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Abstract: The dynamically developing energy sector forces technologists to create new materials that
meet the increasingly higher mechanical, chemical, and electrical requirements. The paper relates
to the method of reducing the energy consumption of the plasma nitriding process of austenitic
steels. The method proposed by the authors involves the modification of nitriding technology in
glow plasma. It consists of introducing perforated screens between the anode and nitrided surface
made of a material with a composition similar to the processed material and the use of an HF power
supply with controlled mean current generating negative voltage peaks of about 1000 V. Nitriding is
carried out in a nitrogen-hydrogen atmosphere. The processed material has a negative potential in
relation to the surrounding plasma and strongly negative in relation to the vacuum chamber jacket.
The actual treatment is preceded by ionic cleaning of the surface of the detail and heating it to the
temperature that activates the diffusion processes. The authors analyse the dynamic distribution
of electric fields generated at the surface of the nitrided material with different configurations of
the cathode-sample-screen system, trying to find the correlation of treatment parameters with the
parameters of the nitrided layer. A significant influence of the screening meshes on the depth of the
obtained diffusion layers containing nitrogen was found. The oscilloscopic measurements of the
plasma in the boundary layer allowed for the observation of voltage peaks, probably leading to an
increase in the peak kinetic energy of nitrogen ions and their easier penetration into the material. The
work is of a cognitive nature and is probably one of the first to look for relationships between the
dynamic electrical parameters of plasma and the efficiency of nitriding.

Keywords: energy saving; innovative metallic coatings; DC plasma discharge; processing electrical
parameters; glow discharge nitriding; vapour deposition; cathode sputtering

1. Introduction

In many research centres, research has aimed at creating new and increasingly perfect
materials in order to improve their properties, namely the electrical [1], chemical [2], or
mechanical [3] properties. Diffusion and ion nitriding of steel are some of the methods for
enhancing the service properties of the top layer. This results in a substantial increase in
hardness and wear resistance as well as a moderate improvement in corrosion resistance.

Nitriding significantly extends the life of durable machine parts [4–6]. It is extremely
important from the point of view of implementing newer technologies in the broadly
understood energy sector. It is necessary to use an increasing number of materials with
higher mechanical strength, with improved wear resistance and electrical conductivity,
as well as better chemical and anti-corrosion properties. The achieved effects involve a
greater, thicker, and more homogeneous nitrided layer [7].

The properties of the nitrided layer depend on the thickness of the nitride surface layer
as well as the chemical and phase composition, and the effective depth of the casing [8–12].
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Classic gas nitriding technologies are increasingly often substituted with plasma or
ion technologies, which are attractive due to shorter treatment times, lower unit energy
expenditure, and better properties of produced layers [13–18]. The treatment is usually
carried out in vacuum chambers, where space is filled with working gas at a pressure of
several millibars. The plasma is generated in the stable high voltage electrostatic field or
by use of sinusoidal high-frequency modulation of the voltage. The part being treated
has a negative potential relative to the plasma that surrounds it, and a strongly negative
potential with respect to the chamber jacket. The treatment condition can be preceded by
ion cleaning. An interesting solution are the works [19,20] in which the authors placed the
sample inside a perforated hollow cathode. Ions falling through the holes in the cathode
hit the surface of the sample placed on the ceramic insulator with considerable kinetic
energy. Of course, some of the ions neutralise their positive charge through contact with the
electron gas filling the cathode. The nitriding technique proposed by the authors consists
in the simultaneous influence of ions and atoms with high kinetic energy and momentum
vector perpendicular to the sample surface. This has a significant impact on the intensity
of the nitriding process while maintaining the optimum temperature due to the processes
that may take place inside the material.

The authors of the nitriding method proposed in this article place the nitrided element
on the cathode in a similar way as in typical plasma nitriding. A new element, being the
essence of the technical solution, is the placement of a screening mesh made of perforated
titanium sheet between the workpiece and anode. It causes the following phenomena:

• Accelerating the velocity of ions falling into the space between the lattice and cathode;
• Emission of light radiation, which can have a significant impact on the energy on

the surface of the sample, causing, among other things, a reduction of the electron
output energy and the creation of a strong electric field gradient which additionally
accelerates the ions bombarding the sample;

• Amplification of plasma waves in the space between the sample and mesh, which in
this case acts as a screen.

