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Abstract

This study aimed to optimize the nitriding parameters for Plasma Immersion Ion Implanta-
tion (PIII) of stainless steels. UNS S32750 super duplex stainless steel, widely employed
in the petrochemical industry, was subjected to PIII under varying nitriding atmospheres
(mixtures of H2 and N2) and treatment pressures. The fixed PIII nitriding parameters
included a temperature of 300 ◦C, a duration of 3 h, a bias voltage of approximately −10 kV,
a frequency of 500 Hz, and a pulse width of 30 µs. Following the treatments, the phases
were characterized by X-ray diffraction (XRD), while the hardness and elastic modulus of
the modified surfaces were evaluated via nanoindentation. Regarding the nitriding atmo-
sphere, gas mixtures approaching a 60% N2/40% H2 (vol.) ratio yielded a higher volume
fraction of nitrogen-rich expanded phases in solid solution. Furthermore, higher treatment
pressures promoted the formation of these expanded phases, consequently enhancing the
surface hardness up to 2.7 times the hardness value of the untreated sample. These findings
stand in contrast to those found for low-energy plasma nitriding (PN) processes.

Keywords: super duplex stainless steel; plasma immersion ion implantation; plasma
nitriding; plasma composition; plasma pressure; S-phase

1. Introduction
UNS S32750 super duplex steel is used in parts of the wet Christmas tree and in oil

extraction pipelines in the pre-salt layer [1–3]. The elevated levels of alloying elements,
such as Cr, Ni, and Mo, give this material adequate corrosion resistance for extreme
environments with high concentrations of Cl−, CO2, and H2S, as well as high pressure
and temperature. Compared to carbon steels and martensitic stainless steels—materials
often chosen for easily accessible onshore wells with mild corrosion and minimal H2S
exposure—super duplex steel exhibits significantly lower mechanical properties, including
hardness and wear resistance. A viable approach to enhancing the wear resistance of
this material while preserving its excellent corrosion resistance—and thereby prolonging
service life and lowering overall extraction costs—is the application of low-temperature
plasma nitriding treatment. Furthermore, the modified layer produced by plasma nitriding
can also function as an inhibitor for pitting and crevice corrosion, as well as hydrogen
corrosion, depending on the phases formed. In this work, the Plasma Immersion Ion
Implantation (PIII) nitriding technique was employed, which combines the effect of Plasma
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Immersion with Ion Implantation and allows the production of uniform modified layers,
the possibility of treating samples with complex geometries, and the formation of a highly
nitrogen-saturated surface layer [4,5].

Typically, the PIII technique is performed after complete evacuation of the chamber
to 10−4 Pa, which then rises to pressures of about 0.1 Pa for treatment in a pure N2 atmo-
sphere [4]. In general, these low pressures are used in PIII treatments so that the mean
free path of the ions is as large as possible and there are fewer energy losses when the ion
is moving through the plasma. The PIII system applied in this work, whose schematic
diagram was presented in a previous report [6], was developed for working pressures on
the order of 1 Pa. Such a setup provides reliable control of treatment temperatures up to
approximately 450 ◦C, achieved through energy transfer from plasma ions to the material’s
surface—significantly higher than what standard PIII systems can achieve without addi-
tional heating sources [7]. Consequently, nitrogen is incorporated during nitriding through
a synergistic action of physical mechanisms (like effective implantation and creation of lat-
tice defects) and thermochemical processes (such as ion adsorption and thermal diffusion),
leading to thicker layers and a variety of microstructures for a given processing tempera-
ture [8]. In contrast to conventional low-energy plasma nitriding (PN), PIII—including the
system used here—has the advantage of yielding consistently uniform modified surfaces,
with no edge effects [9], in addition to smoother surfaces. For example, the average rough-
ness for PIII-nitrided supermartensitic stainless steel surfaces is in the order of 101 nm [10],
compared to 102 nm for PN [11].

