation of the material up to
the maximum load; the area under the unloading curve is defined as the reversible elastic
work or elastic recovery (We).; and the area between the loading and unloading curves is
defined as the residual plastic work or irreversibly dissipated work (Wp = Wt − We).
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The surface roughness of the untreated and nitrided surfaces was evaluated with 3D
optical profiling with a Bruker Contour GT-K 3D optical profilometer. Ten measurements
were taken at distinct locations of each sample. The 3D amplitude and height distribution
parameters Sa, Sq, Sz, Ssk, and Sku and the material ratio parameters Sk, Spk, and Svk
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were selected to assess the surface roughness changes. The arithmetic average (Sa) of the
magnitude of the deviation of the profile from the mean plane and the root mean square
(Sq) value of the surface departures within a sampling area are among the most utilized
parameters in engineering applications. They are considered control parameters to identify
process changes but give no information related to the shape or spacing of the surface
irregularities. The maximum height of the surface Sz represents the average value of the
absolute height of the five highest peaks and the depth of the five deepest valleys (ten-point
height of a surface) within a sampling area. Ssk and Sku are the skewness and kurtosis of 3D
surface texture, respectively. Ssk represents the degree of symmetry of the surface heights
regarding the mean plane and describes the shape of the surface height distribution. This
parameter correlates with the load-carrying ability and porosity. Sku provides a measure of
the sharpness or spikiness of the area and characterizes the spread of the surface height
distribution. The ISO standard 23519 recommends using Sk, Spk, and Svk to characterize
the roughness of sintered materials. These functional parameters indicate the ratio of
the bearing area to the total surface evaluation area and are essential from a tribological
standpoint. The core roughness depth Sk represents the depth of the roughness core profile.
The surface peak height Spk is the average height of the highest peaks above the roughness
core profile, while Svk, the reduced valley height, is the corresponding average valley
depth [55–58].

The scratch resistance of the nitrided surfaces was evaluated using a Universal Ma-
terials Tester (UMT), UMT Tribolab (Bruker, Billerica, MA, USA), with a 5 µm tip radius
sphere-conical diamond stylus. The scratch tests were conducted in progressive and con-
stant load modes, with a peak load ranging from 100 to 500 mN over a length of 500 µm
with a speed of 4 µm s−1. The normal load, friction force, and scratch depth were sensed
during scratching and recorded by the depth-sensing system of the tester. The scratch
test failure modes were determined by post facto microscope examination using optical
microscopy and FESEM. The scratch wear volume was estimated using a Contour GT-K
3D optical profilometer (Bruker, Billerica, MA, USA).

3. Results and Discussion
3.1. Microstructure and Crystalline Phases of Nitrided Layers

Figure 2 shows FESEM images of the nitrided layers with different treatment pressures.
Samples nitrided at higher pressures (160 and 100 Pa) exhibited a light gray peripherical
region (border), an intermediate region with shades of blue and brown containing a very
thin region in a dark color, and a dark yellow central region (center); see the insert in
Figure 2c,d. This phenomenon is known as the edge effect, which produces non-uniform
nitrided surfaces following the sample shape and is expected in the treatment of high-alloy
materials, such as AISI 316L austenitic stainless steel [59–61]. As shown in Figure 2a,c,e,g,
the border region of the surface shows the peculiar morphology that is a result of the plasma
etching during nitriding with relief at grain boundaries, deformation slip, and twins inside
some grains. These surface features are more evident in the central region as the pressure
decreases (Figure 2b,d,f,h). The etched appearance of the surface was enhanced, because
the sputtering rate increased as the treatment pressure decreased. The lower-pressure
plasma generated by RF that diffuses throughout the treatment chamber contains many
active species, i.e., nitrogen atoms and ions, and radicals such as NH, that increase the
nitriding efficiency. Pressure plays an essential role in influencing the ionization of the
plasma in the hollow cathode discharge. In this process, the working pressure depends
on the concentration and the pressure of the N2 + H2 gas mixture within the reactor
atmosphere. At low pressures, the large mean free path enables the electrons to gain a
significant amount of energy imposed by the electric field. This energy is used in collisions
with various particles that are present in the plasma such as excited nitrogen molecules
(N2*), ionized nitrogen molecules (N2