The course of dynamic processes taking place in the plasma was controlled with the
use of voltage probes placed in different areas of the space between the surface of the
sample and the screening mesh. Current-voltage waveforms of the power supply system
and the sample temperature were recorded simultaneously. The final treatment results were
assessed by classical metallographic tests and measuring the depth of the layers saturated
with nitrogen using the GDEOS method. The strong, variable electromagnetic fields existing
at the sample surface help nitrogen ions to overcome potential barriers occurring on the
surface and probably have an advantageous effect on the phase equilibrium systems in the
material being treated by facilitating the dissolution of nitrogen in the solid phase and its
diffusion into the material. These fields can be modified quantitatively and qualitatively
with the use of appropriately configured screen grids.

The screen is constructed as a one-sided open cylinder (without one base) with the
diameter of 200 mm and the height of 150 mm. Evenly spaced holes with the diameter of
4.5 mm were laser cut in a cylindrical shell.

The results reported in the paper serve surveying purposes. They were intended
to relate to the modifications made in the configuration of the glow-discharge plasma
nitriding stand to the intensity of the nitriding process and the nature of produced top
layers. The presented study is purely experimental in character.

2. Results
2.1. Configuration of the Testing Stand

The testing stand consists of a glow-discharge furnace (vacuum chamber), a power
supply, a pump-metering assembly, a control and measuring unit, and a closed-circuit
water cooling system. The working chamber of the furnace as shown in Figure 1 has
the following dimensions: Diameter φ = 400 mm and depth h = 600 mm. The grounded
chamber jacket makes the anode. The cathode, in the form of a rectangular prism plate of
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maximum dimensions of 455 × 168 × 14 mm, is positioned inside the chamber on a set of
ceramic distance blocks. The cathode is power supplied through the bushing in the back
wall of the chamber. Samples to be nitrided are arranged on the cathode symmetrically
to the furnace axis. Depending on the nitriding variant, the samples either have galvanic
contact with the cathode or are insulated from it with ceramic insulators.

Figure 1. Cross-section of the glow-discharge furnace.

In terms of the morphology and structure of the layer obtained from nitriding on the
cathode and on the cathode using a supporting screen, they did not differ significantly,
except that during the nitriding on a cathode with an active screen, a significant increase in
the thickness of the middle zone of the layer is produced, i.e., Cr2N nitride zones. When
analysing the structure of the layers obtained from nitriding in the plasma potential with
the aid of a supporting screen, it can be seen that in comparison with the variants of
nitriding at the cathode, the CrN nitride zone is reduced, while the zone of austenite
supersaturated with nitrogen increased. This is shown in Figure 2.

The temperature of the samples are monitored using thermocouples. The potentials of
the samples and the potential of the plasma in their immediate vicinity are measured using
electrodes isolated from the furnace atmosphere with ceramic tubes; these electrodes are
not shown in Figure 1. The measuring system conductors are passed out of the furnace via
bushings in the jacket wall. The screened and unscreened samples are positioned on the
cathode at an identical distance from the plane of symmetry of the chamber. The complete
setup of the testing stand is illustrated in Figure 3.
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Figure 2. Microstructure of nitrided layers on the substrate of X2CrNiMo17-12-2 steel for different
variants of the position of samples in the glow chamber: (a) Cathode, (b) plasma, (c) cathode + screen,
and (d) plasma + screen. Temperature T = 490 ◦C , time t = 14 h.

Figure 3. Diagram of the setup for experimental analysis of the effect of screens on the glow-discharge
nitriding process.

The screen is made in the form of a unilaterally open perforated steel sheet box
having galvanic contact with the cathode plate. The pump-metering equipment enables
introducing the gas mixture to the chamber and keeping the fixed pressure on the required
level. In the ion cleaning process, an Ar–H2 mixture was used. The nitriding processes were
conducted using N2–H2 mixtures at pressures of the order of 150 Pa. The processes were
run in variants differing in temperature. The temperature was controlled by changing the
power fed from a high-frequency power supply. The chopper-type power supply generates
packets of unipolar pulses of a frequency up to 100 kHz and a voltage of approximately
1 kV. The power is controlled by an infinite variable adjustment of the packet fill degree
and step adjustment of the energy of a single pulse. The current-voltage characteristics
of the power supply experimentally taken under typical conditions of operation with
the plasma furnace are shown in Figure 4. In the presented feeding system, plasma is
an inductive element and has simultaneously self-resistance and capacity. All physical
characteristic of the plasma are variable.
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Figure 4. Typical current-voltage waveforms of the plasma glow-discharge furnace power supply.

The visible steep peaks are probably due to the inductive influence of the plasma.
The sampling frequency adopted in this measurement did not allow the power supply fun-
damental carrier frequency to be recorded, which in this case was 64 kHz, and was strongly
attenuated by the receiver’s system. However, a clearly distinguished sub-harmonic
of 32 kHz is visible in the voltage waveform of the Fourier transform spectra shown
in Figure 5.

