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Summary. The influence of regime (temperature, composition of gas mixture and its pressure) and energy
characteristics (voltage, current density, specific discharge power) at hydrogen-free-nitriding in a glow discharge
(HFNGD) on the structure, phase composition of nitrided layers is investigated. It is shown that due to the
combination of regime and energy parameters of HFNGD it is possible to achieve physical and chemical
indicators of nitrided layers set by operating conditions. The set of traditionally fixed values of regime parameters
(temperature, gas mixture connection, pressure and saturation time) without taking into account energy
characteristics (voltage, current density and specific discharge power) significantly reduces the technological
capabilities of HFNGD. With controlled regulation of the energy characteristics of HFNGD, a significant
reduction in the energy consumption of the nitriding process is achieved. It is established that the energy levels of
the main subprocesses differ significantly: the formation of nitrides occurs at low energies, surface sputtering is
realized at high voltage values, and nitrogen diffusion occurs at high current densities. In cases where the flow
energy is insufficient, either a glow discharge may not occur at all, or at insufficient stress the nitride layer on the
surface is not sprayed and it acts as a barrier that prevents the diffusion process into the inner layers of the metal,
leading to low physicochemical indicators of nitrided layers.

The priority in the formation of one or another phase (¢, 7 u, @), the quantitative ratio between them and
the required performance properties of the metal, respectively, can be achieved only through an independent
combination of energy and regime characteristics of HFNGD.

Key words: hydrogen-free-nitriding in a glow discharge (HFNGD), phase composition, voltage, current
density, specific discharge power.
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Statement of the problem. One of the modern and effective methods of hardening
metals is nitriding in a glow discharge in an ammonia medium or in hydrogen-free medium
(nitrogen + argon) — HFENGD (hydrogen-free nitriding in a glow discharge). Nitriding in
hydrogen-free medium eliminates the possibility of explosion of the installation and hydrogen
embrittlement of surfaces due to the diffusion of hydrogen formed during decomposition of
ammonia to the depth of the metal. In addition, the HFNGD process is completely
environmentally friendly.

Analysis of recent research. Nowadays, most studies are devoted to nitriding
processes with interdependent parameters, i.e. each combination of mode parameters
(temperature, composition and pressure of gas mixture) automatically corresponds to
combination of energy (voltage, current density, specific discharge power), so the latter are not
considered as controlled factors of the process [1].

In [1-3] the issues of influence of nitriding regimes (without taking into account the
energy characteristics of saturation process) on the structure, phase composition,
physicochemical properties of nitrided layers are widely studied.

Among all the mode characteristics of the process, the most important parameter is the
set surface temperature, because to achieve and maintain it throughout the nitriding time
requires a specific combination of voltage and current density. Providing a given surface
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temperature due to alternative to the glow discharge factors, allows to change the energy
parameters of HFNGD in a wider range. In world practice, ensuring the independence of
temperature from the energy characteristics of HFNGD is achieved by using cameras with «hot
walls» [4]. Ensuring a given surface temperature due to alternative to glow discharge factors
not only reduces the nitriding time, but also opens up fundamentally new opportunities to
improve the controllability of the HFNGD process and obtain surface properties of metallic
materials depending on their operating conditions. Despite the obvious new possibilities of
HFNGD with independent energy parameters, it has not actually been studied in practical and
experimental aspects.

This paper presents the results of experimental studies, comparing the results of
physicochemical properties of nitrided surfaces obtained by nitriding with autonomous and
interdependent HFNGD modes.

Objective of the research is to study the influence of energy parameters on the
physicochemical and tribological properties of diffusion layers on the example of 438KHMUA
steel at HFNGD with interdependent and autonomous saturation parameters.

Statement of the problem. The influence of HFNGD energy parameters on the depth
of nitride and diffusion layers, their phase composition, microhardness and wear resistance at
dry friction was studied on the example of 38HMY UA steel.

