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Abstract

The aim of this work is to provide a comprehensive analysis of hydrogen-free nitriding and nitrocarburizing
processes in a glow discharge, to summarize the regularities of nitride and carbonitride layer formation on steels
and titanium alloys, and to evaluate their corrosion—mechanical wear resistance under conditions of sliding,
fretting, cavitation, and exposure to aggressive media. Particular attention is given to the application of Pastukh’s
.M. model for interpreting the kinetics and energy mechanisms of diffusion processes. The study presents a
comparative analysis of the structural-phase transformations during nitriding and nitrocarburizing in a hydrogen-
free glow discharge and systematizes experimental data on microhardness, electrochemical behavior, and
corrosion—mechanical wear resistance.

The methodological basis of the theoretical part is the energy-exchange model developed by 1. M. Pastukh,
which describes the influence of active plasma species on the diffusion rate and phase formation. It is shown that
hydrogen-free nitriding provides intensified nitrogen diffusion, the formation of stable nitrides TiN, TiN, e-(Fe>—
3N), y'-(FesN), and the elimination of hydrogen embrittlement. It is established that nitrocarburizing produces
multilayer carbonitride structures with hardness values of 900-1300 HV and high adhesion to the substrate. The
modified layers demonstrate a 3—6-fold increase in wear resistance, a 2.5—4-fold reduction in cavitation damage,
and a significant decrease in corrosion current in NaCl and NaOH solutions. A transition of the dominant failure
mechanisms from brittle and adhesive to plastic-deformation dominated modes has been identified. The obtained
results confirm the experimentally observed regularities of carbonitride-layer formation and demonstrate the key
role of ion bombardment in generating the defect-subzone that governs diffusion kinetics and phase stability.

The findings may be applied in the design of wear-resistant machine components, medical implants, and
elements of cavitation units operating in alkaline and chloride environments. Hydrogen-free nitriding and
nitrocarburizing technologies are identified as highly efficient, economically feasible, and suitable for industrial
implementation.

Keywords: glow discharge, hydrogen-free nitriding, nitrocarburizing, nitride layers, titanium, steel,
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Introduction

Surface strengthening of titanium alloys and structural materials remains one of the key directions for
improving the operational reliability of machine components, technological equipment, and critical-purpose
products. Among the known surface-modification methods, a special place is occupied by nitriding and
nitrocarburizing, which enable the formation of hard diffusion layers with high wear resistance, corrosion
resistance, and fretting resistance. The use of glow discharge significantly expands the capabilities of these
processes by intensifying diffusion, activating plasma-chemical reactions, and reducing the treatment temperature.

Traditional plasma nitriding technologies are based on hydrogen-containing gas mixtures, which facilitate
surface cleaning but may simultaneously induce several undesirable effects, including hydrogen uptake,

embrittlement, phase-structure changes, and reduced service life of components. For this reason, considerable
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attention is devoted to the development of hydrogen-free nitriding and nitrocarburizing processes, which eliminate
unwanted side effects and ensure the formation of stable nitride layers with predictable properties.

In recent years, substantial experimental data have been accumulated regarding the influence of glow-
discharge parameters on the structure and properties of nitride layers formed on titanium alloys and steels, as well
as on the dependence of corrosion—mechanical wear resistance, fretting resistance, and wear behavior in corrosive
environments on these parameters.

Glow-discharge nitrocarburizing is a surface-modification process for steels and alloys that combines the
advantages of nitriding and carburizing. Its effectiveness is determined by the active interaction of nitrogen and
carbon, which in the glow-discharge plasma form complex carbonitride phases characterized by high hardness,
corrosion resistance, and fretting resistance.

Despite significant progress in studying nitriding and nitrocarburizing processes, a number of fundamental
and applied aspects of these technologies in hydrogen-free glow discharges remain insufficiently clarified. In
particular, the influence of the absence of hydrogen on the activation mechanisms of nitrogen and carbon, the
formation of the defect sublayer, and the kinetics of diffusion in the near-surface region of metals require further
refinement, as do the regularities of phase formation in hydrogen-free environments, including the stability of
nitride and carbonitride phases and their correlation with plasma parameters.