Figure 5. Typical Fourier spectra of the high-frequency power supply’s voltage and current output.

The graphs of the Fourier transforms of successively recorded voltage waveforms
did not exhibit complete repeatability. Clear differences are visible in the region of low
frequencies (up to 8 kHz). These are likely to be caused by transient phenomena occurring
in the plasma.

The measuring unit consists of classic pressure and temperature measuring systems
and two DSO-2090 two-channel oscilloscope cards of a maximum resolution of 4 ns,
operating in parallel. In addition to the classic functions of a digital oscilloscope, these
cards enable the computation of the Fourier spectra of recorded waveforms. Aside from
recording voltage signals and their Fourier spectra, screenshots of the oscilloscope panel
were also recorded. This provided an additional safeguard against making any gross errors.
A general view of the measuring stand with the furnace’s interior is shown in Figure 6.
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Figure 6. The interior of the plasma furnace.

Test samples (see Figure 7) were made in the form of rectangular prisms of a base of
20 × 15 mm and a height of 15 mm.

Figure 7. Positioning of test samples on the cathode.

The test samples were placed on the cathode plate in two variants, either on ceramic
insulators or on steel separator blocks with the size of the insulator. The separator blocks
were used to eliminate any influence of sample positioning on the glow-discharge treatment
process. Thermocouples for temperature measurement were installed in the holes in the
side part of the sample. Measuring electrodes were installed in holes drilled on the sample
surface either with direct contact with the surface or in the plasma potential at a distance
of 1 mm from the sample surface. The arrangement of measuring electrodes is shown
in Figure 8.

Figure 8. Arrangement of measuring electrodes relative to the sample surface.
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The course of the process could be observed visually through the window in the
chamber’s front wall.

For both variants, the results of treatment conducted either with or without the aiding
screen were compared. In this paper, the authors focused on the physical phenomena
caused by screening. Therefore, results have been reported.

Under the same process conditions, a screened sample and an unscreened sample
were treated simultaneously. Due to their symmetrical position in the furnace chamber,
the influence of the treatment assembly’s geometry on the obtained results was eliminated.

For each variant, the diffusion effects were determined and the waveforms of voltages
taken up by the electrodes were measured with different sampling time bases. Research was
carried out using austenitic steel AISI 316L that contains: 0.02C, 16.82Cr, 10.07Ni 1.58Mn,
2.07Mo, and Fe, which is the remaining part. Process was conducted on a pressure of 150 Pa
in mixture 25% N2 and 75% H2 with a temperature between 430–490 ◦C. The selection of
nitriding parameters was, among other things, aimed at producing hard and wear-resistant
chromium nitrides in the surface layer, as seen in Figure 2. The main treatment, lasting
5–14 h, was preceded by the ionic cleaning of thesurface in the atmosphere of argon—
nitrogen. Treated surface was investigated for nitrogen diffusion depth into the surface
layer using method GDEOS. Obtained measurements were compared to the nitrogen
diffusion depth of gas nitrided austenitic steel AISI 301 and presented in Table 1.

Table 1. A comparison of the obtained effects of the glow discharge nitriding process in various
discharge areas with the conventional gas nitriding process [21]—measurement with the GDS GD
PROFILER HR spectrometer.

Time/Temperature Process Layer Depth, µm

5 h/430 C

ion nitriding of steel 316 L gas nitriding of steel 301

cathode 8.1

9
cathode + screen 18.1

plasma 1.3

plasma + screen 13.6

11 h/460 C

cathode 12.2

14
cathode + screen 47.5

plasma 3.6

plasma + screen 38.1

The screening effect of the grid was manifested mainly by the increase of nitrided
layer depth, which for the galvanic isolated sample (from cathode and anode—in plasma
potential) was over 10 times thicker compared to the nitrided layer in the sample treated in
similar thermodynamic conditions without using a screen. Utilisation of a screen, in case
of nitriding on cathode for 5 h in a temperature of 430 ◦C, resulted in over a two-fold
increase of nitrogen diffusion depth. Extension of time and increase of temperature during
treatment with screen resulted in an almost four-fold increase of nitrided layer depth
comparing to cathode nitriding without usage of screen. Thickness of nitrided layers
that are obtained by conventional gas nitriding are comparable to the layers obtained by
glow-discharge cathode nitriding, but are significantly lower than in the case of treatment
with the usage of a screening grid. Taking into consideration the significant increase of the
layer’s thickness and hardness after the nitriding process, it should be expected that the
wear resistance should be considerably greater.

