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Abstract

This study presents the results of research into the influence of the time of the plasma nitriding process on the
microstructure of the coatings obtained. Cold-work tool steels (60WCrV8, 90MnCrV8, 145Cr6), hot-work
tool steel (X37CrMoV5-1) and high-speed tool steel (HS6-5-2) were selected as substrate material. The pro-
cesses were carried out under industrial conditions using an lonit device from Oerlikon Metaplas with varia-
ble process times of 2, 4 and 6 hours. According to literature data, a nitriding mixture consisting of 5% nitro-
gen and 95% hydrogen was chosen, which allowed the expected diffusion layer to be obtained without a
white layer (composed of iron nitrides). Analysis of elemental mapping indicates that the presence and con-
tent of nitride-forming elements influences the formation of alloy additive nitrides in the microstructure of the
diffusion layer. It was also found that an increase in the duration of plasma nitriding, results in an increase in
the depth of the nitrided layers formed on the substrate of high-alloy steels: X37CrMoV5-1 and HS6-5-2. Ni-
trides of alloying additives, present in the diffusion layer, are formed in the high-alloyed the hot-work steel
X37CrMoV5-1, indicating that these steels are the most suitable for plasma nitriding of the entire tool steels
analysed.

Keywords: plasma nitriding, tool steel, heat treatment, kinetic of nitriding

1. Introduction

Thermochemical treatment processes are performed to improve tribological and mechanical prop-
erties and increase corrosion resistance. They are implemented by combining thermal treatments with
a targeted change in the chemical composition of the surface layer (Skrzypek & Przybytowicz, 2020).
At a specific temperature and time, the near-surface zone is diffusely saturated with an element or
elements in solid (Ucar et al., 2020; Xie et al., 2012), liquid (Ghelloudj et al., 2018; Kul et al., 2020;
Sen et al., 2005), gaseous (Barnaby et al., 1975; Liu et al., 2020; Torchane, 2021) and plasma
(Drajewicz et al., 2021) media. One such process is plasma nitriding, which aims to improve the anti-
corrosive properties (Kusmi¢ & Hruby, 2015; Kusmi¢ et al., 2021), fatigue resistance (Kovaci et al.,
2016a) and abrasive wear (Karaoglu, 2002; Kovaci et al., 2019) of steels, titanium alloys and iron

matrix sinters (Celik et al., 2000; Rakowski et al., 2006).
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The plasma nitriding process is carried out under vacuum. After the charge is gradually heated to
the required temperature by cathodic screens or resistance heating in the furnace retort, gas is deliv-
ered to the retort at a fixed pressure of 10-2--1 Pa. The nitrided elements are at negative potential with
respect to the furnace walls, the anode is the furnace retort. The applied voltage induces a glow dis-
charge. In an electric field, ionisation of the gas takes place, whose positive ions and high-energy neu-
tral particles bombard the surfaces of the workpieces. This results in the release of heat necessary for
the thermal activation of the nitrogen and its diffusion, as well as the occurrence of cathodic sputter-
ing, which removes a layer of passive oxides from the surface. The surface of the objects is developed
by making grain boundaries and other defects in the crystal structure visible. The described process
favours the activation of the surface so that the adsorption and nucleation of new phases is facilitated,
thus eliminating the problem of overcoming the surface passivity barrier. Nitrogen atoms form FeN
nitrides with the precipitated iron atoms, which are adsorbed onto the surface of the product and then
decompose. Iron and alloying element atoms combine with diffusing nitrogen atoms to form nitrides
(Aghajani & Behranghi, 2017; Blicharski, 2012; Burakowski & Wierzchon, 1995; Chattopadhyay,
2004; Dobrzanski, 2006; Kula, 2000; Przybytowicz, 1999; Swié¢ & Gola, 2017).