Special attention should be devoted to correlating experimental results with the energy-exchange model
developed by 1. M. Pastukh, which describes the interaction of active plasma species with the metal surface, with
practical validation for hydrogen-free nitrogen—carbon (N—C) media, and to understanding how the structural—
phase characteristics of modified layers influence their wear resistance.

Literature review

Nitriding and nitrocarburizing in a glow discharge remain among the most effective surface-modification
methods for steels and titanium alloys due to their ability to form hard, wear-resistant, and corrosion-resistant
nitride and carbonitride phases. Recent review studies [1-7] indicate a significant increase in interest in hydrogen-
free technologies, which eliminate the problem of hydrogen embrittlement and provide more intensive ionic
activation of the surface.

In study [1], it was shown that low-temperature nitriding of titanium in a glow discharge leads to the
formation of TiN-Ti=N layers with a pronounced microhardness gradient, where ion bombardment plays a key
role by determining defect formation and the initial stage of diffusion. Works [2—-5] investigated the influence of
the main glow-discharge nitriding parameters—pressure, gas composition, temperature, and treatment duration—
on the evolution of surface structure and properties of stainless steels. The authors demonstrate that variations in
nitriding regimes control the nitrogen diffusion rate, the formation of nitride and nitrogen-enriched solid-solution
layers, as well as the final performance characteristics of the material, including hardness, wear resistance, and
corrosion resistance. Accurate control of process parameters is essential for obtaining stable and optimized
properties of nitrided steels, which aligns with current trends in enhancing the efficiency of glow-discharge surface
modification. The research demonstrates that discharge parameters significantly influence the phase composition
of layers on stainless steels. A correlation between discharge power and the €/y’-phase ratio was identified, which
is consistent with the energy-exchange model proposed by I. M. Pastukh.

Study [6] emphasizes that not only the external processing parameters (pressure, gas composition, voltage,
time) determine the final surface properties, but also the quantitative characteristics of the flux and dose of plasma
particles that actually reach the treated surface. Article [7] shows that for titanium alloys, glow discharge provides
deep nitrogen saturation without overheating the material, which is particularly important for medical implants.

A comprehensive analysis of the influence of hydrogen-free nitrogen—carbon media on titanium alloys was
performed in study [8]. The authors demonstrated that a hydrogen-free atmosphere promotes stabilization of the
TizN phase and prevents degradation of a-titanium, which is typical for hydrogen-containing discharges. Several
works, including [8, 9], systematized the kinetic features of nitrogen diffusion in titanium alloys using the energy
model of I. M. Pastukh, which describes the interaction of the flux of active particles with the surface through the
balance of ion-impact energy and defect generation. The model has received experimental confirmation in
subsequent studies [10—13], highlighting its universality for hydrogen-free media.

Studies [14, 15] demonstrated that combined nitrogen and carbon saturation provides a more ductile and
crack-resistant layer compared with pure nitriding. Carbon promotes the formation of a stable e-phase with a
modified lattice structure, reducing residual stresses and improving resistance to fretting and cavitation damage.
These findings agree with modern results reported in [16], where it was shown that Fe—(N,C) carbonitrides exhibit
superior tribocorrosion performance compared to nitrides.

Investigations of the corrosion—mechanical stability of plasma-modified layers in works [17,18,19]
revealed that nitrocarburized layers on steels show significantly increased wear resistance and 1.5-3-fold higher
cavitation resistance compared to conventional nitriding.

Analysis of current data confirms that hydrogen-free nitriding and nitrocarburizing in a glow discharge are
promising surface-engineering methods that ensure intensive surface activation, formation of stable nitride and
carbonitride phases, improved tribocorrosion and cavitation resistance, and complete elimination of hydrogen
embrittlement.
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Objectives of the Study

The primary objective of this study is to provide a comprehensive analysis of hydrogen-free nitriding and
nitrocarburizing processes under glow-discharge conditions, with particular attention to the mechanisms of
nitrogen and carbon activation, diffusion kinetics, and the formation of nitride and carbonitride layers on steels
and titanium alloys. The research aims to clarify how the absence of hydrogen influences surface activation, phase
stability, and defect formation, as well as to determine how these factors affect the microstructure and operational
performance of the modified layers.

