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A glow discharge nitriding method has been developed, which includes preliminary hydroge-
nation of metal surfaces and promotes the intensification of diffusion processes during nitriding
in a plasma chamber. Both hydrogenation and nitriding processes are carried out sequentially
in the same discharge chamber and do not require any additional equipment. The combination
of hydrogenation and subsequent glow discharge nitriding is expected to increase the number of
phase structural components of the nitrided layer, particularly the e- and y’-phases, which will
significantly improve its physicochemical and operational properties such as strength, ductil-
ity, corrosion resistance, and fatigue strength. The increase in the thickness of the nitride layer
reaches its maximum at an argon content of 20%. With a further increase in argon content,
the thickness of the nitride layer decreases for all studied materials. This is presumably due to
internal stresses exceeding the strength limits of the materials, resulting in relaxation through
massive dislocation emission to the surface, micropore formation, and a decrease in hydrogen
pressure in internal voids—referred to as collectors. Preliminary ion-plasma hydrogenation in
an environment with 20% argon content followed by glow discharge nitriding made it possible to
increase the thickness of the nitride layer in the studied materials by approximately 1.7 times.
Additionally, corrosion-mechanical wear resistance in a buffer solution of citric acid with pH 6.5
increased by 1.45 to 1.62 times compared to conventional methods. Cavitation—erosion resis-
tance in a 3% NaCl solution increased by 4.7, 5.3, and 8.9 times for steels 20, 45, and cast iron
SCH 20, respectively.

Keywords: hydrogenation, nitriding, wear resistance, cavitation-erosion resistance.

BesBogHeBe a3oTyBaHHA BYIJICIIEBUX CTajJIell Ta CipUuX 4YaByHIB, ONEpPEIHBO
HABOJHEHHUX y Tiyouomy poapani. /[.B. 30opeurxo, M.C. Cmeuuwun, A.B. Mapmuniok,
H.M. Cmeuuwuna, FO.B. Iumbaniox

Pospobirennit  crroci6 asoTyBaHHS B TUIIOYOMY PO3PSIl, KU BKJOYAE IIOMEPEIHE
HABOJIHIOBAHHS II0BEPXOHb METAJIIB, 10 CIIPUAE IHTeHCUPIKATIII U]y31HHUX ITPOIIECIB A30TYBAHHSA
B ra3opo3psaHii kamepi Ilpomecu HaBOIHIOBAHHS 1 a30TYBAaHHSI IIPOBOISTHCS II0YEPTOBO B
OIHIM 1 TIH ’Ke Tas3opo3pAmHIA KamMepl Ta He HOTPebyITh AKOroCh I0JATKOBOIO 00JIagHaHHSI. B
pe3yJIbTaTi CyMIleHHI HABOJHIOBAHHS 1 HACTYIIHOTO A30TYyBAHHS B TJIIIOYOMY PO3PSAIl OUIKYEeThCA
301IBbIIeHHS KIJIBKOCTI (DA30BHX CTPYKTYPHUX CKJIAZOBHX A30TOBAHOIO IIApy, 30KpeMa € 1
Y —as, 1110 3HaYHO HiABHIIyE HOro hi3MKO-XIMIUHI Ta eKCILIyaATAIIIAHI XapaKTePUCTHKH: MIITHICTD
1 IUIACTUYHICTD, KOPO3ifHY CTIAKICTH, BTOMHY BUTPHUBAJICTH. 3POCTAHHS TOBIIUHHU HITPUIHOTO
nmapy MakcuMmaJsibHe 3a BmicTy aprouy 20%. I3 3pocramHsaM BMiCTy aproHy TOBIIUHA HITPUIHOTO
mapy 3MeHIIYeThCS IS BCIX JOCJIKeHNX MaTepiaiiB. B pasi 30iubimenus aprony mouas 20%
BHYTPIIIHI HATIPY KEHHS IEePEBUIIYIOTH MEKY MIITHOCTI MaTepiaJiis 1 BIIOyBaeThCsA IX pesakcalis
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vepe3 MACOBUI BUXIJT IMCJIOKAINN HA IOBEPXHIO, YTBOPEHHS MIKPOIIOP Ta 3HUKEHHS THUCKY BOJTHIO
y BHYTPIIITHIX ITycTOTaX — KoJiekTopax. [lomepeHe 10HHO-I1J1a3MOBE HABOJHIOBAHHS B CEPEIOBHUIIIL
3 20% BMICTOM aproHY Ta HACTYIIHE a30TyBAHHS B TJIIOUYOMY PO3PSIl JJO3BOJIUIO TPUOIU3HO B 1,7
pasu 301IBIIMUTH TOBIIUHY HITPUIHOTO IIAPy JOCTIFKEHNX MaTeplasiB, a KOPO31MHO-MeXaHIuHa
3HOCOCTIHKICTE y OydepHOMY po3umHi JuMOHHOI KucsaorH i3 pH 6,5 masumuiacsa B 1,45 ... 1,62
pas3u B mOpIBHAHHI 3 Bimomum crocobom. Kagpirarriiino—eposifiHa cTifikicTh MaTepiayiB y 3%-my
posunui NaCl s6ursmunaca B 4,7, 5,3 18,9 paau, Bimmosiguo mis craseit 20, 45 1 CH20.