Considering the high implantation energies, the competitive effect of residual oxygen
could be a limiting factor in the formation of the modified layer. In this PIII experimental
setup, with relatively high working pressures, preventing surface oxidation demands the
catalytic action of hydrogen in the gas mixture, without this element affecting the nature of
the treated surface [12].

In PN processes, such as DC, RF, or pulsed glow discharge, the combined pressure
and gas composition exert a profound effect on the material’s surface features. Extensive
research demonstrates that N2/H2 plasmas generate thicker and harder modified layers
than pure N2 atmospheres. Moreover, N2-poor plasmas (around 50% vol., or even less)
result in enhanced nitrogen retention in the near-surface region through physical and
chemical adsorption, while pressure alone has less impact [13,14]. With PIII, these trends
may vary due to the complexity of the mechanisms involved in layer formation. Therefore,
this study makes an original contribution by examining the influence of pressure variation
and the proportions of N2 and H2 in the PIII gas mixture on phase formation and mechanical
properties of modified surfaces. A super duplex stainless steel, featuring both austenite
and ferrite structures, was chosen for its broad application and increasing requirements for
robust surface protection. Efficient surface modification remains particularly challenging
for nitriding treatments in such materials [15].

2. Materials and Methods
Super duplex UNS S32750 steel samples, with a nominal chemical composition (wt.%)

of 25Cr, 7Ni, 4Mo, 1.2Mn, 0.5Cu, 0.8Si, and 0.32N, and minor amounts of C, P, and S, in bal-
ance with Fe, were used [1]. The chemical composition was verified by X-ray fluorescence
analysis using a Shimadzu EDX 720 spectrometer (Shimadzu, Kyoto, Japan). Samples were
extracted from the cross-section of an oil pipeline, measuring 0.2 cm in thickness and at
least 1.2 cm2 in area. Subsequently, the specimens underwent mechanical polishing using
SiC sandpaper, diamond paste, and colloidal silica with a maximum particle size of 0.25 µm.
Following preparation, the samples were subjected to two ultrasonic acetone baths, each
lasting 15 min, for cleaning.
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The samples were nitrided by PIII in the equipment presented in a previous work [6].
Table 1 presents the treatment parameters used in the nitriding processes. All treatments
were performed at 300 ◦C, with a maximum variation of ±5 ◦C for 3 h. The pre-vacuum
pressure obtained in all treatments was on the order of 0.1 Pa.

Table 1. Nomenclature and treatment parameters for UNS S32750 super duplex steel samples used in
studies with variations in nitriding atmosphere and pressure.

Sample %N2 %H2 Pressure (Pa) Current Density-j
(mA/cm2)

Ion Fluence-Γ
(ions/cm2) Voltage (kV)

Untreated -- -- -- -- -- --
20N2/80H2 20 80 1.7 ± 0.2 7.4 ± 0.2 2.4 × 1018 10.6 ± 0.3
40N2/60H2 40 60 1.8 ± 0.1 6.7 ± 0.1 2.2 × 1018 10 ± 0.6
60N2/40H2 60 40 1.7 ± 0.4 6.8 ± 0.1 2.3 × 1018 10.1 ± 0.2
80N2/20H2 80 20 1.9 ± 0.1 6.8 ± 0.1 2.3 × 1018 9.9 ± 0.5
100N2/2 Pa 100 0 2.0 ± 0.1 6.5 ± 0.1 2.1 × 1018 9.8 ± 0.7

1 Pa 100 0 1.2 ± 0.1 6.6 ± 0.2 2.2 × 1018 10.4 ± 0.2
4 Pa 100 0 4.0 ± 0.1 6.8 ± 0.1 2.2 × 1018 9.3 ± 0.2
6 Pa 100 0 6.0 ± 0.2 7.0 ± 0.1 2.3 × 1018 9 ± 0.2

All treatments were conducted with a bias voltage of approximately −10 kV, a fre-
quency of 500 Hz, and a pulse width of 30 µs. These parameters were established based on
prior research [16], where the pulse waveform was characterized using an oscilloscope and
probes. In that study, the nominal pulse width and source voltage ranged from 10 to 30 µs
and from 6 to 10 kV, respectively. It was noted that, within the analyzed range, increasing
pulse width and voltage resulted in a reduction in pulse decay time. Furthermore, a volt-
age of −10 kV was selected for the treatments, as this value is commonly utilized in PIII
processing of stainless steels to improve both tribo-mechanical properties and corrosion
resistance of treated surfaces [17–21].