The surface layers formed during the nitriding process are characterised by a zonal structure. They
may include phases from the iron-nitride system such as y’, € and solid solution a. (Glowacki et al.
2005a; Wang et al., 2013). The compound layer, otherwise known as the white zone, is formed by Fe».
3N and FesN nitrides, often also Fe;(CxNy) carbide nitrides. The dominant phase near the surface is the
¢ -phase, the content of which decreases moving deeper into the material, while the content of the y’
phase increases until it dominates in front of the diffusion zone (Gtowacki et al., 2005b). It is not only
the presence of the ¢ phase that is responsible for the porosity of the white zone, as demonstrated by
(Michalski et al., 2005) during a controlled gas nitriding process. They observed that porosity is
formed in layers of compounds consisting of € and y’ phase as well as in layers with y* phase only. The
Fe2sN nitride layer is characterized by greater hardness and brittleness than the FesN layer. It is also
more resistant to wear and corrosion. The FesN nitride layer tolerates overload more favorably and has
a higher resistance to fracture. The values of the thermal expansion coefficients of the y’ and ¢ phases
are different, making the compound layer prone to cracking and falling off at the interface (Spies
& Dalke, 2014). Given the properties of the ¢ and y’ phases that make up the white zone, it is de-
scribed as hard and resistant to abrasive and adhesive wear. It is also brittle, which, if thicker, can re-
sult in spelling in service (Lan & Wen, 2012; Yang et al., 2017). The compound layer is often re-
moved from the component before use by grinding, polishing or chemical etching in solutions of cyan
compounds (Czerwinski, 2012). The microstructure of the core matrix of the nitrided component coin-
cides with the microstructure of the diffusion zone matrix. When the limiting solubility of nitrogen in
the zone is exceeded, fine nitrides of the alloying elements aluminium, chromium, molybdenum, va-
nadium and tungsten are released. Their presence causes an increase in hardness by distorting the crys-
tal structure of the matrix (Blicharski, 2012; Czerwinski, 2012; Wang & Chung, 2013). The diffusion
zone is characterised by higher impact strength than the white zone (Zhang & Bell, 1985). It also de-
termines the strength of the nitrided layer; due to its high resistance to thermal fatigue and abrasive
wear (Lan & Wen, 2012; Yang et al., 2017). Furthermore, the resulting coating increases resistance to
seizure, corrosion and the tempering effect of heat.

The main advantage of plasma nitriding is that it is possible to form a layer of compounds with on-
ly the € or y’ phase, or to produce a nitrided layer consisting only of the diffusion zone. Plasma nitrid-
ing allows diffusion of nitrogen across grain boundaries and lattice diffusion (Blicharski, 2012). The
advantage of this process is a surface with much less roughness than gas nitriding and minimal distor-
tion of the feedstock. Therefore, products after the process do not require additional machining
(Aghajani & Behrangi, 2017; Spies & Dalke, 2014).

In order to make the best use of the nitriding potential, special steels with a specific chemical
composition have been developed containing, among others, aluminium, chromium, molybdenum and
vanadium, which have a high affinity for nitrogen (Blicharski, 2012; Spies & Dalke, 2014) The carbon
content should not exceed 0.5 % because chromium, molybdenum and vanadium form stable carbides,
hindering the formation of nitrides (Aghajani & Behrangi, 2017). Due to the low solubility of nitrogen,
the alloying elements separate almost entirely in the form of finely dispersed nitrides. The resulting
volume difference causes local distortion of the crystal lattice, resulting in a strengthening effect and
increased solubility of nitrogen in the iron matrix (Spies & Dalke, 2014). The presence of alloying
additives in the surface layer increases hardness, provides high hardenability and resistance to temper-
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ing embrittlement (Blicharski, 2017; Burzynska-Szyszko, 2011; Chattopadhyay, 2004). With increas-
ing nitriding time and temperature, coagulation of the precipitated nitrides can occur, as indicated by
a decrease in hardness. Under constant nitriding process conditions, an increase in the content of alloy-
ing additives results in a decrease in the depth of the compound layer. In the case of alloyed steels, an
increase in the content of nitride-forming elements leads to a decrease in the thickness of the diffusion
layer and an increase in hardness at its surface (Spies & Dalke, 2014). Also the process atmosphere
influences the microstructure of the nitrided layers. A small addition of oxidising compounds to the
nitriding mixture during plasma or gas nitriding has a beneficial effect on the nitrided layer - the pres-
ence of oxygen stabilises the € -phase and increases the growth rate of the layer (Czerwinski, 2012).