The study seeks to formulate well-grounded conclusions regarding the technological advantages,
limitations, and practical applicability of hydrogen-free nitriding and nitrocarburizing for enhancing the durability
of machine components, titanium elements, and structural units operating in aggressive chemical or dynamic
environments.

Purpose of work

To determine the technological advantages and limitations of hydrogen-free nitriding and carbonitriding
compared to traditional hydrogen-containing methods.

Methods

This research is based on the analysis of scientific studies published in recent years, as well as on
experimental results in the fields of glow-discharge nitriding, nitrocarburizing, and surface modification of
titanium and steels. The article summarizes data on the modification of the following materials: o—f titanium alloys
VT3-1 and VTS, austenitic stainless steels 08Kh18N10 and 12Kh18N9T, structural steels 38KhMYuA, 40Kh,
20Kh, and carbon steels. The main variable processing parameters include: gas pressure in the vacuum chamber
of 80—400 Pa; treatment temperature of 500-700 °C; gas-mixture composition (N2, N2 + Ar, N> + C); discharge
voltage of 400—1200 V; current density of 1-10 mA/cm?; and treatment duration of 1-10 hours. To analyze the
properties of the modified surface layer, the following methods are employed: surface microhardness measurement
using a PMT-3 microhardness tester; nitride-layer thickness determination using microstructural analysis on an
MIM-10 microscope; phase-composition analysis of the surface layer using a DRON-3M X-ray diffractometer;
X-ray photoelectron spectroscopy (XPS); and electron Auger spectroscopy performed using a JAMP-10S scanning
Auger microprobe and electrochemical examinations in chloride and alkaline environments.

Research

Activation of nitrogen in a hydrogen-free glow-discharge environment differs fundamentally from classical
hydrogen-containing nitriding technologies. The absence of hydrogen alters the energy exchange at the gas—solid
interface, affects the composition of active plasma species, and determines the diffusion—kinetic regularities of
nitrogen penetration into the metal. Based on analytical developments by Pastukh I.M. and their further extension
in a series of subsequent works [10,11], a model was substantiated that describes the mechanism of nitride layer
formation in hydrogen-free gas-discharge media through a system of interrelated processes such as electron-impact
activation, surface energy exchange, ion-stimulated diffusion, and the thermodynamics of nitride formation.

The absence of hydrogen leads to a sharp increase in the fraction of heavy ions N>" and N*, which carry
high impulse energy. This enhances the bombardment of the metal surface and results in intensified surface
cleaning, oxide-film destruction, formation of active adsorption centers, and active nitrogen diffusion. Studies on
titanium alloys [13] and steels confirm the presence of an intensive primary stage of surface activation, during
which a sharp increase in the nitrogen uptake rate is observed in the first 10-20 minutes of treatment. This effect
was first quantitatively described in the works of Pastukh I.M. [10], where the dependence of the flux of active
species on electron energy and cathode potential was demonstrated.

According to Pastukh’s energy model, a distinctly non-uniform energy distribution of active particles is
formed in the glow discharge, with a pronounced increase in their energy within the near-surface cathode sheath.
Calculations showed that it is the cathode potential drop that ensures the acceleration of nitrogen ions, while the
electron component of the plasma determines the intensity of molecular N> dissociation. Thus, the flux of active
particles reaching the surface consists of N>*/N* ions, metastable N atoms, as well as fast neutral atoms formed
due to charge exchange in the cathode sheath. This combined energetic action determines the nature of the primary
activation of the metallic surface and the subsequent rate of diffusion saturation.

Under hydrogen-free glow-discharge nitriding, the process of hydrogen saturation is absent, which is
confirmed by studies [8,15]. In this case, a more homogeneous composition of surface layers is formed; no black
(brittle) zones typical of hydrogen-containing mixtures appear; adhesion of nitride phases to the substrate
increases; and corrosion—mechanical resistance in chloride and alkaline environments improves. This is consistent
with Pastukh’s model [10]: under hydrogen-free conditions, the surface energy of the system increases, promoting
the formation of thermodynamically stable mononitrides rather than metastable hydrogen-defective structures.
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X-ray diffraction analysis of the VTS titanium alloy showed that, depending on the nitriding regime,
diffraction peaks of a-Ti, TiN (d-phase), and Ti-N (g-phase) appear on the surface of the nitrided titanium alloy,
whereas on the surface of the non-nitrided titanium alloy only a-Ti and B-Ti peaks are present (Fig. 1).