The investigation of the nitriding atmosphere involved varying nitrogen (N2) and
hydrogen (H2) mixtures, from 20% N2/80% H2 to 100% N2 by volume, with a working
pressure of approximately 2 Pa. For the evaluation of treatment pressure effects, exclusively
nitrogen was utilized due to its enhanced stability and suitability for broader pressure
variation. In this study, pressures ranging from 1 Pa to 6 Pa were employed. Equipment
constraints also arise from the composition of the nitriding atmosphere. For pure N2, the
gas mixer supports a minimum flow rate of 0.5 sccm, corresponding to a pressure of about
1 Pa; in addition, the maximum stable plasma pressure is 6 Pa. Therefore, for pure N2, the
operational pressure range lies between 1 Pa and 6 Pa. To maintain a constant temperature,
the voltage was systematically reduced as pressure increased.

Following nitriding, X-ray diffraction (XRD) analysis was conducted using a Rigaku
Ultima IV diffractometer. Diffractograms were obtained employing CuKα radiation
(λ = 0.15406 nm) in Bragg–Brentano (θ-θ) geometry, with data collected over the 30◦

to 85◦ range in continuous mode at a scan rate of 1◦/min. The maximum penetration
depth of X-rays in this configuration is 2.5 µm, as determined using the “X-ray attenuation
length” online software [22], which is based on the research of Henke et al. [23]. For these
calculations, the scattered beam intensity was assumed to diminish to 1/e of the incident
radiation value. Further analyses were performed in grazing mode, maintaining the angle
θ at 2◦ with a scanning speed of 0.2◦/min. Under these conditions, the X-ray penetration
depth reaches a maximum of 0.1 µm.

The diffraction peaks were identified using the crystallographic cards from the ICSD
(Inorganic Crystal Structure Database) numbers 33-397 (γ-austenite); 6-696 (α-ferrite); 86-
231 (γ’-Fe4N); 49-1664, 72-2126 and 73-2103 (ε-Fe2–3N); 76-2494 (CrN) and 35-803 (Cr2N).
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The expanded austenite and expanded ferrite (γN and αN) phases were identified using
literature data [17,18,24–32].

The hardness and elastic modulus were evaluated using a Nanoindenter XP instrument
(MTS Systems Corporation, Oak Ridge, TN, USA) in accordance with the Oliver and
Pharr methodology [33]. The surface roughness was measured with a conical tip on
the nanoindenter using a 50 µN load. In these analyses, each indentation underwent
eight loading–unloading cycles using a maximum load of 400 mN with a Berkovich-type
diamond tip. For data interpretation, the contact stiffness correction method—developed
specifically for rough surface analysis [34]—was applied, as the nitriding process leads to
increased surface roughness.

The surfaces of the samples were analyzed using a Field Emission Scanning Electron
Microscope (Tescan Mira3, Brno, Czech Republic). To measure the phase ratios, chemical
etching was performed using Murakami’s reagent, and SEM images were acquired in
backscattered electron (BSE) mode at various magnifications across at least three represen-
tative regions containing multiple grains. In ImageJ1.54k software [35], the “Threshold”
function was applied to highlight one of the phases in the micrographs, allowing the
area ratio between austenite and ferrite to be measured. A magnification of 500× was
established as the lower limit to ensure a reliable correlation between the area ratios.