Nitriding was carried out at the UATR-1 installation designed and manufactured at the
Podilsk Scientific Physical and Technological Center (PNPC) of Khmelnytsky National
University. The installation belongs to the diode type model on direct current and has been
additionally completed with heating elements placed in the gas-discharge chamber which
enabled to change arbitrarily value of voltage U, and current density value j was determined as
the relation of voltage to the total area of charge and suspension parts (samples) j=I/S, A/m?).
The design features of the installation for HFNGD processes in interdependent and autonomous
nitriding modes are described in detail in [5].

Nitriding modes. The influence of temperature, composition of the gaseous medium,
its pressure and saturation time on the structure, phase composition and, accordingly, on the
physicochemical properties of the surface nitrided layers, have been comprehensively studied,
for example, in [6-7]. Therefore, nitriding was performed in a mixture of 80% N2 (nitrogen)
and 20% Ar (argon) at the temperature T = 833K for 7 =4 h. The voltage and current were
chosen arbitrarily, based on the experience of previous studies. Technological modes of HFNGD
processes are given in Table 1.

Table 1

Characteristics of HFNGD modes

Mode 171 2 3 414 5 | 6 77 8 9
Pressure, p, Pa 53.2 106.4 159.6
Voltage, U, B 1100/680 | 820 | 515 | 840/610 | 515 | 300 | 700/540 | 515 | 300
g,“r;ge”t density, i, 11153 | 72 | 32 | 132/164 | 7.2 | 2.8 | 158172 | 12.8 | 7.2
Thickness of nitride | ge/5 56 | 627 | o | 800272 |320| 0 | 7.13/539 | 596 | 0
zone hN, um

Thickness of
diffusion layer, h, um
Microhardness of the
surface HVo1
*nitriding with interdependent parameters, ** — also, but with the use of suspension of a different shape and size,
2,3,5, 6, 8,9 — experiments with nitriding with independent energy parameters.

200/250 150 50 200/250 10 10 300/300 150 0

1058/1084 | 1041 | 282 | 1019/1067 | 360 | 331 | 1098/1151 | 641 263

64 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 3 (103), 2021https://doi.org/10.33108/visnyk_tntu2021.03


https://doi.org/10.33108/visnyk_tntu2021.0

Mykola Skyba; Myroslav Stechyshyn; Mykola Lukianiuk;
Volodymyr Kurskoi; Nataliia Mashovets; Volodymyr Lyukhovets’

Specific power of the glow discharge was determined by the formula:
W =UI/S =Uj, (1)

where S is a total area of parts (samples) and suspension (cathode area).

Experiments 17, 4", 7 were carried out under interdependent nitriding regimes (the first
series of experiments), i.e. each pressure of the mixture corresponds to the respective values of
voltage and current density. The second series of experiments (1™, 4™, 7™) was performed
under the same modes but with a modified suspension shape and therefore with a different
cathode surface area. Experiments 2, 3, 5, 6, 8 and 9 correspond to the autonomous HFNGD

modes. In this case, modes 3, 5 and 8 are carried out whenU =515B = const , and modes 2, 5

and 9 when j =7,24/x? =const .

Metallographic studies were carried out on a MIM-10 microscope after etching the
microgrinds with 3% alcohol solution of nitric acid. Microhardness was determined with a
microhardness tester PMT-3 at a load of 0.98 N with fixation of hardness values on the surface
and at a distance of 25, 50, 100, 200, 500 pm.

The DRON-3 diffractometer in the range of angles 8 from 20° to 100° with a scanning

step 0,1°and an exposure time of 10 s was used for X-ray phase analysis.

Tribological tests. Experimental studies of samples for wear resistance were performed
on a universal machine for testing materials for friction model 2168UMT. Friction scheme —
«disk — fingery; type of contact — sliding plane on the plane (the end of the cylindrical sample
slides on a flat metal disk; the material of the counterbody is I1IX15 steel with a hardness of the
base HRCG61; pressure in the contact zone p = 16 MPa; sliding speed v = 0.1 m/s.

