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ION-PLASMA NITRIDING OF TITANIUM ALLOYS: TECHNOLOGIES,
ADVANTAGES, AND LIMITATIONS

To improve the surface properties of titanium and its alloys, numerous surface modification
processes have been developed through the formation of coatings, films, or layers. One such
treatment method is plasma nitriding, which is widely used to enhance the surface properties of
titanium and its alloys. The diffusion of nitrogen into the bulk material creates a continuous
hardness profile, thereby providing optimal support for the hard surface layer. This study
examines the ion-plasma nitriding technology for the treatment of titanium alloys. The
fundamental principles of ion-plasma nitriding, its advantages, and limitations are thoroughly
analyzed, and the optimal process parameters that contribute to increasing the wear resistance
and durability of titanium alloys are identified. The study includes an analysis of modern
approaches and trends in the development of this technology, allowing for the identification of
the most efficient processing modes and improvements in the characteristics of the resulting
layers. Special attention is given to the influence of processing parameters such as temperature,
pressure, gas mixture composition, and exposure time on the formation of the structure and
properties of the nitrided layers. Research has shown that properly selected processing modes
not only increase the microhardness and wear resistance of the surface but also reduce the
coefficient of friction, which is particularly important for components operating under high
mechanical loads. In addition, ion-plasma nitriding is compared with other surface modification
methods for titanium, such as gas nitriding, laser hardening, and the application of hard coatings.
The key advantages of this method have been identified, including the high uniformity of the
nitrided layer, minimal dimensional changes in the components, and the environmental safety of
the process. The obtained results can be used to optimize industrial processing technologies for
titanium alloys, enabling their expanded application in the aerospace, medical, and mechanical
engineering industries, where high reliability and durability of materials are required.
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TuTaH KOpbITNaNapbiH MOH-NN33MaJIblK a30TTay: TEXHONOMMANAP, apPTbIKLLbIbIKTAP KaHe
WweKTeynep