3. Results and Discussion
In the X-ray diffractogram of the untreated UNS S32750 steel sample (Figure 1), only

the expected austenite (γ) and ferrite (α) phases are observed. The diffraction peaks
corresponding to the α phase are significantly more prominent than those of the γ phase.
This observation can be attributed to the structural characteristics of the respective crystal
lattices and, predominantly, to the material’s texturing effect introduced during the tube
manufacturing process from which the samples were extracted [36,37]. The texturing
further promotes the development of preferential crystalline orientations for diffraction,
resulting in increased intensity of the corresponding peaks [37].

Figure 1. X-ray diffractogram of the untreated UNS S32750 stainless steel sample.

Electron microscopy images obtained in backscattered electron mode on the surfaces of
the untreated samples reveal that the area-based phase proportion is 52.2 ± 2.4% austenite
and 47.8 ± 2.4% ferrite. The microstructure after chemical etching is shown in Figure 2.
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Figure 2. SEM micrographs (obtained in backscattered electron mode) of the microstructure of the
untreated UNS S32750 steel sample after etching with Murakami reagent. Grains of the austenite (γ)
and ferrite (α) phases are observed.

3.1. Varying Gas Mixture Under Fixed Pressure

Figure 3 presents the grazing-mode X-ray diffractograms for both untreated samples
and those subjected to PIII nitriding under varying atmospheres. The diffractogram cor-
responding to the untreated sample exhibits only the characteristic peaks of ferrite (α)
and austenite (γ). Following treatment, all nitrided samples—regardless of the nitriding
atmosphere—demonstrate the presence of the γN phase, also referred to as nitrogen-
expanded austenite, or the S-phase. This phase signifies the supersaturation of nitrogen
in solid solution within the crystal structure. Although the exact structure of this phase
remains insufficiently understood, the incorporation of nitrogen in solid solution induces
anisotropic deformations within the crystal lattice. These deformations generate stresses
that cause the γN phase peaks to shift toward greater interplanar distances compared to
those of austenite. The broadness of the γN peaks results from the superposition of multiple
Fe(N) substoichiometries present in the solid nitrogen solution [17,28].

It is further noted that, under the 100N2 condition, the γN phase exhibits a reduced
presence in the diffractograms compared to other treatment scenarios, which can be as-
cribed to the absence of H2. The advantageous effect of hydrogen in nitriding is a complex
phenomenon. To begin with, the electrical parameters required to maintain low-pressure
RF plasma differ somewhat from those necessary for a pure N2 discharge; however, electron
density remains unaffected by variations in H2 concentration. Additionally, the ion species
generated in the plasma (N+, Nx

+, NxHy
+, Hx

+) exhibit comparable energy distribution
profiles [38]. The hydrogen species become accelerated toward the target due to the voltage
drop across the sheath, resulting in effects analogous to those produced by nitrogen species:
deflection, sputtering, secondary electron emission, thermal spikes, surface damage, and
implantation. However, sputtering is influenced by the ion masses; as such, hydrogen
contributes less significantly to this phenomenon than nitrogen does [39,40]. Consequently,
the suppression of target oxidation through the introduction of hydrogen is primarily
a chemical effect, involving the removal of active oxygen from the surrounding atmo-
sphere [12]. Furthermore, secondary electron emission is enhanced in N2-H2 environments,
which facilitates improved plasma ionization. NxHy species undergo dissociation within
the plasma sheath, resulting in elevated nitrogen concentrations in this area, whereas the
hydrogen content at the target remains largely unchanged. The predominant ions present
in the N2-H2 RF plasma sheath under the specified pressure conditions are nitrogen species
(N+ and N2

+) rather than hydrogen [12,41]. Overall, introducing H2 to PIII serves multiple
functions: it reacts with oxygen to prevent oxidation, facilitates the implantation of nitrogen
species, and enhances nitrogen retention on the material’s surface [42].
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Figure 3. X-ray diffractograms obtained in grazing geometry with θ fixed at 2 degrees for both
untreated samples and those subjected to PIII nitriding under various treatment atmospheres.