The controlled parameter is the linear wear h, which was determined as the change due to
the passage of a section of length | of the linear size of the sample, measured along the normal to
the friction surface.

Results of the research. In addition to comparing the physicochemical nitrided
layers of 40X steel in HFNGD with interdependent and autonomous energy modes of
processes, the aim of the research was also to test the influence of the specific power of the
glow discharge w, which in [8] is called plasma energy density (PED)and where it is stated
that the dependence of the gas mixture on the specific power of discharge is of extreme
nature: that is, the gas mixture pressure, which corresponds to the maximum w provides a
nitrided layer of the greatest depth [8]. However, research [5] and the results of our
experiments (Fig. 1) do not prove the existence of such an extreme dependence.

The change in the shape of the suspension led to a change in the values of w (curves
I and Il'in Fig. 1) and in the second case we have much lower use of energy for the nitriding
process. Sharp difference of curves | and Il indicates the dependence of HFNGD processes
on the shape and configuration of the suspension, placement of parts on it, presence of sharp
edges, recesses, holes, etc. The list of factors influencing the results of HFNGD are given
in [9] and include 13 items.

However, this is not the main advantage of nitriding, and the main factor is the
physico-chemical properties of the reinforced layers, which provide the specified
performance of the reinforced surfaces of parts. Thus, in [10... 12] there are doubts about
feasibility of using specific power as a single energy criterion due to the possibility of
arbitrary combination of its values with different values of voltage and current density at
constant pressure of the gas mixture. The presented studies have shown that it is more
expedient to estimate changes in voltage and current density. Specific power of discharge
can only serve to estimate the transition from «dark» to glowing or to electric arc discharge.
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The study of volt-ampere characteristics of HFNGD with interdependent
(without preheating samples) parameters showed a significant difference when changing
the shape and size of the suspension (Fig. 2). Thus, the change of the suspension
led to a shift of the volt-ampere characteristic of the process to the left: a decrease in
voltage values led to an increase in current density with a simultaneous decrease in
w (Fig. 1). At the same time, the mode parameters (pressure, temperature, mixture
composition and nitriding time), as mentioned above, remained unchanged. Increasing
the pressure of the mixture also leads to a decrease in voltage with a simultaneous
increase in current density (Fig. 2). As the increase in the absolute value of current
is much smaller compared to the absolute value of the voltage (Table 1), the result is a
decrease in the value of the specific power of the energy flow w (Fig. 1).

W, + B
’ A/m2
KkW/m2 b 7 P,
1 1 4” P 1671
]2 \%37* 1
ok £ 1?4
10+ 1 -,_‘__"4‘_‘7” 121
11
8 + 101
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Figure 1. Dependences of specific power Figure 2. Volt-ampere characteristics
of the category w on pressure of of the HFNGD process at autonomous
gas mix at interdependent modes of HFNGD: (interdependent) saturation modes
I — modes 1*, 4* and 7*; Il — also when (I and Il — different shapes of suspensions)

changing the shape of the suspension
(modes 1**, 4** and 7*%*)

Analysis of the experimental results shows that with decreasing energy parameters
of the HFNGD process, the microhardness of the surface, the thickness of the nitride
and diffusion layers decrease. X-ray diffraction analysis data also show the dependence
of the structure and phase composition of the nitrided layers on the energy parameters.
The energy conditions of the main HFNGD subprocesses differ significantly. Thus,
the formation of nitrides occurs at low energies, while the process of spraying nitrides
on the surface requires high stress values (modes with interdependent parameters),
and for nitrogen diffusion into the thickness of the metal it is necessary to increase the
current density. As the energy of the incident flow increases, the pre-formed layer of
nitrides is sprayed, which stimulates the process of nitrogen diffusion into the depth of the
metal.

When the energy flow is insufficient to spray the nitride layer, it acts as a barrier that
prevents the diffusion of nitrogen. This explains the low indicators of physicochemical
properties of surfaces during nitriding at modes 3, 6 and 9.