TWUTaH MeH OHbIH, KOpbITNanapblHbiH, 6ETKI KacMeTTepiH *KaKkcapTy MaKcaTbiHAa KabbiHAap,
ynbipnep Hemece KabaTTap Ty3e OTbipbin, OeTKi KabaTTbl TypAeHAipyAdiH apTyphi aaicTepi
a3ipneHai. OcbiHAan eHAey TacinaepiHiH bipi — nnasmanblk a3oTTay, ON TUTAH MEH OHbIH,
KOpbITNanapbliHbIiH BETKI KacMeTTepiH XeTiNaipy YWiH eH KeHiHeH KO4aHblNaTbiH aaicTepaiH bipi
60onbin Tabblnaabl. A30TTbIH Kenemaik matepunanta amddysmackl KaTTbl BeTKi KabaTKka OHTanbI
Tipek 6o0naTblH  Y3/iKCi3 KaTTbl/bIK NPOGUAIH KamTamacbi3 eTedi. byn KymbicTa TWUTaH
KOpbITNanapbiH eHAeyre apHanfaH WMOH-MAA3MablK a30TTay TexHonormAacel 3epTrenedi. MoH-
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nnasmasblK a30TTay[blH HEri3ri NPUHUMNTEPI, OHbIH, APTbIKLWbIJbIKTAPbl MEH LWEKTeyAepi aH-
aKTbl KapacTblpbl/ibi, TUTAH KOPbITNAAapblHbIH, TO3yfa TE3iMAiNIN MEH y3aK KbI3MeT eTy
MepP3iMiH apTTbIPaTblH OHTANbI ©HAEY NapaMeTpaepi aHbIKTaAFaH. ymbiCTa 3amaHaym Tacinaep
MeH TeXHONOTUAHbI AaMbITY YPAiCTepi TangaHfaH, byn eH TMiMai eHaey pexMMaepiH aHbIKTayFa
’KoHe anblHFaH KabaTTapblH, CMNaTTaManapbiH XKaKkcapTyfa MyMKIHAIK bepegi. dcipece eHaey
napameTpaepiHiH, — TemnepaTypa, KbICbIM, ra3 KOCNACbIHbIH, KypaMbl MeH 3KCMNO3MUMA YaKbITbl —
a30TTaNfaH KabaTtTapaplH Kypbl/biMbl MEH KACMETTEepPIHIH, Ka/biNTacyblHa acepiHe epeklle Ha3ap
ayaapbinfaH. 3epTreyaep KepceTKeHaen, AypbiC TaHdanfaH eHaey pexumaepi 6eTki KabaTTbiH,
MWKPOKATTbI/NbIFbIH KaHE TO3yFfa TO3IMAINIMH apTTbipbin KaHa KOMMal, COHbIMEH KaTap YMKenic
KO3QPUUMEHTIH TemeHAeTyre MyMKiHAIK OGepeni, Oyn  acipece Kofapbl MeXaHMKasblK
KYKTEMENEep KardanbiHAa KYMbIC ICTEMTIH BenllekTep ywiH aca maHbi3apl. CoHAal-aK MOH-
nNasmasnblk asoTray TUTaHabl 6eTki KabaTTbiK TypaeHAaipyaiH 6acka aaicTepimeH, Mbicasbl,
rasfdblk, as30TTay, /fasepnik OepikTeHAipy »KoHe KaTTbl KabblHAAp Kafy TacinaepimeH
CaNbICTbIPbIAAbl. OAICTIH, HEeri3ri apTbIKWbIIbIKTapbl PeTiHAe a30TTajfaH KabaTTbiH, KOFapbl
6ipTeKTiNir, GenlweKkTepaiH, enWeMaepiHiH, e3repiciHiH, MUHMMaNAbl 60/ybl KaHe MNPOLECTIH,
SKONOMMANBIK KAyiNCi3airi aHbIKTanabl. ANbIHFAaH H3TUXKeNep TUTaH KOpbITNanapblH eHA4eYAH,
OHAiPICTIK TEXHOOTUANAPbIH OHTaMAHAbIPY YLWiH KOAaHblybl MYMKIH. By onapabiH, aBuauma-
Fapblll, MeMLMHA KaHe MalMHA »acay CaNanapbiHAa CEHIMAINIK MeH y3aK KbI3MeT eTy mep3imi
Tanan eTiNeTiH Xafaannapaa Koa4aHblybliH KEHENTYre MyMKiHA K 6epea;.
TyWiH ce3aep: NNasma, *Kapkbipay paspsaabl, HUTpUATI Gasza, a3oT, TemMnepaTtypa, BakyyMm.
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MOHHO-NNasmeHHOe asoTUPOBaHMe TUTAHOBbLIX CNNABOB: TEXHO10TUM,
npenmyllecrtsa U orpaHmM4YeHnA