2.2. Analysis of Cathode Voltages

The relatively large mass of the cathode and its dynamic interaction with the plasma
make the voltage waveforms at the power supply’s output different from those measured
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directly on the cathode. Usually, this is due to the attenuation of high frequencies and
short-duration pulses with a steep rising edge. However, in the case of using a screen,
a reverse phenomenon might occur, that is the amplification of some components in the
high frequency region.

The waveforms shown in Figures 9 and 10 illustrate the effect of attenuation of the
high components of the power supply voltage waveform taken from the same testing stand
configuration with different time bases. Obviously, the choice of the waveform recorded at
small time bases is random in character.

Figure 9. Comparison of the potentials at the cathode bushing (top) and on the surface of the control
sample with galvanic contact with the cathode (bottom)—an elementary graduation of 1 ms.

Figure 10. Comparison of the potentials at the cathode bushing (top) and on the surface of the control
sample with galvanic contact with the cathode (bottom)—an elementary graduation of 10 µs.



Energies 2021, 14, 3808 9 of 14

The differences between the driving voltage and the waveform actually observed on
the sample surface are clearly visible in the Fourier spectra shown in Figure 11 with longer
observation durations.

Figure 11. Comparison of the Fourier spectrum of voltage variations on the surface of the sample
galvanically connected with the cathode with the power supply voltage spectrum.

2.3. Treatment of Parts with Galvanic Contact with the Cathode

Introduced screens have little effect on the voltage waveforms recorded directly on
the sample surface. The effect is noticeable more when recording with the time base near
the 200-µs border. This influence can be seen in Figure 12.

Figure 12. Comparison of the voltage waveforms on the screened sample (bottom) and the un-
screened sample (top). Recorded with a time base of 40 µs.
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In Figures 13 and 14, a filtrating effect of the screen for frequencies above 10 kHz is
visible with a simultaneous increase in the constant component by 50–80 V. However, this
phenomenon does not explain the increases in the thickness of non-nitrided layers, which
are found in metallographic examination. Admittedly, the increase in temperature has a
favourable effect on the diffusion process, but temperature increases in the order of several
dozen degrees may produce the effects of increasing the layer thickness by a few percent
at most.

Figure 13. Comparison of the voltage waveforms at the screened sample (bottom) and the unscreened
sample (top). Recorded with a time base of 10 ms.

Figure 14. Comparison of the voltage waveforms at the screened sample (bottom) and the unscreened
sample (top).

The solution should have therefore been sought for in the phenomena occurring in the
wall boundary layer. This was confirmed by a series of measurements taken at a distance of
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1 mm from the sample surface. Introducing the screen increased the maximum amplitude
peaks by almost two times and markedly increased the intensity of the medium and low
harmonic components of the main period.

At the same time, the constant component was shifted by several dozen volts. As a
curiosity, the absence of the screen’s filtrating effect with respect to high voltage waveform
frequencies, and even their slight amplification, can also be noticed. All of these phenomena
favour the occurrence of high-energy nitrogen ions within the sample wall boundary layer,
which are able to penetrate into the material, thus substantially influencing the parameters
of the diffusion layer being formed.

2.4. Treatment of Parts Insulated from the Cathode

The effect of the screen proved especially significant in the case of treating parts
with no galvanic contact with the cathode. Under normal conditions, the intensity of the
nitriding process is very low, and the process is only conducted in instances where there
are difficulties in employing the basic treatment variant. The use of the screen has resulted
in an increase in the intensity of the saturation process, and measurable differences in
voltage waveforms occur both in the wall boundary layer and on the surface of the part.
Particularly prominent differences occur in wall boundary layers (see Figures 15 and 16).

Figure 15. Comparison of voltage waveforms at the surface of the screened sample (bottom) and
the unscreened control sample (top), which have no galvanic contact with the cathode. A time base
of 10 ms.

Significant differences, not only quantitative but also qualitative, are visible. On the
surface of the sample under the screen, additional peaks appear, including those with
magnitudes more than 10 times the maximum amplitudes of voltage changes on the control
sample. The low harmonics of the basic waveform are amplified. At the same time,
the mean voltage value remains shifted by several dozen volts towards negative values.
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Figure 16. Comparison of voltage waveforms at the surface of the screened sample (bottom) and the
unscreened sample (top), which have no galvanic contact with the cathode. A time base of 10 ms.

The spectral analysis has shown that the screen causes the amplification of frequencies
in the range of 100–500 Hz and the occurrence of numerous new peaks in the range of
500–2500 Hz. An interesting phenomenon occurs at the same time: The high frequencies
brought in by the power supply, which were suppressed on the surface of the samples
with galvanic contact with the cathode, reappear and are well observable in wall boundary
layers both at the screened sample and at the sample treated without the screen.