The results of tribological tests also confirm the dependence of wear resistance on the
energy characteristics of HFNGD (Fig. 3).
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Figure 3. Wear resistance of nitrided steel 38HMY UA after HFNGD (figures on the curves
correspond to the nitriding modes in Table 1)

As a result of the analysis of wear resistance data of nitrided steel 38HMYUA in the
conditions of dry friction it is revealed that HFNGD at higher energy parameters provides higher
indicators of wear resistance. At the same time, both the wear rate and the running-in period
decrease, and the period of constant wear increases. The latter refutes K. Keller's statement about
the insignificant influence of energy characteristics of discharge on the results of nitriding [10].

The above research results clearly indicate a significant effect of voltage and current density
on the physicochemical and tribological properties of nitrided metal layers. Moreover, in the area
of energy characteristics of the regime there is a limit below which conducting of HFNGD has no
sense despite the fact that the values of the mode parameters remain unchanged (modes 3, 6 and 9).

Thus, the change in the energy characteristics of HFNGD allows to significantly expand the
technological capabilities of nitriding by obtaining modified layers of a given structure and phase
composition: based on nitrogenous o-solid solution with or without nitride zone, or only nitride
zone with &- or only with y’- phases. Hence, the nitride zone containing g-phase has high corrosion
resistance, and the area consisting of the y’-phase is characterized by high ductility. Single-phase
nitride zone improves the mechanical properties of nitrided steels in contrast to the two-phase (& +
v") zone, which has increased surface brittleness. However, at high friction velocities € + y” prevent
metal adhesion of friction pairs. In general, the thinner the nitride zone, the more plastic is the
nitrided layer, but the lower the resistance to abrasive wear, especially in dry friction.

According to the results of X-ray diffraction analysis at maximum values of energy
parameters (all modes with interdependent parameters 1°/1, 4°/4™, 7°/7*", mode 8 and partly 5
with autonomous saturation parameters) a nitrided layer is formed, which consists of & (FezN),

7" (FeaN) and a (Me [N]) — phases (mode 7). The decrease in voltage and current density leads

to an increase inthe ' — phase fraction in the nitride zone of the nitrided layer and, accordingly,

to a decrease in & —phase (modes 7, 8). At the minimum values of energy characteristics, the
nitride layer is not formed on the surface and it consists only of & — phase (mode 9, Table 1).
Corrosive [11], fatigue characteristics [12], residual compressive stresses [13], strength and
ductility characteristics [14] of nitrided layers change respectively.

Conclusions. The set of traditionally fixed values of regime parameters (temperature,
gas mixture, pressure and saturation time) without taking into account energy characteristics
(voltage, current density and specific discharge power) significantly reduces the technological
capabilities of HFNGD. With controlled regulation of energy characteristics of HFNGD, a
significant reduction in the energy consumption of the nitriding process is achieved.

The energy levels of the main subprocesses differ significantly: nitrides formation
occurs at low energies, surface spraying is realized at high voltage values, and nitrogen
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diffusion occurs at high current densities. In cases where the flow energy is insufficient, either
a glow discharge may not occur at all, or at insufficient stress the nitride layer on the surface is
not sprayed and it acts as a barrier that prevents diffusion into the inner layers of the metal,
leading to low physicochemical indicators of nitrided layers.

Priority in the formation of a phase (&, 7, u, @), the quantitative relationship between

them and the required performance properties of the metal, respectively, can be achieved only
through an independent combination of energy and regime characteristics of HFNGD.
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YK 669.1:537.5

®I3UKO-XIMIYHI BJIACTUBOCTI TA 3HOCOCTIMKICTh
A30TOBAHOI CTAJII 38KHMUA

Muxkogaa Ckuba; Mupociaas Creuumnn; MukoJga JIlyk’saok; Bosogumup
Kypckoii; Hatauais Mamosens; Bosogumup Jlroxosenb