Ona ynaydlleHMa MNOBEPXHOCTHbIX CBOMCTB TUTaHa M ero cnnaasoB 6OblNo paspaboTaHo
MHOXeCTBO NMPOLLECCOB MOAMDUKALIMM NMOBEPXHOCTH NyTeM GOPMUPOBAHUA NMOKPbITUM, NAEHOK
nnu cnoes. OQHUM M3 TaKMX MeTOA0B 06paboTKM ABNAETCA Na3MeHHOe a30TMPOBaHNe, KOTopoe
Hanbonee WMPOKO NCNOAb3YeTCA AN1A COBEPLIEHCTBOBAHMA MOBEPXHOCTHbIX CBOMCTB TUTAHA M ero
cnnagoB. Anddy3ns asota B 06bEMHbIM MaTepuan Co3AaeT HeMnpepbIBHbIN Npoduab TBEPAOCTH
W, cnefoBaTeNbHO, obecneunBaeT ONTUMANbHYIO NOAAEPKKY TBEPAOro NOBEPXHOCTHOrO cos. B
[aHHOW paboTe mnccneyeTca TEXHONOMMA MOHHO-MIA3MEHHOIO a30TMPOBaHUA Ans 06paboTku
TWUTAHOBbLIX CMaBoB. oApObHO pPacCMOTPEHbl OCHOBHbIE MPUHLMMALI MOHHO-MNA3MEHHOTO
a30TMPOBAHMA, ero NPeuMMyLLecTBa, OrpaHuMYeHWsa, a TaKKe onpeaeneHbl ONTUMAsbHble
napameTpbl npolecca, cnocobCcTBytoWMe MOBbILEHWIO WM3HOCOCTOMKOCTM WM A0/NTOBEYHOCTU
TWUTaHOBBIX CM1aBOB. PaboTa BK/IOYAET aHa/IM3 COBPEMEHHbIX MOAXOA0B U TEHAEHLMI B Pa3BUTUN
TEXHOMIOMMM, YTO MO3BOAET BbISBUTb Hanbosiee adEKTUBHbIE PeXMMbI 0OPABOTKM M yAYyYLLINTD
XapPaKTEPUCTMKM MOJyYeHHbIX cnoeB. Ocoboe BHMMaHWE YAENeHO BAWAHWUIO MapaMeTpoB
06paboTKM, TaKMX KaKk TemnepaTypa, AaBjeHne, COCTaB ra3oBOM CMECK 1 BPeMs 3KCMO3MLMM, Ha
bopmmMpoBaHME CTPYKTYPbl M CBOMCTB a30TMPOBAHHbIX C/10€B. MccneoBaHMA MOKa3bIBaloT, YTO
npaBuAbHO nNoAobpaHHble pexMmbl 00pPaboTKM  NO3BONAKT HEe TONbKO  YBEAUYUTL
MUKPOTBEPAOCTb M M3HOCOCTOMKOCTb MOBEPXHOCTU, HO U CHM3UTb KOIPOULIMEHT TPEHUS, YTO
0COBEeHHO BaXHO ANA AeTanei, paboTalowmx B YCAOBUAX BbICOKUX MEXaHWYECKMX Harpysok.
TakKe npoBeAeHO CpaBHEHME WMOHHO-M/Aa3MEHHOTO a30TMPOBAHMA C APYIMMKU MEeToAamMu
MOBEPXHOCTHOM MOAMPUKALMKM TUTaHa, TaKMMWM Kak ra3oBOoe a30TMPOBaHWeE, Ja3epHoe
YNPOYHEHME M HaHEeCEeHWe TBEPAbIX MOKPbLITMI. OnpeaeneHbl KA0UYeBble NPENMYLLECTBA METOAA,
cpean KOTOPbIX BbICOKAA OAHOPOAHOCTb a30TMPOBAHHOMO C/0A, MUHMMANbHOE M3MeHeHue
Pa3MepoB AeTanel n akonormyeckas 6e3onacHoOCTb npouecca. NonyyYeHHble pesyabTaTbl MOryT
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ObITb MCMOJIb30BaHbI A8 ONTUMU3ALMU MPOMbILJEHHbIX TEXHONOTMIA 06PaboTKM TUTAHOBbLIX
CMAaBOB, YTO MO3BO/IUT PACLUMPUTL UX MPUMEHEHWE B aBUALMOHHO-KOCMUYECKOM, MeANLNHCKOM
N MaLNHOCTPOUTENbHOM OTPAcAsX, rae TpebyeTca NoBblleHHas HaAeKHOCTb M A0/TOBEYHOCTb

mMaTepmnanos.

Kniouesble c/0Ba: Nfa3ma, TAEOLWMI pa3pad, HUTpUAHan ¢asa, a3oT, TEMNepaTypa, BakyyMm.