+), NH-radicals, and nitrogen molecules [62].
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surfaces, in which a ring that formed on the border of the samples at 100 Pa can be seen. The blue
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Uniform nitrided surfaces with similar features (Figure 2e–h) were obtained at lower
pressures (50 Pa and 25 Pa), as was also observed in our previous work [25] and by other
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researchers [2,63,64]. The high stresses that occur during the formation of the nitrided layer
promote plastic deformation that causes the formation of the slip steps, grain boundary
relief, and twining. These features manifested predominantly along the border regions
under higher pressures (Figure 2a,c) and extended across the entire surface under lower
pressures (Figure 2e–h). Intrinsic pores from the sintering process can also be seen on the
modified surfaces.

Figure 3 shows the X-ray diffraction patterns for samples that were nitrided for 4 h
at pressures ranging from 160 to 25 Pa and for a sample that was nitrided for 2 h at 25 Pa.
The XRD patterns of the untreated sample are also included. The peaks at (111) and (200)
of the austenite γ phase (JCPD 00-033-0397) with a face-centered cubic (fcc) crystalline
structure and lattice parameter (a) of 0.355 nm were identified. Additional leveled peaks γN
were identified and associated with a nitrogen-rich phase, called the S-phase or expanded
austenite. This phase possesses a higher lattice parameter (a111 = 0.381 nm and a200 = 0.386),
a consequence of the lattice distortion that is induced by the introduction of nitrogen in
different concentrations within the interstitial sites of the cubic structure. The lattice param-
eter depends on the crystallographic orientation, due to the crystallographic anisotropy of
the interstitial nitrogen. One explanation for this phenomenon is the formation of stacking
faults and high compressive residual stresses in the nitrided layer, which produces an fcc
crystal lattice with significant disorder and distortion [65].
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Figure 3. X-ray diffraction patterns of the nitrided AISI 316L stainless steel: (a) samples treated for
4 h, changing the working pressure; (b) samples treated under a constant pressure of 25 Pa, changing
the nitriding time.

The γN peaks were not observed in the XRD patterns of samples that were treated at
the higher nitriding pressure (160 Pa and 100 Pa). Expanded austenite was only observed
for the nitrided samples that were treated under 25 Pa and 50 Pa lower pressures. This result
can be attributed to the substantial impacts of the high concentration of interstitial nitrogen,
which leads to increased distortion of the crystalline lattice and the formation of expanded
austenite. Significant distortion of the crystal lattice can lead to a modification of the crystal
structure to a triclinic cell with positions that are equivalent to the fcc cubic structure [25].
For 50 Pa and 25 Pa, the γN peaks are broader, grow in area, and shift to lower Bragg angles
as the treatment pressures decrease. The shift in peak positions of the X-ray pattern is
ascribed to lattice expansion associated with stacking faults and high compressive residual
stresses in expanded austenite related to a high nitrogen content. According to an analysis
conducted by Sun, Li, and Bell, the stacking faults cause the shifting of the (200) peak to
lower angles, while the (111) peak is shifted to higher angles. Compressive residual stresses
cause shifting of austenite diffraction peaks to lower angles [66].
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Further analysis of the XRD patterns revealed that low-temperature (400 ◦C) plasma-
nitriding treatments inhibited the precipitation of chromium nitrides in the modified layer
of the sintered 316L steel. The 2θ positions at 37.60◦ (111) and 43.69◦ (200) of the cubic
halite-type CrN (JCPD 01-076-2494), the two orientations of greater intensity, as well as the
position of highest intensity at 43.17◦

(
1 1 1

)
of the trigonal Cr2N (JCPD 00-001-1232), did

not coincide with any of the observed positions of the XRD patterns of the nitrided samples
that are shown in Figure 3.

