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Abstract
Plasma nitriding is an established process for increasing the corrosion and
wear resistance of steel. However, the possibilities of modern developments in
the field of high-voltage plasma power supplies have been hardly investigated.
For example, modern plasma generators allow improved arc management,
which enable plasma nitriding at higher voltages.
In the present work, the influence of increased voltage (up to 800 V) on the
nitriding of a ferritic steel X38CrMoV5-1 was investigated. It was found that
the thickness of the compound layer increases with increasing voltage. Espe-
cially at short process times the increased voltage leads to increased growth.
An increase in the nitriding depth was also observed.
Furthermore, the increased voltage has an effect on the composition of the
compound layer too. A moderate increase in ɛ-nitride in the compound layer
was observed.
One explanation for the observed behavior is the over proportional increase in
power with increasing voltage, indicating an increased ionization rate of the
plasma. Due to this, more diffusible species would be available for nitriding.
The presented results could be used to reduce process times, particularly
where the formation of a compound layer is the aim of the process. An exam-
ple of such a process is oxy-nitriding.
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Abstract
Das Plasmanitrieren ist ein etabliertes thermochemisches Verfahren zur Ver-
besserung der Korrosions- und Verschleißbeständigkeit von Stählen. Moderne
technologische Entwicklungen auf dem Gebiet der Hochspannungsplasma-
strom-Versorgung und die Erforschung ihres Potenzials sind kaum
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untersucht worden. So ermöglichen moderne Plasmageneratoren ein deutlich
verbessertes Arc-Management, das Plasmanitrierprozesse bei höheren Span-
nungen ermöglicht. In der vorliegenden Arbeit wurde der Einfluss einer er-
höhten Spannung (bis zu 800 V) auf das Nitrieren eines ferritischen Stahls
(X38CrMoV5-1) untersucht. Es wurde festgestellt, dass die Dicke der Verbin-
dungsschicht mit steigender Spannung zunimmt. Insbesondere bei kurzen
Prozesszeiten führt die erhöhte Spannung zu einem deutlich erhöhten
Wachstum. Darüber hinaus wurde auch eine Zunahme der Gesamtnitriertiefe
beobachtet. Darüber hinaus scheint die erhöhte Spannung einen Einfluss auf
die Zusammensetzung der Verbindungsschicht zu haben. Mit zunehmender
Spannung wurde eine moderate Zunahme von ɛ-Nitrid in der Verbindungs-
schicht beobachtet. Eine Erklärung für das beobachtete Verhalten ist der
überproportionale Anstieg der Leistung mit steigender Spannung, was auf
eine erhöhte Ionisierungsrate des Plasmas hinweist. Dadurch stehen mehr
diffusionsfähige Spezies für die Nitrierung zur Verfügung. Die vorgestellten
Ergebnisse können genutzt werden, um die Nitrierprozesszeiten zu verkür-
zen, insbesondere wenn die Bildung einer Verbindungsschicht das Ziel des
Prozesses ist. Ein Beispiel für solche Prozesse ist das Oxy-Nitrieren.

S CHLÜ S S E LWÖRTER
Hochspannung, Kurzzeitprozesse, Plasmanitrieren, Verbindungsschicht

1 | INTRODUCTION

Plasma nitriding is an established thermochemical proc-
ess for increasing the corrosion and wear resistance of
steel and other metals. It has been successfully used in
industry for decades to optimize components and tools
for their intended use. Nevertheless, since its establish-
ment, there have been limited investigations into the fur-
ther development of the plasma nitriding process. Mod-
ern technological developments in the field of plasma
power supplies and the exploration of their potential
have hardly been investigated. For example, modern
plasma generators allow significantly improved arc man-
agement. The potential of these new capabilities needs to
be investigated. For example, the improved arc manage-
ment can be used to enable plasma nitriding processes at
higher voltages. These experiments are not a form of
plasma immersion ion implantation. In contrast to it,
where powerful high-voltage pulses of several 10 kV are
used, no new test stand is needed. A generator is con-
nected to an existing pulsed hot-wall plasma nitriding
plant, which enables a direct current voltage of up to
1000 V during the process.