XmenvHuybkuti HayionanvHul yHigepcumem, Xmeabhuyvkuu, Ykpaina

Pe3ztome. Jocniodceno 6naus pedicumMuHux (memmnepamypd, ckiad 2a3o6oi cymiwi ii mucky) ma
eHepeemUUHUX Xapakmepucmux (Hanpyed, WiNbHICMb CcMpymMy, HUMOMA NOMYICHICMb po3pady) npu
be3600nesomy azomyeanni 6 muitouomy pospsaodi (HFNGD) na cmpykmypy, ¢pazosuii cknao azomosanux wapis.
Tokaszano, wo 3a paxyHok xKombinayii pexcumuux ma enepeemuunux napamempie HFNGD mooicna docaemu
@DI3UKO-XIMIYHUX NOKA3HUKIE A30MOBAHUX WAPi6, 3a0aHux ymoeamu excniyamayii. Komnnexc mpaouyiiino
QiKcosanux 3HAYEHb PENCUMHUX NApamMempis (memnepamypa, CROLYKA 2430801 cymiuii, MUCK | Yac HACUYEeHHs)
0e3 ypaxyeanhs eHepeemuiHux XapaKkmepucmux (Hanpyaa, WiltbHicmb CMpyMy U NUMomMa NOMyHCHICMb po3psoy)
3HauHo 3meHutye mexnonoeiuni moxcaueocmi HFENGD. Ilpu xommponvosanomy pecymogauui enepeemuuHux
xapaxmepucmux HFNGD Odocseacmuvcea snaune snudsicenns enepeoemuocmi npoyecy asomysauns. Bemanoeneno,
wo eHepeemuyHi pieHi NPOMIKAHHA OCHOBHUX CYONPOYECI8 CYMmEBO GIOPIZHAIOMbCA. VMEOPEHH HImpuoié
6i00Y6AEMbCA NPU HU3LKUX EHEep2isX, PO3NULEHHA NOGEPXHI Peani3yemvCs Npu GUCOKUX 3HAYEHHAX Hanpyeu, a
oughysis azomy 6i00yeaemvbCsi NPuU NIOGUWEHUX BEIUNUHAX WITbHOCME cMPYMY. V 6unaokax, Koau enepeis NOmokKy
He0OCmamHsL Modice abo 83aeani He GUHUKAMU MITIOUULL po3ps0, abo npu HeOOCMAMHIN Hanpy3i wap Himpuoie Ha
NOBEPXHI He pO3NOPOULYEMBCS § 8IH BUCMYNAE 8 POl bap €pa, AKUll nepewKooxtcae npoyecy ougysii' y 6Hympiuiti
wapu mMemany, wo npu3e00umv 00 HU3LKUX (DI3UKO-XIMIYHUX NOKA3HUKIE azomosanux wapis. Ilpiopumem y
@opmysanni mici abo inwoi gazu (& ¥, U, @), KIIbKICHO20 CRIGEIOHOUWIEHH MIdC HUMU U HeoOXiOHUMU
EKCNYamayiuHumMu 61acmugoCmAMU MeMany iOno8iOHO, MOJCHA 00CAZMU MINbKU 30 PAXYHOK HE3ANEHCHO20
KoMOiHysanHs eHepeemuynux i pexcumuux xapaxmepucmux HFNGD. 3uuoicenna nanpyau i winenocmi cmpymy

. ' . o o .
npu3eo0ums 00 30inbuienHs yacmku Y — asu 6 HImpPUOHILl 30HI A30MOBAHO20 WAPY U 6I0NOGIOHO 00 3MEHUICHHS

xinoxocmi € — ¢pasu). TIpu MiHIMATbHUX SHAYEHHAX eHeP2emUYHUX XAPAKMEPUCTIUK HIMPUOHUT Wap HA NOGEPXHI
He YmEopIoembCsl Ul 8in ckaadaemuvcsi minoku 3 & — asu.

KarouoBsi cioBa: 6e3600nese azomysanus 6 muitouomy pospadi (HFENGD), gasosuii cknao, nanpyea,
WINbHICMb CIMpPYyMY, RUMOMA NOMYJICHICMb PO3PSO0Y.
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