3.2. Thickness of Nitrided Layers

Figure 4 shows the cross-section micrographs of the nitrided layers. The nitrided
layer seems to be unetched by the chemical reagent. It appears as a single layer, separated
from the substrate by an etched line, as the typical nitrogen-expanded austenite layer of
austenitic stainless steels does [25,67]. The thickness of the modified layer was almost the
same for 160 Pa and 100 Pa but increased from an average value of 1.85 µm to 4.08 µm
as the pressure decreased up to 25 Pa (Table 1). Plasma nitriding using a hollow cathode
configuration allows for greater confinement of energetic electrons and ions, enabling
heating of the sample in the cavity using a lower potential [68]. The enhanced nitriding
efficiency with the decrease in treatment pressures is associated with the diffusion of a
higher nitrogen content from the surface to the substrate, which increases the thickness of
the modified layer [33]. The nitrogen diffusion also increased with treatment time, resulting
in the layer at 25 Pa and 4 h (4.08 µm) being thicker than the one at 25 Pa and 2 h (2.25 µm).
In the SEM images in Figure 4, the precipitation of chromium nitride phases in the form
of dark gray regions within the layer is not observed, contrasting with the findings in
plasma-nitrided layers obtained at temperatures higher than 500 ◦C [35,41]. Furthermore,
slip lines are observable within the nitrided layer, formed due to the plastic deformation
that was induced during the plasma-nitriding treatment [11].

Coatings 2024, 14, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 4. Cross-section FESEM micrographs of samples nitrided for 4 h at pressure of (a) 160 Pa, (b) 
100 Pa, (c) 50 Pa, and (d) 25 Pa and for 2 h at (e) 25 Pa. 

Table 1. Thickness of nitrided layer with variation in nitriding pressure. Values obtained at 25 Pa 
for 2 h and 4 h are also presented. 

Pressure (Pa) Time (h) Layer Thickness (µm) 
25 2 2.25 ± 0.13 
25 4 4.08 ± 0.24 
50 4 2.73 ± 0.26 
100 4 1.70 ± 0.01 
160 4 2.00 ± 0.24 

3.3. Hardness of Nitrided Layers 
Figure 5 shows the load–displacement curves that were obtained during 

nanoindentation tests in a region located on the nitrided layer (NL) and the base steel 
(below the nitrided layer, BNL). The hardness (H), the ratio of the residual depth to 
maximum depth (hr/hmax), the ratio of the irreversible plastic work to total work (Wp/Wt), 
the ratio of the reversible elastic work to total work (We/Wt), and the ratio of the hardness 
to elastic modulus (H/E) for the two regions are given in Table 2. We/Wt quantifies the 
predominance of reversible deformation (elastic deformation) over irreversible 
deformation (plastic deformation). The H/E ratio, termed ‘elastic strain to failure’, is often 
employed as an index of the wear resistance of bulk materials and coatings. A higher H/E 
ratio indicates better wear resistance [69–72]. This dependence is grounded in the premise 
that materials with higher H/E ratios tend to absorb more elastic energy and, therefore, 
undergo reduced damage. There are close-to-linear or non-linear relationships between 
the ratio of We/Wt or Wp/Wt and the ratio of hardness to the reduced modulus (H/Er), 
depending on the material and indenter angle. The ratio of hr/hmax is equivalent to that of 
Wp/Wt [73–76]. By knowing the Poisson’s ratio of the sample and indenter and the Young’s 
modulus of the indenter, Young’s modulus of the sample (E) can be obtained, enabling 
the calculation of H/E [54]. 

No significant change in elastoplastic deformation (hmax) and permanent deformation 
(hr) of the nitrided layer occurred with the increase in nitriding duration from 2 h to 4 h 
(Figure 5). The same trend was observed for the hr/hmax, Wp/Wt, We/Wt, and H/E ratios 
(Table 2). These results suggest that a shorter RF HCD plasma-nitriding treatment can 

Figure 4. Cross-section FESEM micrographs of samples nitrided for 4 h at pressure of (a) 160 Pa,
(b) 100 Pa, (c) 50 Pa, and (d) 25 Pa and for 2 h at (e) 25 Pa.



Coatings 2024, 14, 334 9 of 18

Table 1. Thickness of nitrided layer with variation in nitriding pressure. Values obtained at 25 Pa for
2 h and 4 h are also presented.