Introduction

Today, one of the key industrial challenges is to
ensure the strength and wear resistance of various
metals and alloys used in industries such as
mechanical engineering, automotive and aerospace.
This is especially true for titanium products that are
subjected to significant mechanical stresses, such as
in joint endoprostheses and dental structures.
Constant friction, cyclic loads, and interaction with
various materials, microcracks are formed as a result
of fatigue failure of the material [1], which can lead
to material failure. Despite titanium's high corrosion
resistance and strength, its surface remains relatively
soft, which increases the risk of wear, especially
when in contact with metallic or ceramic elements.
This shortens the service life of titanium products and
reduces their reliability in long-term operation. To
improve wear resistance and increase the service life
of titanium alloy products, a promising solution is the
use of chemical heat treatment (CHT) [2,3]. Among
the most widespread methods of chemical heat
treatment are cementation [4], nitrocementation [5],
boriding [6] and nitriding. Each of these methods has
its own features, advantages and limitations, which
determines their field of application. Among the
methods and technologies of CVD, ion-plasma
nitriding stands out as the most promising technology
due to a significant number of advantages. This
process is based on saturation of the metal surface
with nitrogen using a plasma discharge, which makes
it possible to form high-quality nitride coatings with
high hardness and wear resistance

lon-plasma nitriding (IPN) is one of the
promising technologies of surface treatment of
materials, widely used to improve their mechanical
and operational characteristics [7]. This technology is
used to harden surfaces, improve corrosion resistance
and increase wear resistance of metal products. IPN
is widely used in various industries including

Ion-plasma nitriding process

The principle of operation of ion-plasma
nitriding (IPN) is the formation of a nitride layer on
the surface of a metal (steel, titanium, etc.). When
voltage is applied between the anode (vacuum
chamber body) and the cathode (the sample to be

mechanical engineering, metalworking, automotive
and aerospace industries, energy and medicine. The
technology is actively used to modify parts such as
engine components, gears, shafts, cutting tools (drills,
milling cutters, dies) and other products that require
increased durability and efficiency under harsh
operating conditions. Unlike traditional nitriding
methods, such as gas or salt nitriding, IPN is carried
out under low-pressure conditions in a vacuum
chamber, where plasma activates nitrogen atoms and
ensures their effective penetration into the surface
layer of the material. This allows the creation of
nitride layers of high density and homogeneity. In
addition, IPN technology is characterized by
environmental safety, as it does not require the use of
toxic impurities and chemical reagents. Modern
requirements to parts and tools include increased
durability and stability under extreme conditions -
high loads, aggressive media and significant
temperature fluctuations. Ion-plasma nitriding not
only meets these requirements, but also provides
additional economic benefits by reducing wear and
extending the service life of products

Ion plasma nitriding (IPN) technology continues
to evolve rapidly, including the introduction of multi-
cathode systems, the use of pulsed voltages, and
combinations with other surface treatment methods
such as oxidizing and coating. These improvements
allow the method's capabilities to be significantly
expanded and adapted to specific production
requirements.

This paper discusses the basic principles of IPN
operation, its advantages over other methods, existing
limitations and ways of their elimination. It also
presents an overview of current trends in the
development of the technology and its application to
the machining of complex metal shapes.

treated), a glow discharge is excited, which knocks
electrons out of the atoms of the working gas, forming
positively charged ions [8]. These ions bombard the
metal surface, penetrating it and promoting the
formation of nitride phase. As a result, the surface
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layer is modified, which increases its hardness, wear
resistance and corrosion resistance. A detailed
breakdown of the entire nitriding process is discussed
below.