Appropriate selection of the process parameters makes it possible to obtain surface layers with
a variety of structures, which is much more difficult in the case of conventional nitriding methods
(Celik et al., 2000; Karaoglu, 2003; Rakowski et al., 2006). An analysis of the literature (Albarran et
al., 1992; Berkowski, 2005; Blicharski, 2012; Borgolli et al., 2002; Glowacki et al., 2005a, 2005b;
Hock et al., 1996; Karamis et al., 2019; Kovaci et al., 2016b; Krbata et al., 2019; Kusmic et al., 2021;
Ozbaysal et al., 1986; Podgornik & Vizintin, 1999, 2001; Skonieski et al., 2013; Zhao et al., 2021)
allows us to conclude that it is preferable to produce nitrided layers consisting of a compound zone
and a diffusion zone. However, for some applications, a more favourable set of properties is offered by
the diffusion layer alone - good resistance to abrasive wear, thermal fatigue and impact strength. Hot
working dies are subjected to harsh working conditions such as repeated impacts and heating and cool-
ing cycles. Plasma nitriding of hot work dies made from AISI H13 steel allowed only a diffusion zone
to be obtained, resulting in a 10-fold increase in the service life of the machined tools (Peng et al.,
2020). In order to create a nitrided layer with only a diffusion layer, it is necessary to limit the nitrogen
content of the nitriding mixture.

Literature data (Blicharski, 2012) indicate the following chemical composition of the nitriding gas
mixture: 1-5% nitrogen, the rest carrier gas. Podgornik and Vizintin (1999), wishing to form a nitrided
layer without a compound zone on 42CrMo4 heat-treatable steel, proposed the following parameters
for the plasma nitriding process: gas mixture composition 0.6%N- and 99.4%H,, temperature 540°C
and time 17 h. When observing the microstructure, a forming layer of compounds was noticed in addi-
tion to the diffusion layer. In the work (Skonieski et al., 2013), the tempering steel 42CrMo4 was sub-
jected to plasma nitriding. The process took place at 500°C and the variables were time and composi-
tion of the gas mixture. No white zone was observed during microscopic examination although the
results of the analysis of the glow discharge optical emission spectroscopy (GDOES) profiles suggest-
ed its presence (depths of less than 1 um). Kovaci et al. (2016a), for 42CrMo4 steel, obtained a white
zone depth of 1-2 um and a diffusion zone of 120-130 um, during the process at 400°C with a gas
mixture of 50%N; and 50%H,. Gtowacki et al. (2005a) investigated the effect of the nitrogen content
of the H,-N, mixture on the plasma nitriding process of 38HMJ nitridable steel and WCL hot work
tool steel. The treatment was carried out for 2 h at 550°C. From the diffractograms, it was found that
the structure of the layers formed on 38HMJ and WCL steels consisted of: solution o - at 3% N, solu-
tion o and phase y’ - at 5% Ny, solution o, phase y’ and ¢ - at 9% N. and solution o and phase y’ at
26% Na. A thin layer of iron nitrides (9% N) and a solid film of iron nitrides and alloying additives
(26% N2) were also observed. In (Da Silva Rocha et al., 1999), AISI M tool steel was plasma nitrided
at 350, 400, 450 and 500°C with a gas mixture of 5% N and 95% H, for 30 min. A nitrided layer
consisting of a diffusion zone alone was obtained, the depth of which increased with increasing nitrid-
ing time.

The aim of this study was to determine the influence of the plasma nitriding process parameters
and the chemical composition of the substrate material on the microstructure of the nitride layers
formed, on the substrates of selected tool steels, and to determine the growth kinetics of the diffusion
layer below. The influence of chemical composition of tool steels from each group (cold work, hot
work and HSS) on nitriding process was investigated. The plasma nitriding time was selected as
a main factor of coatings formation. The all processes were conducted in semi-industrial conditions.

2. Experimental

According to experimental plan plasma nitriding, at 550°C and times of 2, 4 and 6 hours, was car-
ried out on five selected tool steels, the chemical composition of which is shown in Table 1. Process
was conducted using industrial system (lonit, Sulzer-Metaplas, Germany).
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Table 1. Chemical composition of steel according to EN 1SO 4957 (2004) and PN-H-85023 (1986) standards.