Pressure (Pa) Time (h) Layer Thickness (µm)

25 2 2.25 ± 0.13
25 4 4.08 ± 0.24
50 4 2.73 ± 0.26

100 4 1.70 ± 0.01
160 4 2.00 ± 0.24

Given the higher homogeneity (no edge effect, Figure 2e–h) of the nitrided layers that
were obtained through low-pressure treatments, the following results (hardness, surface
roughness, and scratch behavior) will be presented considering the nitriding treatments
conducted at a pressure of 25 Pa and nitriding time of 4 h and 2 h.

3.3. Hardness of Nitrided Layers

Figure 5 shows the load–displacement curves that were obtained during nanoinden-
tation tests in a region located on the nitrided layer (NL) and the base steel (below the
nitrided layer, BNL). The hardness (H), the ratio of the residual depth to maximum depth
(hr/hmax), the ratio of the irreversible plastic work to total work (Wp/Wt), the ratio of the
reversible elastic work to total work (We/Wt), and the ratio of the hardness to elastic
modulus (H/E) for the two regions are given in Table 2. We/Wt quantifies the predomi-
nance of reversible deformation (elastic deformation) over irreversible deformation (plastic
deformation). The H/E ratio, termed ‘elastic strain to failure’, is often employed as an index
of the wear resistance of bulk materials and coatings. A higher H/E ratio indicates better
wear resistance [69–72]. This dependence is grounded in the premise that materials with
higher H/E ratios tend to absorb more elastic energy and, therefore, undergo reduced
damage. There are close-to-linear or non-linear relationships between the ratio of We/Wt
or Wp/Wt and the ratio of hardness to the reduced modulus (H/Er), depending on the
material and indenter angle. The ratio of hr/hmax is equivalent to that of Wp/Wt [73–76].
By knowing the Poisson’s ratio of the sample and indenter and the Young’s modulus of the
indenter, Young’s modulus of the sample (E) can be obtained, enabling the calculation of
H/E [54].
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Table 2. Average values of hardness (H), hr/hmax, Wp/Wt, We/Wt, and H/E on and below the
nitrided layers, estimated by nanoindention.

Nitriding
Condition Region H

(GPa) hr/hmax Wp/Wt We/Wt H/E

25 Pa 2 h
NL 8.89 0.58 0.601 0.399 0.052

BNL 5.52 0.74 0.031

25 Pa 4 h
NL 9.24 0.57 0.600 0.400 0.051

BNL 4.55 0.78 0.025
NL: nitrided layer. BNL: below the nitrided layer.

No significant change in elastoplastic deformation (hmax) and permanent deformation
(hr) of the nitrided layer occurred with the increase in nitriding duration from 2 h to 4 h
(Figure 5). The same trend was observed for the hr/hmax, Wp/Wt, We/Wt, and H/E ratios
(Table 2). These results suggest that a shorter RF HCD plasma-nitriding treatment can yield
improved mechanical and tribological properties, comparable to those of longer treatments.

The lower deformation that is undergone by the nitrided layer (Figure 5) explains
the increased surface hardness of the samples after nitriding (Table 2) compared with
regions below the nitrided layer. Nevertheless, the nitriding treatment markedly improved
the mechanical behavior of the sintered AISI 316L steel, for which an average surface
hardness of 9.1 GPa was achieved at 25 Pa for 2 h and 4 h, against the 1.2 GPa of the
untreated material.

3.4. Surface Roughness

Figure 6 shows the measured 3D surface amplitude and material ratio parameters. The
Sa and Sq parameters represent an overall measure of the surface texture. Sz characterizes
the maximum peak-to-valley magnitude for the entire surface. A positive skewness value
indicates a surface with a preponderance of peaks, while a negative value suggests a
predominance of valleys in the surface profile. If the surface comprises many high peaks
and low valleys, Sku > 3; otherwise, Sku < 3 (few high peaks and low valleys). Sk (core
roughness depth) determines the wear resistance of the surface in a steady-state regime,
Spk (reduced peak height) represents the amount that is worn down in the running-in
state, and Svk (reduced valley depth) provides information on the lubricant retention and
debris-trapping capability of the surface [56].