Fig. 1 shows the basic setup for ion-plasma
nitriding. The vacuum chamber is pre-pumped to a
pressure of 10-* torr [9], which depends on the
objectives and the type of metal to be processed. The
required pressure is achieved by removing air and gas
impurities using a pumping unit (Fig. 1, item 5). After
the formation of plasma on the entire surface of the
stand (Fig. 1, item 3) and the metal, the process of
nitrogen ionization is activated. This process can be
observed through the vacuum viewing window (Fig.
1, item 7). The working gas is exposed to a high-
voltage electric field, which leads to its ionization,
resulting in the formation of nitrogen ions (N*) and
neutral nitrogen atoms (Fig. 2). The nitrogen ions are
accelerated in the electric field and collide with the
metal surface, transferring their energy to it. This
initiates processes such as the diffusion of nitrogen
into the material and the formation of a nitride phase,
which contributes to the hardness and wear resistance
of the machined surface.
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Figure 1 — Design of the IPN unit.
1-Vacuum chamber. 2-Anode. 3-Cathode (Support).
4-Temperature gauge of the vacuum chamber.
5-Pump unit. 6-Pressure relief plug. 7-Vacuum
viewing window

Hydrogen (H2)
Nitrogen (N2)--

Bombardment
of the metal
surface

Plasma

Nitride layer

Metal atom

Metal (Cathode)

Figure 2 — The process of gas ion diffusion onto the metal surface.

When accelerated nitrogen ions and other
plasma ions interact with the material surface, kinetic
energy is transferred and converted into thermal
energy. This process leads to heating of the treated
sample. The temperature is controlled by a
temperature sensor (Fig. 1, item 4) installed in the
vacuum chamber. After reaching the set temperature,
a timer is started, which fixes the duration of
processing. At the end of the set time interval the
temperature in the chamber is gradually reduced to
room temperature. At the same time, a vacuum
environment is maintained to prevent oxidation of the
material surface. The voltage generator is only
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switched off after the temperature has stabilized to
avoid temperature fluctuations that could adversely
affect the material properties. After the cooling
process is completed, inert gas is fed into the working
chamber to prevent the treated surfaces from coming
into contact with oxygen. The pressure in the chamber
is released by opening the plug (Fig. 1, pos. 6), which
ensures safe completion of the treatment cycle

Nitriding of complex metal shapes is a technically
challenging process because it depends on many
factors, including plasma physics, part geometry, and
gas distribution characteristics [10]. In a vacuum
chamber, the plasma can be unevenly distributed,
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especially in areas with recesses, threads, or complex
topography. This leads to the fact that the internal
surfaces of parts may not be saturated with nitrogen,
which, in turn, contributes to the formation of
"shadow zones" - areas with minimal ion density,
where the nitriding process proceeds less efficiently
[11].

Ion-plasma nitriding of complex metal shapes
requires methods that ensure uniform treatment and
efficient nitrogen saturation even in hard-to-reach
places. To achieve this, various technological
approaches and innovative solutions are used. The
method of multi-cathode systems makes it possible to
install several cathodes arranged around complex
metal molds in a vacuum chamber. [12] The cathodes
are placed in such a way as to minimize "shadow
zones" and ensure uniform plasma exposure on all
surfaces of the part. This ensures uniform plasma
distribution and improves coatings in recesses,
internal channels and complex topography. However,
implementation of this technology requires additional
cost and a skilled control approach. To provide better
controllability of the plasma, pulse nitriding (pulse
plasma) method is also used [13]. Which in turn
applies voltages in the form of short pulses. This
gives easy penetration of plasma into narrow channels
and complex structures, minimizes overheating of
parts with thin walls.

Favorable gas environments for diffusion to
the surface of the metal product

Table 1 shows the different compositions of gas
mixtures used in the ion-plasma nitriding process to
achieve the specified properties of the treated
material. The main active component in the mixtures
is nitrogen (N2), which provides saturation of the
material surface with nitrogen atoms. Additionally,
the gas mixtures may comprise hydrogen (Hz), argon
(Ar), and hydrocarbons (e.g., methane - CHa), which
play an auxiliary role. Hydrogen (Hz) helps to remove
oxides from the surface, improving the adhesion of
the nitrided layers. Argon (Ar) stabilizes the plasma
and regulates the ion energy, which affects the
uniformity of the coating. Hydrocarbons (CHa4) are
used to form combined coatings with increased wear
resistance. The gas mixture is selected based on the
requirements for thickness, hardness, corrosion
resistance and other characteristics of the layer, as
well as the properties of the treated material.