Steel Chemical composition [wt.%]

designation c si Mn b S or Mo v "
e I R I I A
oo | [0l T o o
won |28 e o o Lo | o | - | o0
oot | o5 |8 65 [ - | - 4% | s | on
wor | 0% | e | - | - | - | % | %3 5%

The samples, measuring @30 mm x 30 mm, were supplied in tempered condition from one batch
of steels. The surfaces to be tested were sandblasted with electrocorundum and then ground on an
ATM GmbH Saphir 330 grinder with SiC grit sandpaper with a gradation of 80 to 500. 90 specimens
were prepared - 2 specimens for each steel grade at three time variants: 2 h, 4 h and 6 h. The time
variants were chosen for optimisation of nitriding time and selection of shortest time for diffusion
layer formation. Before the processes, the samples were cleaned in an ultrasonic cleaner. The invariant
process parameters are shown in Table 2. The process was controlled and monitored using built-in
software in nitriding system. The composition of plasma gasses was selected for formation only of
diffusion layer without outer nitride layers.

Table 2. Plasma nitriding process parameters.

Composition of nitrided mixture, | Temperature, | Frequency, |Voltage,| Intensity, Pressure,

I/h oC kHz Vv A mbar Pulse

5N + 95H> 550 10 400 15 3.6 20/80

After the plasma nitriding processes, metallographic samples were taken. The microstructure of
the nitrided layers was studied on a Phenom XL scanning electron microscope from PIK Instruments,
using a back-scattered electron detector - BSE. The coating thickness was measured in 10 places on
the cross-section of sample and average thickness value was calculated. The chemical composition
was analysed using a secondary X-ray energy dispersive spectrometer - EDS, integrated with the Phe-
nom XL microscope. Maps showing the relative content of chemical elements from the analysed areas
were obtained. All samples were etched with Nital 4% to measure the depth of the layers formed. The
phase composition was analysed using X-ray diffraction (XRD) method and ARL X’TRa diffractome-
ter.

3. Results and discussion

3.1. Cold-work tool steel 60WCrV8

The microstructure of the 60WCrV8 steel, after each of the three nitriding processes (Fig. la-c),
consists of a dark matrix and bright irregularly shaped precipitates, occurring mainly on the grain
boundaries. The increased concentration of tungsten in the chemical composition analysis maps (Fig.
1) indicates that these are tungsten carbides. This is also indicated by the carbon content (0.55-0.65
wt.%), which may have increased the ability of the alloying additives to form carbides and decreased
the ability to form nitrides (Aghajani & Behrangi, 2017). The near-surface layers of 60WCrV8 steel
after plasma nitriding at 2, 4 and 6 h show areas of increased nitrogen concentration, the amount of
which decreases with increasing distance from the surface of the samples. During the plasma nitriding
process at 2 h, a diffusion layer with an average depth of 0.79 um, was obtained. After 4 h of the pro-
cess, a layer with an average depth of 2.14 um was obtained, and after 6 h: 2.12 um. The XRD phase
analysis from the surface of sample showed presence of FesN (y’) and FesN (g) nitrides (Fig. 2). It
confirms the formation of thin nitrides layer on the surface of samples. The presence of FeO oxides
was also confirmed by XRD phase analysis.
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c)

Fig. 1. a)-1) Microstructure of the layer after 2, 4 and 6 h of the nitriding process carried out on a tool steel grade 60WCrV8
substrate and the result of the relative concentrations of nitrogen, tungsten and iron.
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Fig. 2. The results of XRD phase analysis from samples of 60WCrV8 cold wor steel after 2, 4 and 6h of plasma nitriding
process.

3.2. Cold-work tool steel 90MnCrV8

The results of XRD phase analysis confirmed the formation of FesN (y’) nitride as well as FeO on
the surface of 90MnCrV8 steel samples after plasma nitriding process (Fig. 3). The microstructure of
samples after plasma nitriding at 2, 4 and 6 h (Fig. 4a-c) consists of a light matrix and dark globular
precipitates. They are uniformly distributed in the microstructure, mainly in the grains, but also at the
grain boundaries (Fig. 4a-c). Identification of the precipitates requires further study. The near-surface
layer of the samples shows areas of slightly increased nitrogen concentration, the amount of which
decreases with increasing distance from the surface of the samples (Fig. 4d-f). This indicates the for-
mation of a diffusion layer on the substrate of the 90MnCrV8 steel, plasma nitrided at 2, 4 and 6 h. No
nitrides were observed in the microstructure of the steel, as confirmed by the chemical composition
analysis. No changes in iron and chromium concentrations were observed (Fig. 4g-I). The high carbon
content (0.85-0.95 wt.%) and the low content of nitride-forming elements (0.20-0.50 wt.% chromium
and 0.05-0.20 wt.% vanadium) hinder the possibility of alloy additive nitride formation (Aghajani
& Behrangi, 2017; Blicharski, 2012). The average layer depth is 1.17 um, for treatment after 2 h. After
the nitriding process at 4 h, the average layer depth is 0.66 um, and after 6 h: 0.57 um.