From the evaluation of the roughness parameters shown in Figure 6, it is clear that the
RF HCD plasma nitriding generated a rougher surface layer when compared to the polished
untreated surface, as all the measured roughness parameters exhibited higher values. The
variations in the values of roughness parameters with the increase in nitriding time were
not significant, considering the measurement uncertainties. However, considering only
the average values of all the roughness parameters, they tended to be higher with an
increasing nitriding duration. The skewness Ssk values shown in Figure 6b were negative
(Ssk < 0), which means that depressions or deep valleys predominated on the untreated
and nitrided surfaces. The average value Ssk tended to be more negative, which suggests
a slight increase in the number of deep valleys after nitriding and for a more prolonged
treatment. Figure 6b shows that the kurtosis Sku exceeded 3, indicating a large number of
high peaks and low valleys on the surface before and after nitriding. Mainly, this roughness
parameter exhibited a strong sensitivity to the increase in nitriding time, showing a notable
rise from 23.45 to 107.84 (3.8 times higher). The increased surface roughness that was
observed after plasma nitriding can be attributed to the ion bombardment that is induced
by the plasma nitriding process. This phenomenon outlined the characteristic austenitic
microstructure featuring typical grain boundary reliefs resulting from plastic deformation,
as shown in Figure 2. Previous studies have shown that increasing the temperature and
time or reducing the pressure of plasma-nitriding treatments intensifies these nitrided
surface features [63,77], reflecting the increase in surface roughness [78], as seen in Figure 6,
for the more prolonged treatment. The negative value of Ssk (−1.74) for the untreated



Coatings 2024, 14, 334 11 of 18

polished surface of the sintered sample can be ascribed to the residual pores, resulting
from the conventional powder metallurgy process. Following nitriding, there was an
increase in Ssk to −6.67. This shift towards more negative values is linked to the sealing
surface porosity effect [8], which is believed to be a consequence of the grains uplifting
from the plastic deformation during plasma nitriding. The sealing effect has been reported
to improve the surface properties of sintered parts [79,80], which is assumed to apply in
the present work, as evidenced by the enhanced hardness and scratching wear resistance
of the nitrided samples.
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Figure 6. Three-dimensional surface roughness profile parameters of the untreated sample and
nitrided sample under a working pressure of 25 Pa, with durations of 2 h and 4 h. (a) Sa, Sq, and Sz.
(b) Ssk and Sku. (c) Sk, Spk, and Svk.

3.5. Scratch Characterization

Figure 7 shows the optical microscopy images of the scratch tracks on the substrate
(untreated steel) and the nitrided layer from the progressive load scratch tests, with a
normal load ranging from 100 to 500 mN. As in the optical images, the FESEM micrographs
(Figure 8b) of the scratch tracks show the brittleness of the nitrided layers, which is at-
tributed to their high hardness. A detailed examination of Figures 7 and 8 indicated that
mixed damage modes occurred, related to the brittleness and roughness of the modified
surface and ductility and porosity of the sintered substrate. These features may influence
the stylus contact area during the scratch tests of the material and, hence, the type of surface
damage [81,82]. For the scratch test at 100 mN, almost no cracks were observed, while for
the higher applied loads, cracks propagated in a perpendicular direction to the scratching
movement. The distance between cracks seems to increase as the applied load is increased.
Ductile tensile cracks and spallation can be observed.
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Table 3 indicates an increase in the scratch track width with the normal load for
the constant load scratch tests, which suggests a corresponding rise in volume loss. The
extension of the duration of plasma nitriding did not result in a significant change in the
width and depth of the scratch track. For the two-hour plasma-nitriding treatment, the
depth of the scratch track that was obtained at a load of 300 mN (2.35 µm) surpassed
the thickness of the nitrided layer (2.25 µm), as shown in Table 1. Thus, the scratch test
stylus reached the stainless steel substrate at a normal load that was higher than 300 mN.
Conversely, for the four-hour treatment, the depth of the scratch tracks did not exceed the
thickness of the nitrided layer (4.08 µm), even when subjected to the highest scratch normal
load of 500 mN (3.19 µm of scratch track depth).