The role of each gas depends on the process
objectives: nitrogen provides surface saturation,
hydrogen cleans and stabilizes the process, inert gases
improve surface activation, and hydrocarbons and
oxygen complement the process, expanding the range
of layer properties [14]. The optimum gas mixture is

selected taking into account the material to be
processed and the coating requirements.

The process of ionic nitriding in hydrogen-
containing media (ammonia, nitrogen-hydrogen
mixture) is well enough studied in domestic and
foreign literature [15]. Hydrogen plays an important
role in the process of ion-plasma nitriding, acting as
an active component of the gas mixture. Its presence
affects the kinetics of ionic interaction, the formation
of the surface layer structure and the quality of the
resulting coating. However, the presence of a large
amount of hydrogen in the saturating medium causes
surface brittleness (especially sharp edges) and base
hardening, which under certain conditions leads to a
decrease in the strength and durability of structural
elements [16].

Table 1 — Compositions of gas mixtures for ion-
plasma nitriding [14]

Gas combination
NH;

Assignment
Provides plasma discharge
stability, improving
nitriding uniformity.

A standard blend that
provides uniform nitrogen
saturation of the surface
and improved adhesion
properties.

Used to increase plasma
stability and improve
processing quality.

To create carbonitride
layers with high wear
resistance.

For complex processes
requiring high layer
homogeneity

N2 + Hz

N2 + Ar

Nz + H> + CH4

N+ Ar+ H:

Influence of ion-plasma nitriding process
parameters

The temperature of the ion-plasma nitriding
process is a critical parameter that determines the
quality and characteristics of the formed nitrided
layer. Properties such as penetration depth, phase
composition, surface roughness and corrosion
resistance depend on carefully selected temperature
conditions [17]. After ion plasma treatment, a
significant increase in the microhardness of the metal
surface is observed. However, it should be taken into
account that excessively high microhardness can lead
to surface embrittlement, which negatively affects its
adhesion properties [18,19]. In addition, it can be
observed, methods with high temperatures have
higher microhardness. Therefore, for different metals

37



lon-plasma nitriding of titanium alloys: technologies, advantages, and limitations

and their alloys, an individual approach to the choice
of temperature and processing conditions is required,
which is due to the peculiarities of their structure and
composition. The most widely used material for
nitriding is steel, including its numerous grades. In
the temperature range of 400-600 °C [17], which is
typical for the processing of most types of steels, the
diffusion rate of nitrogen atoms into the metal matrix
increases significantly [17]. This leads to an increase
in the thickness of the nitrided layer, which has a
positive effect on its wear resistance. For titanium and
its alloys, the process is usually carried out at higher
temperatures - in the range of 700-900 °C, which is
due to their specific physical and chemical properties
[20]. With increasing temperature, the formation of e-
phase with increased corrosion resistance is possible.
However, excessive heating can be accompanied by a
decrease in the hardness of this phase, which in some
cases limits its application. In addition, uncontrolled
overheating can lead to deterioration of the properties
of the base material, such as reduced ductility or
internal stresses. Thus, temperature optimization is
essential to balance layer thickness, hardness and
corrosion resistance. A comprehensive approach,
including temperature selection taking into account
the properties of the treated material, makes it
possible to achieve high efficiency of ion-plasma
nitriding without compromising the mechanical
characteristics of the base metal.