7000 -
Mo, = 0,154 nm ®lo m- a (martensite)
1 A -FeN
6000 — O - FeD
5000 . "
+ O
2 4000 - oa I a 6h of nitriding
[%2) |
2 1 H ||'|
= 3000 | B ~ J| 4h of nitriding
2000 — 2h of nitriding
N
1000 : { : f . ! : | : ! : . i . i
20 30 40 50 60 70 S0 90 100
26, deg

Fig. 3. The results of XRD phase analysis from samples of 60WCrV8 cold wor steel after 2, 4 and 6h of plasma nitriding
process.
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b) c)

Fig. 4. a)-1) Microstructure of the layer after 2, 4 and 6 h of the nitriding process carried out on a tool steel grade 90MnCrV8
substrate and the result of the relative concentrations of nitrogen, iron and chromium.

3.3. Cold-work tool steel 145Cr6

The XRD phase analysis showed the presence of FsN (y”) phase on the surface of 145Cr6 samples
after each plasma nidriding process conditions (Fig. 5). The microstructure of 145Cr6 steel, after each
of the three plasma nitriding processes (Fig. 6a-c), consists of a light matrix and irregularly shaped

Advances in Mechanical and Materials Engineering, Volume 41, 2024, Pages 5-16 ISSN 2956-4794
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dark precipitates arranged in bands perpendicular to the surface. Plasma nitriding of 145Cr6 steel for
2 h leads to the formation of a diffusion layer, as evidenced by the increased nitrogen intensity near
the surface (Fig. 6d). The layer formed is porous (Fig. 6a). Its depth is approximately 1.65 um. The
change in iron and chromium content is negligible, as evidenced by the surface analysis of these ele-
ments shown in Fig. 6g, j. The result of plasma nitriding for 4 h is a diffusion layer with an average
depth of 11.72 um, as confirmed by the chemical composition analysis performed (Fig. 6e). The nitro-
gen content decreases from the surface into the depth of the material. In Fig. 6b, no dark precipitates
are observed in the diffusion layer, the presence of which was identified in the layers formed during
the plasma nitriding process at 2 and 6 h. A small number of pores are also visible. Plasma nitriding of
145Cr6 steel at 6 h leads to the formation of a nitrided layer consisting of a white zone and a diffusion
zone, as evidenced by the increased nitrogen intensity near the surface, which decreases deep into the
substrate (Fig. 6c¢,f). The resulting white layer is neither continuous nor adherent, as can be seen in
Fig. 6¢. In the region of about 10 um from the white layer-diffusion layer boundary, large longitudinal
and globular-shaped separations are no longer visible. The average depth of the white layer is 1.50
um, while that of the entire nitrided layer is 14.32 pum.

9000

Mo = 05154 nm = m -a (martensite)
8000 |- ©-FeN
7000 —+
6000 - o 6h of nitriding
=2 . o . © [
2 5000
D
1= . i
4000 I | 4h of nitriding
J'.,_ I Fan .
3000 |- U \ I ) 2h of nitriding
2000 : ! : ! : ! i ! t | } . } | }
20 30 40 50 60 70 80 90 100
26, deg

Fig. 5. The results of XRD phase analysis from samples of 145Cr6 cold work steel after 2, 4 and 6h of plasma nitriding
process.

4. Summary

On the basis of microstructure photographs, relative elemental concentration analysis, it was
shown that plasma nitriding of selected tool steels, carried out for 2, 4 and 6 h, in a nitriding mixture
of 5% N, and 95% H; and at 550°C, leads for most of the analysed steels to the formation of diffu-
sion/nitrided layers on their substrate. The time of the plasma nitriding process has an ambiguous ef-
fect on the depth of the nitrided layers formed on the substrate of the selected steels. The parabolic-
like growth pattern of the nitrided layer was found to be characteristic of steels with high alloying
element content: HS6-5-2.