In a hydrogen-free glow discharge, the diffusion coefficient of nitrogen may increase by a factor of 2—4
compared to hydrogen-containing environments. This is associated with the higher energetic potential of N* ions,
a greater number of direct impact processes, and an increased rate of vacancy generation in the near-surface zone
of the metal. Studies on steels and titanium alloys (8; 22) recorded a sharp increase in microhardness and in the
thickness of nitride layers specifically under hydrogen-free conditions, which fully corresponds to the predictions
of Pastukh’s model regarding the role of ion bombardment.
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Fig.1. Radiographs for the VT8 titanium alloy: without nitriding, under the Ne7 regime (epy surface temperature of

660°C and pressure of 160 Pa, nitriding duration of 75 minutes) and the Ne 13 regime (the surface temperature of
620°C, pressure of 240 Pa, the duration of the nitriding for 20 minutes).

Based on the conducted research [15], the following regularities of nitride phase formation in hydrogen-
free discharge can be distinguished: in steels, e-(Fe2—N) and y'-(FesN) phases with high hardness of 900-1200 HV
are formed; in titanium alloys, a gradient layer TiN — Ti2N — a-Ti(N) is formed [9]. Particularly important is the
fact that under hydrogen-free conditions the Ti2N phase becomes stabilized, which is an indicator of an optimal
energetic regime, as experimentally confirmed in works [8,13].

After glow-discharge nitriding, the nitride layers on the surface of structural steels consist of an outer -
phase (Fe>—N) — hard and wear-resistant; an inner y'-phase (FeaN) — more ductile; and a diffusion zone with a
nitrogen—graphite-type distribution. On the surface of titanium alloys, TiN (golden color), Ti-N (light yellow), and
a solid-solution zone of N in a-Ti are formed. These layers are characterized by high adhesion and thermal stability.
At the same time, glow-discharge carbonitriding allows the formation of e-(Fe:—Ni1+Cy), y'-(FeaN:~Cy) phases,
and complex carbonitride structures on steels. Such layers exhibit higher hardness and improved performance in
highly aggressive environments.

Carbonitriding occurs in mixtures of the N-—C:H, or N.-CO—-CO: type, where sources of carbon are
fragmented molecules of CHa, C2H2, CO, and CO: in metastable states. The kinetics of carbonitriding involves
simultaneous saturation of the surface with nitrogen and carbon, followed by the formation of carbonitrides
Fe(C,N) as well as a carbon-enriched e-phase. Studies [15,22] show that under glow-discharge conditions it is
possible to form a three-phase gradient layer in which the outer zone contains a carbon—nitrogen enriched layer
with increased hardness up to 900-1300 HV.

The formation process of carbonitrides in a glow discharge consists of the following stages: primary
cleaning and activation of the surface, bombardment by N*, C*, and N>" ions, which leads to the destruction of the
oxide film, the appearance of voids and vacancies, and the activation of chemisorption of C and N. The publication
[22] demonstrated that ion bombardment at the initial stages creates defect subsurface zones that sharply increase
the diffusion rate of carbon and nitrogen into steel. Unlike conventional gas carbonitriding, in a glow discharge
this process occurs predominantly due to the ion flux rather than molecular diffusion. According to the model by
Pastukh .M., the total flux of active particles in hydrogen-free environments provides conditions under which the
chemical activity of the elements exceeds the activation energy of nitride and carbonitride formation. The g-phase
Fex—(N,C) forms first under high surface saturation, followed by the y'-phase Fes(N,C), carbonitride inclusions in
a-Fe, and nanocrystalline mixed-composition zones. It has been established that the presence of carbon stabilizes
the e-phase, increases its thickness, and prevents local failures under dynamic loading.
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According to research data [15], the structure of the strengthened layer includes an outer saturated €-zone,
where C and N occupy mixed lattice positions; an intermediate y'-layer with increased hardness and a quasi-
monolithic structure; and a diffusion subzone with a gradual decrease in C and N concentrations. This combination
ensures the absence of sharp hardness transitions, high adhesion of the layer to the substrate, low tendency to
delamination, and enhanced resistance to corrosion—mechanical wear.