In the context of stainless steels, research indicates that the optimal condition for
conventional plasma nitriding (PN) is a gas mixture consisting of 20% N2 and 80% H2 by
volume [43]. Figure 2 illustrates that, during PIII treatments, employing mixtures of 60%
N2/40% H2 and 80% N2/20% H2 leads to a marked reduction in γ-related peak intensities,
accompanied by a significant enhancement in γN-related peak intensities. Furthermore,
Figure 4 displays the diffractograms in terms of absolute counts. The γN peaks observed in
the 60N2/40H2 sample demonstrate both higher area and intensity compared to those in
the other samples. This observation indicates an increased level of nitrogen incorporation
into the lattice within the 60N2/40H2 sample, suggesting that this atmospheric composition
is more favorable for the PIII nitriding process. This N2/H2 ratio may provide an optimal
balance by ensuring sufficient nitrogen in the plasma sheath while also considering the
effect of hydrogen partial pressure in the atmosphere.

In samples 60N2/40H2 and 80N2/20H2, there is also evidence of the existence of the αN

phase, which is recognized as nitrogen-expanded ferrite in solid solution [24,32]. Generally,
ferrite within duplex steels exhibits limited nitrogen solubility, resulting in minimal struc-
tural expansion; consequently, the angular shift in the peaks observed for αN compared to
α is less pronounced than that seen for γN relative to γ [15,17,29]. Nitrogen implanted into
ferrite exhibits a higher diffusion rate compared to austenite, with accumulation primarily
observed in defect regions and along grain boundaries. The peaks of the αN phase are
challenging to identify due to its angular proximity to the diffraction peaks associated with
the ε-Fe2–3N phase. Nevertheless, the introduction of significant quantities of nitrogen
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into ferrite can induce transitions from ferrite to austenite or from ferrite to expanded
austenite [44,45]. This phenomenon occurs in a straightforward manner due to nitrogen
acting as an austenite-stabilizing element.

 

Figure 4. X-ray diffractograms obtained in Bragg–Brentano geometry for both untreated samples and
those subjected to PIII nitriding under various treatment atmospheres.

The possible presence of ε-Fe(2–3)N and γ’-Fe4N nitrides cannot be ruled out; however,
Figures 3 and 4 do not reveal distinct evidence of these phases, as the angular positions of
their peaks coincide with those of the γN phase [17,28]. The precipitation of nitrides at a
relatively low temperature (300 ◦C)—lower than typical steel treatment temperatures—is
in line with the rapid surface saturation achieved via implantation, particularly in ferrite,
which exhibits low solubility within its crystalline structure. When considering the summed
intensities of the nitride peaks, their overall contribution is minimal compared to the γN

phase, further supporting the limited role of these phases observed in the diffractograms.
In Figure 5, backscattered SEM images of PIII-nitrided surfaces under different treat-

ment atmospheres are compared with those of an untreated sample. The enhanced contrast
in gray tones between the nitrided samples and the untreated reference indicates the
presence of distinct phases containing interstitial nitrogen. While this contrast is more
pronounced for the gaseous mixtures, it is subtler for the 100% mixture, which exhibits
intermediate behavior between the other gaseous mixtures and the untreated sample. The
EDS analysis indicates that the dark phase is austenite, which is enriched in Ni, whereas
the lighter phase is ferrite, retaining more Cr and Mo. Consistent with the surface images,
the surface roughness values Ra (arithmetic mean) and Rq (root mean square) remain close
(Table 2).

Table 2. Layer thickness, roughness, and hardness of untreated and nitrided samples.