Vacuum also contributes to the stability and
efficiency of the nitriding process [21]. Its application
allows to remove impurities and oxide films from the
surface of the material, contributing to a more
uniform saturation of the metal with nitrogen. This is
especially important in the processing of complex
geometric shapes, where the uniformity of the coating
significantly affects the mechanical properties of the
product [22]. Maintaining a certain level of vacuum
provides stability of the gas composition in the
working chamber, which is important for the
formation of a uniform and high-quality nitrided
layer. According to [21], the use of vacuum allows to
precisely regulate the parameters of the process of
ion-plasma nitriding. The use of vacuum provides
precise dosing of nitrogen and additional gas
components such as hydrogen or argon, which has a
positive effect on the intensity of diffusion processes
and the thickness of the formed nitride layer. The
vacuum environment reduces the probability of
formation of pores, cracks, and undesirable inclusions
in the surface layer, which contributes to its wear and
corrosion resistance [21]. Despite the need for energy
costs associated with  vacuumization, the
improvement in the quality of the formed layer and
the increase in the service life of the machined parts
compensate for these costs. Thus, vacuum is an
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indispensable  element for
performance in nitriding processes.

The choice of vacuum level depends on the
purpose of the process. Medium vacuum (10-2-10-3
Pa) is used to remove gaseous impurities such as
oxygen and water vapor, which can negatively affect
the process. It provides the necessary cleanliness of
the working chamber before supplying the working
gas (nitrogen or a mixture with other gases). The
operating vacuum (50-500 Pa) is set after the supply
of the operating gas and its value is determined by the
process parameters, material type and product
geometry. High vacuum (10-°>-10-7 Pa) is used in
specialized installations for maximum complete
removal of contaminants, especially when working
with high-alloy steels and titanium [8].

The next voltage parameter affects the formation
of plasma and regulation of nitrogen ionization
intensity. Under the action of high voltage between
the anode and cathode, an electric field accelerating
ions and electrons is generated, which contributes to
the initiation and maintenance of the plasma state in
the working chamber [18]. In addition, the voltage
affects the energy distribution in the system, which
directly affects the efficiency of the nitriding process.
When the voltage is increased, an increase in the
energy of nitrogen ions is observed, which promotes
deeper penetration of nitrogen atoms into the metal
and improves the properties of the nitrided layer, such
as wear resistance and strength. However, excessive
stress can lead to overheating of the material surface,
which in turn can damage the material, especially
with prolonged exposure, requiring precise control of
the process parameters. In addition, stress affects the
morphology and structure of the nitrided layer. At
high stress, accelerated nitrogen ions activate the
interaction processes with the material, leading to the
formation of denser and more wear-resistant layers.
However, excessive stress can promote the formation
of unfavorable phases such as the e-phase, which
improves corrosion resistance but can reduce the
hardness of the coating. Thus, the optimal choice of
voltage for ion-plasma nitriding should take into
account the specifics of the material, the type of
product, the requirements for the properties of the
nitrided layer, and other process parameters [8]. It is
important to ensure the voltage balance in order to
achieve the desired mechanical and physicochemical
characteristics, minimizing the risk of material
damage and the occurrence of undesirable phases.

The time of ion-plasma nitriding is an important
parameter determining the thickness, phase
composition, and mechanical characteristics of the
formed nitrided layer [23]. Increasing the treatment
time promotes the growth of the diffusion layer
thickness due to the intensification of the diffusion of

achieving  high
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nitrogen atoms into the metal matrix, although over
time the process slows down due to the decrease in
the concentration gradient. The duration of exposure
affects the phase composition of the layer: at early
stages, the vy'-nitride phase predominates, while
longer nitriding promotes the formation of e-phase
with increased corrosion resistance [24]. However,
excessive processing time can lead to the formation
of saturated nitrides (e.g., TiN, CrN), increased
surface roughness and reduced ductility of the base
material due to internal stresses and microcracks. In
addition, excessive processing time increases energy
consumption, reducing cost effectiveness. Thus, to
ensure a uniform nitrided layer with optimum
mechanical properties such as hardness, wear
resistance and corrosion resistance, the process time
must be carefully optimized depending on the