Table 3. Depth and width of tracks after constant load scratch tests.

Load
(mN)

Untreated Nitride 25 Pa—2 h Nitride 25 Pa—4 h

Width (µm) Depth (µm) Width (µm) Depth (µm) Width (µm) Depth (µm)

200 45.67 ± 3.25 2.06 ± 0.29 34.00 ± 0.60 1.91 ± 0.14 32.22 ± 0.23 2.18 ± 0.18

300 51.70 ± 3.88 2.52 ± 0.12 46.93 ± 0.45 2.35 ± 0.39 47.51 ± 0.14 2.41 ± 0.29

500 73.50 ± 3.90 3.82 ± 0.13 56.97 ± 1.06 3.56 ± 0.29 56.74 ± 7.43 3.19 ± 0.62
The results for the lowest load of 100 mN are not presented, as the sizes of the resultant tracks were not measurable
when accessed using the 3D optical profiling technique.

Examining the correlation between the scratch depth and nitrided layer thickness
helps to understand the scratch test severity and the substrate effect on the scratch failure
modes, friction, and wear responses of the nitrided samples. The observed tensile cracks
on the scratch tracks of the nitrided samples occur in brittle coatings on ductile substrates.
These coating–substrate systems can be treated as a hard nitrided and modified layer that
diffuses into a ductile substrate [48,83]. The tensile crack failure mode involves the plastic
deformation of the ductile 316L stainless steel substrate, a characteristic that is highlighted
by its higher hr/hmax ratio of 0.74 against the 0.58 of the nitrided layer (Table 2).

Figure 9 shows the average friction coefficient obtained from the instrumented scratch
tests in constant load mode. The friction coefficient became higher as the normal load
increased for all the samples. The sample treated for the longest time (4 h) showed an
average friction coefficient that was lower than the other samples, and this trend was
more pronounced as the normal load was increased. As the scratch test stylus reached the
substrate, the friction coefficient values observed in Figure 9 for the untreated and two-hour
treated samples tested at 200 mN, 300 mN, and 500 mN normal loads are comparable. The
lower values of friction coefficient of the four-hour sample carry a smaller substrate effect.

The values of the specific wear rate are shown in Figure 10. This term represents the
volume of material loss by scratching wear per unit of normal load per unit of sliding
distance. The values of the Wp/Wt and H3/H2 ratios of the samples are also shown in
Figure 10. The H3/E2 ratio indicates the resistance to plastic deformation that is also used
to describe and rank the wear resistance of layers and coatings [79,84].

The scratching wear response of the nitrided samples was similar under the more
severe normal load (500 mN), considering the measurement uncertainties. However, regard-
ing the nitriding conditions, the untreated sample underwent marked scratching wear. The
untreated sample showed the highest irreversible dissipated energy (Wp/Wt) and, hence,
the highest wear. This relationship suggests that the RF HCD plasma-nitriding treatment
of the austenitic stainless steel produced an enhanced surface performance concerning de-
formation energy that gave rise to a more wear-resistant material. Additionally, as pointed
out by other studies, the material response in terms of the deformation energy estimated
from instrumented indentation can be considered a valuable predictor of the scratch wear
behavior of materials with surfaces that have been modified by low-temperature plasma
nitriding [51]. The similar values of the Wp/Wt ratio, regardless of the duration of the
plasma-nitriding treatment, elucidate the comparable scratch wear rate of the samples
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that were nitrided for 2 h and 4 h. This pattern holds when examining the relationship
between the H3/E2 ratio and the wear rate, as can be seen in Figure 10. Comparing only
the average values of the specific wear rate between the two nitrided samples (25 Pa; 2 h
and 4 h), a slight decrease was noted (from 0.7648 to 0.6648 mm3/Nm). This trend can
be related to the surface strain hardening of the nitrided layer that was produced by the
increased concentration of interstitial nitrogen during the more prolonged treatment [25,77].
Nevertheless, the strain hardening that was induced by the interstitial solid solution did
not change the overall plastic work (Wp/Wt), elastic strain to failure (H/E), and resistance
to plastic deformation (H3/E2) of the two nitrided layers.
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Figure 9. Friction force against the applied load of the constant load scratch tests of the nitrided and
untreated samples.
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Figure 10. Specific scratching wear rate (k), energy dissipation (Wp/Wt), and resistance to plastic
deformation (H3/E2) of untreated and nitrided samples (2 h and 4 h at 25 Pa) after scratch tests at
constant load of 500 mN.