Sample Layer Thickness (nm) Roughness Ra (nm) Roughness Rq (nm) Hardness (GPa)

Untreated --- 5 ± 2 7 ± 2 5.3 ± 0.2
20N2/80H2 447 ± 63 (γ); 516 ± 94 (α) 8 ± 1 12 ± 3 9.4 ± 1.1
40N2/60H2 419 ± 75 (γ) 11 ± 2 13 ± 3 10.5 ± 1.1
60N2/40H2 430 ± 104 (γ) 9 ± 1 11 ± 1 9.6 ± 1.0
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Table 2. Cont.

Sample Layer Thickness (nm) Roughness Ra (nm) Roughness Rq (nm) Hardness (GPa)

80N2/20H2 572 ± 87 (γ); 686 ± 339 (α) 8 ± 1 10 ± 2 8.0 ± 0.7
100N2/2 Pa 776 ± 272 (γ) 14 ± 2 17 ± 3 8.1 ± 0.7

1 Pa 747± 110 (γ); 718 ± 147 (α) 6 ± 1 8 ± 2 9.0 ± 1.3
4 Pa 1.017 ± 170 (γ); 739 ± 220 (α) 11 ± 4 15 ± 6 7.2 ± 0.6
6 Pa 1.299 ± 372 (γ); 72 ± 201 (α) 25 ± 1 31 ± 1 14.5 ± 0.6

Figure 5. Backscattered SEM images of PIII nitrided surfaces under different treatment atmospheres,
compared to an untreated sample.

The SEM images of the modified layers formed by PIII nitriding in different treatment
atmospheres are shown in Figure 6. Preparing these cross-sections poses a significant
challenge due to the thin and fragile nature of the layers. For the 40N2/60H2, 60N2/40H2

and 100 N2 samples, the contrast within the ferrite grains in the modified layer region is
poorly defined, hindering thickness measurements under these treatment conditions. The
resulting layer thicknesses are presented in Table 2. Considering the dispersion of the data,
the thickness values remain similar regardless of the treatment atmosphere.

 

Figure 6. SEM images of cross-sectioned samples to visualize the modified layers formed by PIII
nitriding in different treatment atmospheres.
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Figure 7a illustrates the hardness profiles of both untreated and nitrided samples
subjected to different atmospheric conditions. All nitrided specimens display increased
hardness relative to the untreated sample. The formation of γN, ε, and γ’ nitride phases
within the nitrided samples, regardless of the treatment parameters, leads to two principal
hardening mechanisms. In mechanisms where nitrogen exists in solid solution, the phe-
nomenon known as the “Cottrell atmosphere” may develop, wherein interstitial atoms
migrate to dislocation sites. This migration impedes dislocation mobility, thereby increasing
the material’s resistance to plastic deformation. Additionally, lattice distortion caused by
interstitial solid solutions can reduce the number of active slip systems, further enhancing
the obstruction of dislocation motion [46]. In the mechanisms of precipitation and disper-
sion hardening, fine, hard precipitates such as ε, γ’, and CrN serve as barriers to dislocation
motion, thereby enhancing the strength of the material [46].

Figure 7. (a) Hardness and (b) elastic modulus profiles for the untreated specimen and those subjected
to PIII nitriding in atmospheres with various volumetric N2/H2 ratios.

The hardness profile of sample 100N2 is observed to be lower than that of the other
samples. This observation aligns with the X-ray diffractogram results, which demonstrate
a higher level of nitrogen incorporation in samples treated with H2 relative to the sample
processed with pure N2.

https://doi.org/10.3390/applmech7020051
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The hardness profiles of samples treated in N2/H2 atmospheres do not exhibit signifi-
cant variations. It is established that hardness measurements are unaffected by the substrate
up to approximately 10% of the modified layer’s thickness [47]. Thus, in the absence of a
plateau, i.e., constant values in the profiles, the modified layer thickness produced by PIII in
these samples is estimated to be ≤1 µm. Such thicknesses are typical for low-temperature
PN and PIII nitriding treatments on duplex steels [6,43].