The influence of increased voltage (up to 800 V) on
the nitriding result of ferritic-martensitic steel 1.2343
(X38CrMoV5-1) was investigated. The compound layer

thickness increases with increasing voltage. Especially at
short process times leads the increased voltage to sig-
nificantly increased nitriding results. In addition to a sig-
nificant growth in the compound layer thickness, an in-
crease in the total nitriding depth was also observed.

2 | MATERIAL AND METHODS

2.1 | Sample material

The ferritic-martensitic hot work tool steel 1.2343
(X38CrMoV5-1) were used. The samples were round
specimens with a diameter of 35 mm and a thickness of
4 mm. Before the tests, the round specimens were pre-
pared to a polishing level of 3 μm.

2.2 | Experimental procedure

The experiments were performed in a modified hot-wall
plasma nitriding system. A direct current pulse physical
vapor deposition plasma generator was used, these gen-
erators have a better arc control management and thus
the experiments with increased voltage became possi-
ble.
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During the experiments, the voltage and the process
time were varied, while the remaining parameters were
kept constant. The voltage was varied from 500 V to
800 V in 100 V steps and the process time between 0.5 h,
2 h and 16 h, Table 1.

In order to keep the sample temperature constant as
the voltage increased, the temperature of the wall heat-
ing had to be adjusted. This was necessary because the
higher voltage causes the plasma to introduce more pow-
er and thus heat into the process. Accordingly, the heat
input through the wall heating had to be reduced,
Table 2.

2.3 | Test methods

The following properties of the nitrided zone were inves-
tigated:

* Hardness – depth profile by micro-indenter,
* Compound layer thickness by scanning electron mi-
croscope,

* Composition of the compound layer by x-ray dif-
fraction (Siemens D9000).

The hardness-depth profile and the compound layer
thickness were determined at the cross-section. For this
purpose, the samples were separated, embedded, ground
and polished. To determine the compound layer thick-
ness, the samples were additionally etched with Ober-
hoffer (10 s wipe etch).

The compound layer thickness was determined by
scanning electron microscope. Each sample was meas-
ured at 5 different points and the average value was cal-
culated.

The hardness-depth profile was determined with the
aid of a micro-indenter. The hardness was determined
according to Vickers. The surface hardness and the total
nitriding depth were also determined.

The composition of the compound layer was de-
termined by x-ray diffraction. The measurement was
performed in detector scan at a fixed angle of 5° and
were taken between 20° and 100° with an increment of
0.2° and a scan speed of 5 s per increment.

3 | THEORY

3.1 | Plasma nitriding

Nitriding is a thermochemical process for surface mod-
ification of metallic materials (e. g. steel, aluminum, tita-
nium) in order to harden the surface layer and reduce
corrosion and wear on the surface [1]. Complex compo-
nent geometries as well as internal contours can be treat-
ed without special precautions. A distinction is made be-
tween salt bath nitriding, gas nitriding and plasma
nitriding [2].

Plasma nitriding has the advantage that the for-
mation of the nitrided zone can be adjusted within a
wide range and the process can be easily integrated into
the coating process for diamond like carbon layers [2].
By means of a plasma, a nitrogen-hydrogen atmosphere
is energized and atomic nitrogen is made available at the
material surface, which can diffuse into the work piece
[3]. In the work piece, the nitrogen causes a trans-
formation of the original tool surface by forming a ni-
trided zone. This can consist of a compound layer on the
surface and a precipitation zone called a diffusion zone.
The formation of a compound layer can be prevented by
selecting appropriate process parameters [4].

In steels, a complete transformation of the original
material surface occurs in the compound layer by form-
ing iron nitrides. After the nitriding process, γ’- and ɛ-
nitrides have been determined [5, 6]. They have a ce-
ramic character with increased hardness and brittleness,
whereby there are differences between the nitrides [7].

In contrast to compound layer, no complete trans-
formation of the material is carried out in the diffusion
zone. Depending on the number of alloying elements
and composition of the steel, nitride precipitations are
formed. In the case of low-alloyed steels, precipitations
of γ’-nitride predominate in the diffusion zone [2]. In the
case of high-alloyed steels containing special nitride for-
mers such as chromium, aluminum, molybdenum, tung-
sten, vanadium or silicon, small, finely distributed, hard
and very temperature-resistant nitride precipitates of
these elements are formed [2, 8]. These are responsible

T A B L E 1 Constant parameters of high voltage processes.