It has been established that hydrogen-free carbonitriding significantly reduces the coefficient of friction
(down to 0.11) at a sliding speed of 0.5 m/s and a contact pressure of 12 MPa. Increasing pressure leads to plastic
flow and an increase in the actual contact area on the one hand, and to deformation strengthening of the metal on
the other. Although the rate of electrochemical corrosion increases in the presence of plastic deformation of surface
layers, it still lags behind the rate of mechanical damage — the higher the contact pressure, the greater this
difference becomes (Table 1) [17].

Table 1
Dependence of the corrosion component of damage during corrosion—mechanical wear of 40X steel
in an alkaline environment (v = 0.05 m/s)

Pressure, Corrosion current, Corrosion rate, Total mass loss, Corrosion loss rate, %
MPa A/m? g/(m?-ron) g/(m?-ron)
1 0.183 0.190 0.223 85
2 0.296 0.308 0.376 82
4 0.456 0.474 0.640 74
8 2.493/0.550 2.593/0.573 5.403/0.924 48/62
12 2.718/0.970 3.027/1.010 10.095/2.062 30/49

Note: Numerator — improvement, denominator — nitriding (793 K, 75% N2 + 25% Ar, 265 Pa + 10%
propane).

Studies [15, 17] have shown that carbonitrided layers exhibit significantly increased wear resistance and
resistance to corrosion—mechanical degradation. It has been established that under abrasive—corrosive and
cavitation wear conditions, carbonitride layers demonstrate stability unattainable for purely nitride surfaces. This
is due to the fact that the presence of carbon reduces internal stresses in the e-phase, improves the plasticity of the
layer, and promotes the formation of Fe(C,N) phases that are more resistant to micro-fracture [23-25].

Conclusions

1. The data obtained and summarized in this work indicate that the efficiency of hydrogen-free nitriding
and carbonitriding in a glow discharge is determined by a complex interaction of plasma, surface, and diffusion
processes. The modified layers produced by glow-discharge nitriding and carbonitriding exhibit high corrosion—
mechanical wear resistance in all investigated environments. Glow-discharge carbonitriding ensures the formation
of a multiphase strengthened layer with superior wear resistance and corrosion—mechanical durability. The
combined incorporation of nitrogen and carbon stabilizes the e-phase, improves the plastic characteristics of the
layer, and enhances its long-term wear resistance in corrosion-active environments.

2. The experimental regularities are fully consistent with the energy model proposed by Pastukh I.M., which
explains the kinetics of metal saturation with nitrogen and carbon through the balance of active particle fluxes and
the energetic stability of the resulting phases, thus confirming the adequacy of the theoretical description of the
processes.

3. Glow-discharge carbonitriding is an optimal strengthening method for structural steels operating under
conditions of cavitation, fretting, abrasive wear, and corrosion-induced degradation.

4. Glow discharge is one of the most effective methods for producing wear-resistant, corrosion-resistant,
and stable surface layers on steels and titanium alloys.
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M.C. Creunmun, H.C. Mamogens, C.5. Ilinraiiuyk, B.M. [lleBuyk, A.B. Kopinunii Iligsumenns
KOpO3i1HO-MEXaHIYHOi 3HOCOCTIHKOCTI METaJIeBHX CIUIaBiB a30TyBaHHSAM B TIIIOYOMY PO3psii