The formation of a diffusion layer was observed on the substrate of each steel flux-nitrided in
a mixture consisting of 5% N and 95% H,. The formation of a white layer was also observed during
the nitriding of 145Cr6 steel at 6 h. Chromium nitrides were formed in the diffusion layer of the hot-
work steel X37CrMoV5-1. In high-speed steel HS6-5-2, no nitrides were observed despite the high
content of nitride-forming additives. Literature data (Doan et al., 2016) report that for high-speed
steels, vanadium-rich primary MC carbides are converted to nitrides very slowly. Inside these types of
carbides and nitrides, the diffusion coefficient of nitrogen is very low. According to Lachtin and
Kogan (1982), the diffusion coefficient of vanadium nitride at 550°C is 1016 lower compared to
ferrite. The formation of very thin layer s and the absence of nitrides in the 60WCr5 and 90MnCrV8
steels is attributed to the low content of nitride-forming elements (Table 1). Literature data indicate
that the reduction in the possibility of nitride formation is also influenced by the higher carbon content
(compared to nitridable steels - above 0.4 wt.%).
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a) c)

Fig. 6. a)-1) Microstructure of the layer after 2, 4 and 6 h of the nitriding process carried out on a substrate of 145Cr6 tool
steel and results of the analysis of the relative concentrations of nitrogen, iron and chromium.

5. Conclusions

1) The presence and morphology of the resulting nitrided layer, formed on the substrate of
60WCr5, 90MnCrV8, 145Cr6, X37CrMoV5-1 and HS6-5-2 steels, during plasma nitriding at

Advances in Mechanical and Materials Engineering, Volume 41, 2024, Pages 5-16 ISSN 2956-4794
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550°C in a mixture of 5% N, and 95% H,, depends on the duration of the process and the
chemical composition of the nitrided steel.

2) An increase in the duration of plasma nitriding, results in an increase in the depth of the nitrid-
ed layer formed on the substrate of high-alloy steels X37CrMoV5-1 and HS6-5-2.

3) Nitriding in a mixture of 5% nitrogen and 95% hydrogen produces a nitrided layer without
a compound zone.

4) The presence and mass content of nitride-forming elements influences the formation of alloy-
ing additive nitrides in the microstructure of the diffusion layer.

5) Nitrides of alloying additives, present in the diffusion layer, are formed in the hot-work steel
X37CrMoV5-1.

6) The results obtained indicate that X37CrMoV5-1 steel due to their alloying element content
and carbon content - are the most suitable for the plasma nitriding process among the analysed
steels.
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Wplyw Warunkow Azotowania Plazmowego na Mikrostrukture Powlok
Uzyskanych na Podlozu Wybranych Stali Narzedziowych

Streszczenie

W pracy przedstawiono wyniki badan wptywu czasu procesu azotowania plazmowego na mikrostrukture
otrzymanych powlok. Jako material podtoza wybrano stale narzedziowe do pracy na zimno (60WCrVS,
90MnCrVS8, 145Cr6), stale narzedziowe do pracy na gorgco (X37CrMoV5-1) oraz szybkotnace (HS6-5-2).
Procesy prowadzono w warunkach przemystowych z wykorzystaniem urzadzenia Ionit firmy Oerlikon Meta-
plas ze zmiennymi czasami procesu 2, 4 i 6 godzin. Zgodnie z danymi literaturowymi wybrano mieszaning
azotujaca sktadajaca si¢ z 5% azotu 1 95% wodoru, co pozwolito na uzyskanie oczekiwanej warstwy dyfuzyj-
nej bez warstwy bialej (zlozonej z azotkow zelaza). Analiza mapowania pierwiastkowego wskazuje, ze obec-
no$¢ i zawarto$¢ pierwiastkow azototworczych wptywa na powstawanie azotkow dodatku stopowego w mi-
krostrukturze warstwy dyfuzyjnej. Stwierdzono rowniez, ze wydluzenie czasu azotowania plazmowego po-
woduje zwickszenie glebokosci warstw azotowanych powstajacych na podlozu ze stali wysokostopowych:
X37CrMoV5-1 i HS6-5-2. Azotki dodatkoéw stopowych, obecne w warstwie dyfuzyjnej, powstajg w wysoko-
stopowej stali do pracy na goraco X37CrMoV5-1, co wskazuje, ze stale te sg najbardziej odpowiednie do
azotowania plazmowego sposrod wszystkich analizowanych stali narzedziowych.

Stowa kluczowe: azotowanie plazmowe, stal narzedziowa, obrobka cieplna, kinetyka azotowania
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