Process parameters Steel samples

Temperature 565 °C

Pressure 300 Pa

Pulse-pause ratio 100 μs–400 μs

Gas-mixture 80% Nitrogen, 20% Hydrogen

T A B L E 2 Setting of the heating for constant specimen
temperature of 565 °C.

Voltage (V) Heating temperature (°C)

500 660

600 620

700 350

800 off
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for particle hardening and thus for an increase in
hardness and strength [2]. Further effects of the special
nitrides are partly massive volume changes, which lead
to large lattice distortions and residual compressive
stresses [9]. These lead to an increase in fatigue strength
[10, 11].

3.2 | Developments in the field of
plasma nitriding

In one paper, the influence of various adaptations of a
plasma nitriding system on the nitriding result on C45E
was investigated [12]. There were three different modi-
fied installations. First, the samples were nitrided con-
ventionally with pulsed plasma. Second, a bias voltage
was applied to the samples and third, the samples were
nitrided passively. In this third installation, the sample is
electrically isolated and a grid-shaped cathode near the
samples provides the diffusible nitrogen for nitriding.
There was no significant difference in the properties of
the nitrided zone of the samples of these three mod-
ifications. Neither the surface hardness nor the total ni-
triding depth differed significantly. A reduction in the
compound layer thickness was observed in the passively
nitrided samples.

In another paper, the possibility of using the hollow
cathode for nitriding austenitic steel was investigated
[13]. The process can be used for the continuous nitrid-
ing of steel strips, but is consequently limited to very
simple geometries.

Out-of-the-ordinary investigations include nitriding
with the aid of an ion beam, and nitriding with the aid
of a laser in a nitrogen atmosphere [14–16]. Materials
that are difficult to nitride with conventional methods,
such as aluminum or titanium, are usually studied here.
However, austenitic steels are also examined. Successful
nitriding is possible with the help of these methods, but
is usually limited to a low total depth. Furthermore, it is
difficult to nitride more complex components in this way

and simpler geometries such as cutting inserts were
investigated.

This brief overview is intended to show that research
is being carried out in the area of further development of
the plasma nitriding process, but not all possibilities,
such as increasing the voltage in the process, are being
exploited for better technological development.

4 | RESULTS

4.1 | Influence of voltage on
hardness-depth profile and compound
layer thickness

The results are presented separately according to the
process time. Starting with 16 h of treatment time.

At the 16 h tests, the increased voltage has hardly any
influence on the hardness depth profile, Figure 1. There
is no influence on the surface hardness and the total ni-
triding depth varies between 200 μm and 216 μm. A
slight increase in the total nitriding depth can be as-
sumed, but cannot be clearly confirmed. The compound
layer thickness increases from 7.8 μm to 12.1 μm be-
tween 500 V and 800 V, Figures 1, 2. The effect was no-
ticeable at a voltage of 700 V and higher.

At a treatment time of 2 h, a significant increase in
the total nitriding depth from 79 μm to 119 μm can be
observed with increasing voltage. An increase in surface
hardness is not visible, Figure 3. Likewise, an increase in
the compound layer thickness from 1.8 μm to 8.4 μm can
be observed, Figures 3, 4. In this case, a significant
change was already measurable from 600 V onwards.

With a further reduction of the treatment time to
0.5 h, there is a difference between 20 μm and 60 μm in
the total nitriding depth, whereby at 500 V concrete val-
ues were difficult to measure due to the weak nitriding,
Figure 5. At 500 V, a significantly lower surface hardness
was measured and no compound layer could be de-
tected. At 600 V, the surface hardness was in the range

F I G U R E 1 Left: hardness depth profiles, right: compound layer thickness at different voltages, 16 h.
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of the previous tests. The compound layer achieved a
thickness of 5.4 μm at 800 V, Figures 5, 6.

4.2 | Influence on the compound layer
composition

When analyzing the composition using x-ray diffraction,
it was found that the amount of ɛ-nitride increases with

increasing voltage. This effect was detectable in all test
series (16 h, 2 h, and 0.5 h). However, the effect is only
moderately distinct and does not cause large trans-
formations, Figure 7. The peaks at an angle of 38.6°;
44.0° and 57.8° (ɛ-nitride) increase and the peaks at an
angle of 41.2° and 48.0° (γ’-nitride) decrease. The influ-
ence of the process time on the composition seems to be
significantly higher. A strong change towards ɛ-nitride
can be observed for the same peaks, Figure 8.