material, product geometry and operational
requirements. Table 2 presents a comparative analysis
of key parameters of the ion-plasma nitriding process
and their influence on the characteristics of the
coatings. The parameters included - temperature,
pressure, voltage, gas mixture composition and
treatment duration - are critical for the formation of
nitride layers with optimum mechanical properties.
Analysis of experimental data shows that for each of
these parameters, there is an optimal range of values
that provides a balance between hardness, wear
resistance, corrosion resistance, and minimization of
undesirable effects [25] such as overheating or non-
uniformity of the coating. This information will be
useful for further research in the field of surface
treatment of titanium and its alloys.

Table 2 — Influence of ion-plasma nitriding parameters on coating characteristics

Process Mechanism of Analysis of .
Effect on coverage . . Conclusions
parameter influence experimental data
Temperature | Increasing Diffusion of Optimum temperature Temperature
hardness and wear | nitrogen atoms for titanium: 700-900 conditions should
resistance, into the matrix, °C, for steels: 400-600 be selected
formation of formation of €- and | °C. Excessive individually for
nitride phases v'-phases temperature can lead to | each material
a decrease in ductility
Chamber Influence on the Removing Medium vacuum (10->- | Vacuum
pressure uniformity of impurities, 10-* Pa) is required for | optimization
nitrogen saturation | improving plasma | removing impurities, reduces the
stability working vacuum (50- probability of
500 Pa) is required for defect formation
processing
Voltage Determines ion Acceleration of Higher stress increases | Balance between
energy, depth of ions in the electric | the hardness of the energy and the
diffusion field coating, but excessive possibility of
stress can cause surface
overheating overheating

Gas mixture

Effect on structure

Regulation of

Mixtures of N2 + Hz, N2

Selection of the

composition | and adhesion of interaction and + Ar, N2 + CH4 allow to | mix depends on
coatings ionization kinetics | obtain coatings with the requirements of
different properties the coating
Treatment Increase in the Continuous The coating thickness Optimized
duration thickness of the diffusion of increases with processing time
nitride layer nitrogen, increasing time, but reduces energy
overheating and costs and improves
roughness may occur coating properties
Conclusion

Ion-plasma nitriding is a highly efficient method
of chemical and thermal treatment of metal surfaces,
which allows to significantly improve the
performance characteristics of products. By using

plasma in a vacuum chamber, a deep and uniform
saturation of the surface with nitrogen is achieved,
resulting in the formation of a strong nitride layer.
This layer provides a significant increase in hardness,
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wear resistance, fatigue strength and corrosion
resistance of materials without changing their
dimensions and structure. The main advantage of the
method is its ability to provide precise control of
process parameters such as temperature, pressure, gas
composition and ion current density. This allows the
process to be customized to meet the specific
machining requirements of different alloys and steels.
In addition, ion-plasma nitriding is environmentally
friendly and cost-effective compared to traditional
nitriding methods such as gas or liquid nitriding. The
technology is widely used in mechanical engineering,
aerospace, automotive and power generation. It is
used to treat parts subject to high mechanical stress
and friction, such as gears, shafts, dies and cutting
tools. Due to the possibility of localized machining,
this method is also used to modify surfaces of
complex geometric shapes. The development of ion-
plasma nitriding is aimed at improving plasma
sources, reducing energy consumption and expanding

the range of processed materials. Studies on
combining ion-plasma nitriding with other methods
of surface hardening, such as nitrocementation and
ion alloying, are underway, which opens new
horizons in the creation of high-performance coatings
with specified properties. Thus, ion-plasma nitriding
is the most important technology of modern materials
science, providing reliability, durability and high
performance of products in a wide range of industries.
Its further development and integration with
innovative technologies will contribute to the creation
of new materials and structures that meet the growing
requirements for strength and durability under
conditions of intensive operation.
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