The elastic modulus profiles for both untreated and PIII nitrided samples are presented
in Figure 7b. All specimens exhibit similar trends, and, given the observed dispersion, these
differences are determined to be statistically insignificant. In contrast to hardness mea-
surements, elastic modulus profiles are affected by the substrate at all penetration depths,
owing to the broader range of the elastic strain field relative to the plastic strain field [47].
The elastic modulus determined by instrumented indentation for the nitrided samples is
comparable to that of the untreated sample, likely due to the small size and intra-granular
formation of rigid ε and γ’ nitride precipitates. Because the elastic modulus reflects the
elastic deformation of a material, which is related to the atomic or molecular bonding [48],
the observed values for the nitrided surface indicate a substantially greater influence from
the matrix than from the nitride precipitates. When assuming the relationship between
hardness to elastic modulus ratio (H/E) and wear resistance [49], H and E data for these
nitrided surfaces suggest minor variations in tribological performance, mainly influenced
by the evolution of hardness across various plasma atmospheres. Experimental validation
requires additional studies that are beyond the scope of this work.

3.2. Varying Pressure Under Fixed Gas Mixture

Typical PIII treatment pressures are approximately 10−1 Pa; as a result, most equip-
ment is equipped with auxiliary heating systems to facilitate the diffusion of implanted
ions, ensuring that the sample temperature remains independent of plasma variables [4].
In the present study, the PIII setup does not incorporate an additional heating system.
Consequently, treatments are conducted at a limiting pressure of roughly 1 Pa to har-
ness thermal energy from the plasma, enabling process temperatures between 300 ◦C and
450 ◦C.

Gas pressure significantly influences PIII treatments, as it impacts the dynamic proper-
ties of the plasma sheath and the mean free path of ions, thereby modifying their collisional
behavior [50,51]. For a constant applied voltage, an increase in gas pressure leads to a
decrease in both the plasma sheath width and the ion mean free path, alongside reductions
in the ions’ angle of incidence on the target and their impact energy [50,52]. Consequently,
minimizing treatment pressure was prioritized, with careful attention paid to maintaining
plasma stability and promoting the expansion of modified surface phases.

Figure 8 presents the Bragg–Brentano X-ray diffractograms for both untreated samples
and samples subjected to PIII nitriding in a pure N2 atmosphere under varying pressures.
As the treatment pressure increases, a consistent rise is observed in both the area and inten-
sity of the γN phase peaks, suggesting enhanced nitrogen incorporation into the substrate
with higher pressure. The α(110) ferrite peak remains unchanged in width, meaning that
αN formation does not occur. These findings indicate that, within the parameters studied,
the augmented ion availability surpasses the limiting influence of the reduced mean free
path in the evaluated type of PIII equipment.

https://doi.org/10.3390/applmech7020051
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Figure 8. X-ray diffractograms obtained in Bragg–Brentano geometry for both untreated samples and
those subjected to PIII nitriding in a pure N2 atmosphere at different pressures.

During these experiments, the sample temperature was consistently maintained at
300 ◦C. The applied voltage was incrementally decreased as the pressure increased (Table 1),
leading to a corresponding reduction in the average energy of the ions. This decrease did
not adversely affect the formation of the modified layers, as successful ion implantation
merely requires sufficient ion energy to enable surface penetration. Once implanted,
the subsequent development of the modified layers is governed primarily by diffusion
processes [53].

The voltage decrease accompanying the increase in treatment pressure may have
additional consequences for the process, such as affecting the cathodic sputtering rate. In
this study, the voltages applied ranged between 9 and 10 kV (Table 1). At these voltages,
minimal variation in the cathodic sputtering yield (Ys) is expected for ferrous materials, as
the maximum for this phenomenon typically occurs in this voltage range [39].