F I G U R E 2 Scanning electron microscope pictures of compound layer at 500 V and 800 V, 16 h.

F I G U R E 3 Left: hardness depth profiles, right: compound layer thickness at different voltages, 2 h.

F I G U R E 4 Scanning electron microscope pictures of compound layer at 500 V and 800 V, 2 h.
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This means that the composition of the compound
layer shifts to a higher proportion of ɛ-nitride with short-
er process times.

By measuring the current during the experiments,
the current and thus the power of the plasma increased
more with increasing voltage than had been expected.
The output current was given directly from the gen-
erator. The current does not increase linearly with in-
creasing voltage, but more strongly, Figure 9. This effect

increases with increasing voltage, and was measured up
to 1000 V.

5 | DISCUSSION

Higher plasma voltage has an influence on the com-
pound layer. With increasing voltage, an increase in the
compound layer thickness can be observed in all tests.

F I G U R E 5 Left: hardness depth profiles, right: compound layer thickness at different voltages, 0.5 h.

F I G U R E 6 Scanning electron microscope pictures of compound layer at 500 V and 800 V, 0.5 h.

F I G U R E 7 Results of x-ray diffraction measurements from
20° to 100° by 16 h process time.

F I G U R E 8 Results of x-ray diffraction measurements from
20° to 100° by 600 V.
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Furthermore, an increase in the ɛ-nitride content in the
compound layer was detected in all tests. From this, it
can be concluded that a higher voltage favors the for-
mation of ɛ-nitride to a moderate extent. It is interesting
that the influence of time for the formation of ɛ-nitride
seems to be significantly higher and shorter process
times favor the formation. This might suggest, that ɛ-ni-
tride forms at earlier stages of the process and is partially
converted to γ’-nitride during longer processes.

It can also be seen from the results at shorter process
times that the influence of voltage on the nitrided zone
in general and on the compound layer in particular in-
creases as the process time decreases. This can be seen at
the greater difference in compound layer growth, as well
as the increase in total nitriding depth with shorter proc-
ess times. At 16 h, the growth of the compound layer
thickness from 500 V to 800 V is approximately 50%, at
2 h, the growth is approximately 300% and at 0.5 h, no
compound layer was formed at 500 V. The same is ob-
served for the total nitriding depth at shorter process
times. At 16 h, the increase between 500 V and 800 V is
less than 10%, at 2 h the increase is over 60% and at
0.5 h approximately 200%.

One explanation for this behavior could be the dis-
proportionate increase of the current at higher voltage.
This observation suggests that with increasing voltage
the ionization rate of the plasma increases and thus
more diffusible species per time unit are available in the
plasma. This increased availability could have an effect
especially close to the surface, so that a thicker com-
pound layer is formed and probably even the formation
of a compound layer in general is supported. Fur-
thermore, this increased availability of diffusible nitro-
gen seems to have a stronger influence on the process

for short process times than for longer process times.
There, temperature-driven diffusion seems to be the
greater influencing factor compared to the availability of
diffusible species. As long as sufficient diffusible species
are available and thus a certain saturation has occurred.
This can be assumed due to the different influence of the
high voltages on the total nitration depth at the different
process times.

The results could be used for a shortening of econom-
ic nitriding processes, as long as the generation of a com-
pound layer is the aim of the process. A similar com-
pound layer thickness can be achieved at 800 V and 2 h
as at 16 h and 500 V.

An example of such processes is oxy-nitriding. In this
process, a compound layer is created and afterwards
converted into an oxide layer (magnetite). By increasing
the voltage during nitriding and possibly also during fol-
lowing oxidation, the process times could be massively
shortened.

6 | CONCLUSION

The presented results can be summarized as follows:

* Increased plasma voltage has a great influence on the
compound layer and leads to increased layer growth
and increased formation of ɛ-nitride.

* The influence of high voltage on the nitrided zone is
increased with short process times and affects the total
nitriding depth too.

* A shortened process time also causes an increased for-
mation of ɛ-nitride.