Metoro poboTH € KOMIUICKCHHH aHaji3 IpoleciB O0Ee3BOAHEBOTO a30TyBaHHS Ta KapOoa3oTyBaHHS Y
TIIIOYOMY O3PS, y3araJbHEHHS 3aKOHOMIPHOCTEH (POpMyBaHHS HITPHIHUX i KApOOHITPUIHUX IIApiB Ha CTAIISIX
1 THTAaHOBUX CIDIABAX, @ TAKOXK OILIHIOBAHHS iX KOPO3iifHO-MEXaHIYHOT 3HOCOCTIHKOCTI B YMOBaX TepTs, GPETHHTY,
KaBiTamii Ta Iii arpecuBHHX cepemoBuml. Okpema yBara mpuaijieHa 3acTocyBaHHIO mogeni [lactyxa [LM. mis
iHTepIpeTamii KIHeTHKH Ta EHEPTeTUIHNX MEXaHI3MiB TU(Y31HHNX TIpoLeciB. Y CTaTTi NpOBEIEHO MOPiBHAIBHAN
aHai3 CTPYKTYPHO-(pa30BHX IEPETBOPEHb NPH a30TyBaHHI i Kap00a30TyBaHHI B OE3BOTHEBOMY TIIIOUOMY
pO3psilli, BUKOHAHO CHCTEMAaTH3allill0 EKCIEePHMEHTAIBHUX AaHUX MIOJ0 MIKPOTBEPJOCTi, €IeKTPOXIMIYHHX
XapaKTEePUCTHK 1 KOPO3iHHO-MeXaHIuYHOT 3HOCOCTIHKOCTI. MeTOI0JIOTIYHOI OCHOBOIO TEOPETUYHOI YaCTHHU €
eHeprooOminHa Mozensb Ilactyxa [.M., 1110 onucye BIJIMB aKTHBHUX YaCTHHOK IUTa3MH Ha IIBUAKICT TUQY3ii Ta
¢azoyrBopenns. I[lokazaHo, mo Oe3BojHEBE a30TyBaHHS 3abesnedye iHTeHcHQikoBaHy nudysii azory,
¢dopmyBanns crabimbHux HiTpuAiB TiN, TiaN, e-(Fex—N), y'-(FedN) Ta ycyHeHHS BOJHEBOI KPUXKOCTI.
YcTaHoBIEHO, 10 Kap00a30TyBaHHS CTBOPIOE OaratomapoBi KapOOHITPUIHI CTpYyKTypH 3 TBepaicTio 900—1300
HV ta Bucokoro axaresiero m0 ocHoBH. MoauikoBaHi MIapu IEMOHCTPYIOTh 3—6-KpaTHE IIiJBHIICHHS
3HOCOCTIMKOCTI, 2,5—4-KpaTHe 3MEHIIICHHS KaBiTalliiHOT0 pyWHYBAaHHS Ta 3HAYHE 3HIKCHHS KOPO31HHOTO CTPyMY
y NaCl ta NaOH. BusBieno 3MiHy MexaHi3MIB pyWHYBaHHA 3 KPHUXKOTO Ta aATe3ifHOrO Ha IDIACTHYHO-
nepopmaniiiamii. IlokasaHo BIAMOBINHICTH EKCIEPUMEHTATBHUX 3aKOHOMIPHOCTEW s (OpMyBaHHS
kap0Ooa3oToBaHUX MmapiB. [JoBeeHO KIIIOYOBY poib i0HHOTO OoMOapayBaHHS ¥ GOopMyBaHHI JeQeKTHOT MMi30HH,
110 BU3HAYa€e KiHETHKY AuQy3ii Ta ctabinbHIcTh (a3. Pe3ynbraTtit MOKYTh OyTH BUKOPUCTaHI PH MPOEKTYBaHHI
3HOCOCTIMKHMX €JIEMEHTIB MalllH, MEINYHUX IMIUIAHTIB, AeTajled Uil KaBiTalllHHUX BY3IiB, [0 NPALOIOTh Y
Jy)KHUX Ta XJOPUIHUX cepenoBuinax. TexHoiorii 6e3BOTHEBOTO a30TyBaHHs Ta KapO0a30TyBaHHS BU3HAYEHI K
BUCOKOE(EKTHBHI, EKOHOMIYHO JOIIJIbHI Ta IPUIATHI 10 MPOMHUCIIOBOTO 3aCTOCYBaHHS.

KarouboBi cioBa: Tiirounii po3psia, Oe3BojHEBE a30TyBaHHS, Kap00a30TyBaHHs, HITPHU/HI 1IapH, TUTaH,
CTaJIb, KOPO3iHO-MEXaHIYHE 3HOIITYBaHHS