Other effects related to pressure variation—and consequently to ion implantation
energy—include defect production and secondary electron emission. (i) Defect production
is favored at higher implantation energies. Therefore, defect formation should be greater
at lower pressures and higher voltages, which would theoretically increase the nitrogen
concentration in the solid solution [54,55]. However, γN production increases with increas-
ing treatment pressure, as shown in Figure 6, indicating that defects have a negligible
influence within the analyzed voltage/pressure range. (ii) The secondary electron emission
coefficient γSE varies approximately linearly with the square root of the ion energy [50,56].
Consequently, this effect, which decreases the proportion of ionic current supported by the
high-voltage source, would be favored in tests performed at lower pressures and higher
voltages. Nevertheless, it is considered that the variation in the secondary electron rate is
not significant during PIII nitriding in the analyzed range between (9 kV to 10 kV), as the
maximum variation in γSE is only ~4% in the treatments [50,56].

Figure 9 compares the backscattered SEM images of an untreated sample with surfaces
subjected to PIII nitriding under different pressures of pure N2 atmosphere. The contrast
increases at higher pressures, indicating a larger variation in interstitial nitrogen content
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between the austenite and ferrite precursor phase grains. In this case, there is an increase in
Ra and Rq values with increasing treatment pressure, as seen in Table 2.

 

Figure 9. Backscattered SEM images of PIII nitrided surfaces subjected to PIII nitriding in a pure N2

atmosphere at different pressures, compared to an untreated sample.

Figure 10 depicts SEM images of cross-sectioned samples to visualize the modified
layers formed by PIII nitriding in different treatment atmospheres. As shown in Table 2,
the thickness of the modified layers increases with higher treatment pressures. With
the increase in pressure, the density of ions and active species within the plasma rises,
enhancing the rate of nitrogen transfer to the metal surface and ultimately accelerating
nitrogen absorption and diffusion [4].

 

Figure 10. SEM images of cross-sectioned samples to visualize the modified layers formed by PIII
nitriding in different treatment pressures.

Figure 11a presents the hardness profiles of the untreated sample and the PIII-nitrided
samples treated in a pure N2 atmosphere at various pressures. It can be observed that the
hardness profiles gradually increase with rising pressure. This result, as discussed in the
XRD analysis, is attributed to the enhanced N2 supply in the atmosphere, which increases
the concentration of implanted nitrogen. At a pressure of 6 Pa, the hardness profile is
higher than the others due to the more significant formation of the γN phase as pressure
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increases, as shown in Figure 8. In this case, consistent with observations for N2 and H2

atmospheres, the predominant formation of the γN phase promotes hardening mechanisms
associated with the presence of nitrogen in solid solution [46]. These findings are in line
with previous results for the plasma composition, with the N2-rich ratio 60/40 presenting
enhanced conditions for nitrogen retention.

Figure 11. (a) Hardness and (b) elastic modulus profiles for the untreated sample and those subjected
to PIII nitriding in pure N2 atmosphere at different pressures.

Figure 11b presents the elastic modulus profiles for the untreated sample and those
subjected to PIII nitriding in pure N2 atmosphere at different pressures. Consistent with
the observations for samples treated in different atmospheres (Figure 7b), and considering
the statistical dispersion of the data, no significant differences are observed between the
profiles. This lack of variation is attributed to the factors previously discussed.

4. Conclusions
Within the PIII system employed, the base pressure (pre-vacuum) of 10−1 Pa necessi-

tated the use of H2-containing atmospheres to mitigate competitive oxidation effects on the
surface of the UNS S32750 super duplex stainless steel samples.
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Proportions approaching a 60% N2/40% H2 (vol.) maximized the nitriding process,
yielding a higher volume fraction of expanded phases.

Regarding the influence of pressure, a direct correlation was observed: higher pres-
sures favored the formation of expanded phases, consequently leading to a gradual increase
in hardness up to 2.7 times the hardness value of the untreated sample.

These results show that PIII exhibits trends in plasma composition and pressure that
contrast with those seen in low-energy plasma nitriding, emphasizing the complex link
between physical and thermochemical processes governing nitrogen uptake.

The results indicate that the PIII technique can be operated at higher pressures than
those commonly used, thereby lowering the costs of its industrial implementation.
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