* With an increase in voltage, there is a disproportionate
increase in current and power, which is interpreted as
an increase in the ionization rate of the plasma.

* This increased ionization rate seems to be responsible
for the observed effects of voltage on the nitrided
zone.

Due to the possibility of massively shortening certain
plasma nitriding processes in terms of time, the results
offer great economic potential.

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-
profit sectors.

ACKNOWLEDGEMENTS
Open access funding enabled and organized by Projekt
DEAL.

ORCID
Christian Kipp http://orcid.org/0000-0002-6840-6213

F I G U R E 9 Current growth from 500 V to 1000 V.

1182

Wiley VCH Mittwoch, 04.10.2023

2310 / 316908 [S. 1182/1183] 1

 15214052, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aw
e.202300067 by Fraunhofer IST

, W
iley O

nline L
ibrary on [12/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0002-6840-6213
http://orcid.org/0000-0002-6840-6213


REFERENCES
1. F. Hoffmann, I. Bujak, P. Mayr, B. Löffelbein, M. Gienau, K.-

H. Habig, HTM Haerterei-Tech. Mitt. 1997, 52, 376.
2. D. Liedtke, U. Baudis, J. Boßlet, U. Huchel, W. Lerche, H.-J.

Spies, H. Klümper-Westkamp, Wärmebehandlung von Ei-
senwerkstoffen II. Nitrieren und Nitrocarburieren, Expert Verl.,
Tübingen, 2018.

3. G. Blasek, G. Bräuer, Vakuum – Plasma – Technologien. Be-
schichtung und Modifizierung von Oberflächen, Leuze, Bad
Saulgau 2010.

4. H. Paschke, M. Weber, G. Bräuer, T. Yilkiran, B.-A. Behrens,
H. Brand, Archives of civil and mech. engineering 2012, 12, 407.

5. R. Hoffmann, E. Mittemeijer, M. A. J. Somers, HTM Haerterei-
Tech. Mitt. 1996, 51 (3), 162.

6. M. B. Karamiş, Thin Solid Films 1992, 217, 38.
7. H.-J. Spies, Freiberg. Forschungsh. B 1986, 249, 8.
8. D. Liedtke, Wärmebehandlung von Eisenwerkstoffen, expert-

Verl., Renningen 2014.
9. H. Oettel, G. Schreiber, Nitrieren und Nitrocarborieren 1991,

139.
10. D. Dengel, HTM Z. Werkst. Wärmebeh. Fertigung 2002, 57, 316.

11. E. Macherauch, K. H. Kloos, “Bewertung von Eigenspannun-
gen” Härterei-Technische Mitteilungen, Beiheft Eigenspannun-
gen und Lastspannungen, Moderne Ermittlung – Ergebnisse –
Bewertung 1982, 175–194.

12. D. Kovács, I. Quintana, J. Dobránszky, J. Mater. Eng. Perform.
2019, 9 (28), 5485.

13. K. Nikolov, K. Köster, P. Kaestner, G. Bräuer, C.-P. Klages,
Vacuum 2014, 102, 31.

14. G. Abrasonis, J. P. Rivière, C. Templier, A. Declémy, L. Prane-
vicius, X. Milhet, J. Appl. Phys. 2005, 8 (97), 83531.

15. D. Manova, S. Mändl, H. Neumann, B. Rauschenbach, Surf.
Coat. Technol. 2014, 256, 64.

16. P. Schaaf, Prog. Mater. Sci. 2002, 47, 1.

How to cite this article: C. Kipp, P. Kaestner, G.
Bräuer, Materialwiss. Werkstofftech. 2023, 54,
e202300067. https://doi.org/10.1002/
mawe.202300067

1183

Wiley VCH Mittwoch, 04.10.2023

2310 / 316908 [S. 1183/1183] 1

 15214052, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aw
e.202300067 by Fraunhofer IST

, W
iley O

nline L
ibrary on [12/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.acme.2012.06.001
https://doi.org/10.1016/j.vacuum.2013.11.001
https://doi.org/10.1016/j.surfcoat.2014.03.047
https://doi.org/10.1016/j.surfcoat.2014.03.047
https://doi.org/10.1016/S0079-6425(00)00003-7
https://doi.org/10.1002/mawe.202300067
https://doi.org/10.1002/mawe.202300067