3. Conclusions and Hypotheses

The research carried out has revealed the particular role of phenomena occurring
in the wall plasma boundary layer of the part being treated. The formation of this
layer was significantly influenced by the employed screens. It caused changes in the
current-voltage waveforms, which are particularly prominent in the range of up to 2.5 kHz.
The observed waveforms were a superposition of the stochastic component and quasi-
periodic waveforms with the main period forced by the operation of the high-frequency
power supply. Steep voltage peaks came up in the top layer region, which interacted with
nitrogen ions occurring in this region. For the adopted treatment parameters, the mean
free path was approx. 0.7 mm and corresponded to the thickness of the layer in which
the amplification of the dynamic voltage waveforms occurred. The duration of the ion
peaks favoured giving high velocities to the ions, corresponding to a kinetic energy of
several dozen or several hundred electron volts. These ions embedded in the material to
form a highly disequilibrium nitrogen-supersaturated zone in the top layer. This, in turn,
promoted the diffusion of nitrogen into the material. Due to the large concentration
gradients, the diffusion, at least at its initial stage, did not need to proceed along grain
boundaries, which, in turn, favoured the formation of nitrided layers of high homogeneity.
Similar phenomena should also occur without the screen in the strong cathode fall at a
very sample surface however, due to the small zone thickness, the quantity of participating
ions was considerably smaller than in the case of the thick wall boundary layer induced by
the screen influence.

The above hypothesis of the predominant importance of voltage waveforms in the
wall boundary layer of the thickness of 1–2 lengths of the free ion path explains the higher
intensity of the process of nitriding samples insulated, but positioned under the screen
compared to that of samples having galvanic contact with the cathode. The fact of the
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highest process efficiency in the case of screened samples galvanically connected with the
cathode is also understandable. In this case, two synergic effects were present:

• The effect of electric field acceleration of ions occurring at a distance approximate to
the mean free path relative to the surface being treated;

• The effect of additional acceleration of ions that were found within the zone of surface
interaction of the intensive cathode fall.

The authors of the paper [22] report that for the cases analysed, the economic efficiency
of active screen nitriding with respect to cathodic nitriding is as follows: The economic effi-
ciency of electricity was 23.7% to 51.5%, and economic efficiency of the cost of consumption
of gaseous media reached up to 76.4%.

An open problem is the mechanism of formation of the observed distribution of
electric fields. It can be assumed that the screen forms a kind of a resonance cavity for
the plasma waves forming in the chamber, which are induced by, among other things,
the not very stable operation of the high-frequency power supply. The wave nature of
the generation of variable electromagnetic fields under the screen was supported by the
observation of periodical flashes showing up in the screen holes.

The generation of single, strong, and very narrow current-voltage pulses might also be
caused by the phenomenon of plasma generation in the area limited by the screen box and
in the adjacent sub-areas. We could also deal here with the screen trapping ions occurring
in the screen’s surroundings and their interaction with the outer screen walls, which in
turn led to the spatially and time-unstable electron emission and localised fluctuations in
the degree of ionisation of the gas filling the box. The latter interpretation is supported
by the intensive knocking out of atoms from alternatively used titanium screens, which
manifests itself in, among other things, the intensive deposition of titanium nitride on the
sample surface.

The variations in the distributions of nitrogen ion velocities in the wall boundary layer
and the kinetic interactions of highly accelerated ions with the material being treated seem
to be the most natural explanation of the positive influence of screens on the thickness
and properties of produced diffusion layers. However, other seemingly less obvious
hypotheses cannot be excluded. The plasma under the screen intensively glows within a
wide spectrum range, including the UV region. Nitrogen is photoactive. Active nitrogen
atoms may destroy the passivating films formed on chromium steel surface as a result of
oxygen residue traces which cannot be completely eliminated from the chamber even when
the process is carried out very carefully. The high spatial-time fluctuations in electric fields
in the screened wall boundary layer might affect the phase equilibrium state of the material
being treated. Therefore, the effect of an electric current, strong and dynamically varying
electric fields and accompanying magnetic phenomena on the solubility of nitrogen in
respective phases, including austenite, and blocking or simulating the formation of specific
types of precipitates seems highly probable. These phenomena are still poorly understood,
although in the literature there are some descriptions of anomalies in the phase equilibrium
of carbon, silicon, and boron solutions, therefore research in this field should be continued.
The results of the research presented in this article show that the use of screen meshes for
the processes of steel nitriding with glow plasma has a high cognitive potential and may
solve many unsolved problems.
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