The quantitative scratch wear response is linked with the surface roughness values
that are depicted in Figure 6. Early studies have confirmed a correlation between roughness
parameters and friction and wear responses under various contact conditions [82,85–87].
The skewness Ssk and kurtosis Sku have been identified as tribologically significant. In
the present study, the lowest average specific wear rate of the four-hour nitrided sample
was achieved for the minimum values of the Ssk parameter and the maximum values of
the Sku parameter. Similar trends were observed previously [85]. Furthermore, one can
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see that the increased average values of the Sk, Skp, and Skv parameters corresponded
to a decrease in the average wear rate. This implies that performing nitriding and longer
nitriding treatment enhanced the scratch wear resistance of the sintered 316L stainless steel
during the running and steady-state stages.

4. Conclusions

Plasma nitriding using a hollow radiofrequency cathode has proven to be an effective
route to improve the mechanical behavior and scratch wear resistance of sintered 316L
stainless steel. The use of the hollow cathode increases the ionization efficiency under low
pressure and low temperature conditions (25 Pa; 400 ◦C), resulting in the formation of a
homogeneous layer of expanded austenite without chromium nitride precipitation. At the
highest pressures, 100 and 160 Pa, a non-uniform plasma promotes the occurrence of the
edge effect, causing the formation of a non-homogeneous nitrided surface. Regarding the
effect of the nitriding duration for the treatment conducted at the lowest pressure of 25 Pa,
an extended treatment of 4 h results in a rougher nitrided surface. This trend is attributed
to the intensified plasma ion bombardment during the prolonged treatment. The reduction
in the friction coefficient and the improved scratch wear resistance of the sample that was
nitrided at 25 Pa and 4 h are mainly related to the effect of the augmented thickness of
the expanded austenite layer. This enhancement in micro-scratching behavior allows for
higher load support and a more elastic work response than those of the sample that was
nitrided for a shorter time of 2 h and the soft steel substrate.
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87. Sedlaček, M.; Podgornik, B.; Vižintin, J. Influence of Surface Preparation on Roughness Parameters, Friction and Wear. Wear 2009,

266, 482–487. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.surfcoat.2004.07.110
https://doi.org/10.1088/1742-6596/162/1/012007
https://doi.org/10.1016/j.matchemphys.2021.125245
https://doi.org/10.1002/advs.202003739
https://www.ncbi.nlm.nih.gov/pubmed/34105292
https://doi.org/10.1016/S0043-1648(00)00488-9
https://doi.org/10.1557/s43578-022-00769-x
https://doi.org/10.1557/jmr.2009.0086
https://doi.org/10.1557/JMR.2005.0162
https://doi.org/10.1063/1.121873
https://doi.org/10.1016/j.surfcoat.2004.10.122
https://doi.org/10.1515/CORRREV.2011.004
https://doi.org/10.1016/j.triboint.2022.107452
https://doi.org/10.1016/j.wear.2007.10.014
https://doi.org/10.1016/j.wear.2020.203240
https://doi.org/10.1016/j.wear.2016.11.020
https://doi.org/10.1016/0257-8972(91)90188-3
https://doi.org/10.1016/j.wear.2014.12.009
https://doi.org/10.3390/coatings10020102
https://doi.org/10.1016/j.triboint.2011.11.008
https://doi.org/10.1016/j.wear.2008.04.017

	Introduction 
	Materials and Methods 
	Material Processing 
	Characterization of Nitrided Samples 

	Results and Discussion 
	Microstructure and Crystalline Phases of Nitrided Layers 
	Thickness of Nitrided Layers 
	Hardness of Nitrided Layers 
	Surface Roughness 
	Scratch Characterization 

	Conclusions 
	References