1. Introduction

As noted in [1], various methods can be used
to perform hydrogenation prior to chemical-
thermal treatment (CTT). The most commonly
used approaches are: 1) the electrolytic method
under cathodic polarization in electrolytes; 2)
the chemical method using acidic environments
or hydrogen sulfide-containing solutions; 3) hy-
drogenation in a glow discharge.

The first two methods do not require special
equipment, are performed at room temperature,
and involve minimal energy consumption. The
third method requires specific equipment and
entails some energy costs. However, the combi-
nation of hydrogenation and subsequent glow
discharge nitriding is expected to increase the
thickness of the nitrided layer, which signifi-
cantly improves its physicochemical and opera-
tional properties: strength and ductility [2], cor-
rosion resistance [3], and fatigue endurance [4].

In the study of diffusion processes, signifi-
cant attention is paid to the role of dislocations
[6-9]. It has been established that diffusion
along edge dislocations has the lowest activa-
tion energy. A.N. Minkevich [5] and S.Z. Bok-
shtein [6] explain the acceleration of diffusion
by the fact that an increase in the concentra-
tion of dislocations or their intensive move-
ment increases the density of vacancies, and
the immediate proximity of dislocations can
also contribute to the continuous formation of
new dislocations [7-9].

At the same time, it is known that during hy-
drogenation, the density of vacancies, disloca-
tions, and other crystal lattice defects increases
in the surface layers of metals and alloys, which
leads to an increase in microhardness and the
appearance of residual compressive stresses in
the surface layers, reaching 80-100 MPa [10].
Hydrogen (due to the high pressure of molecu-
lar hydrogen in internal “collectors”) also pro-
motes the formation of porosity, local lattice
distortions, the initiation and growth of micro-
cracks, and even the restoration of cementite
crystals in pearlite grains (decarburization)
[11-13], all of which enhance the nitrogen
diffusion coefficient. Moreover, during hydro-
genation, grain boundaries of metals thicken

Functional Materials, 33, 1, 2026

due to the diffusion of S, Ar, and Sb along the
grain boundaries, which weakens cohesion and
consequently lowers the activation energy for
diffusion of saturating elements [14].

From the above, it is evident that perform-
ing hydrogenation prior to glow discharge ni-
triding promotes the intensification of diffusion
processes in the plasma discharge chamber. It
should be emphasized that hydrogenation and
nitriding processes are carried out sequentially
in the same chamber and do not require any
additional equipment [15].

2. Experimental

Nitriding of the samples was carried out us-
ing a UATR-1 unit designed for surface modifi-
cation of parts, tools, and equipment by means
of hydrogen-free glow discharge nitriding (HF-
GDN) or similar diffusion vacuum processes.
A key feature of this unit is the use of hydro-
gen-free gas mixtures (nitrogen-argon) as the
saturating medium during the nitriding pro-
cess, which eliminates hydrogen embrittlement
of the metal surface. The absence of hydrogen
in the saturating medium — a strong reducing
agent that neutralizes oxygen — necessitates
the use of highly pure gases (99.99%) and a
high degree of sealing in the gas supply system
and vacuum chamber. Even a small amount of
oxygen (0.1%) can lead to oxide formation on
the metal surface, drastically reducing nitro-
gen diffusion into the metal. Therefore, unlike
systems that operate with hydrogen-containing
atmospheres (such as ammonia or nitrogen-hy-
drogen mixtures), this unit includes an oxygen
trap in the gas supply system to neutralize re-
sidual oxygen before the gas enters the vacuum
chamber [16].

Cavitation—erosion wear resistance of the
nitrided samples was investigated using a
setup equipped with a magnetostrictive vibra-
tor (MSV). The device includes an ultrasonic
generator UZDN-A with a power of 150 W, vi-
bration frequency of 22 kHz, and concentrator
amplitude range of 5—85 pm. The setup is de-
scribed in detail in [17]. It includes a dual-cir-
cuit cooling system with oppositely wound coils
and devices for monitoring the near-surface
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temperature of the samples during cavitation.
As shown in prior testing [18], this dual-circuit
system eliminates the influence of temperature
factors on the intensity of cavitation—erosion
wear of the sample surfaces.

For comprehensive investigation of corro-
sion—mechanical wear (CMW) of materials in a
wide range of loads and working environments,
a laboratory rig for end-face friction testing has
been developed [19]. It makes it possible to ob-
tain data on the kinetics of changes in electrode
potential, friction and wear characteristics, sur-
face temperature in the contact zone and the
nature of friction depending on the potential of
the system electrode.

The wear resistance of nitrided samples was
evaluated under a load of 4 MPa and a slid-
ing speed of 1 m/s in a buffer solution of citric
acid with pH 6.5. Wear was assessed based on
changes in the linear dimensions of the sam-
ples during testing.

The average surface temperature of the
sample was measured using an electronic self-
recording potentiometer KSP-2-23 at a distance
of 1 mm from the friction surface. A chromel-al-
umel thermocouple with a diameter of 0.5 mm
was used for this purpose.

Wear resistance of the friction pair was also
evaluated by measuring the linear wear of the
samples and recording the friction force. The
friction force was measured by a strain-gauge
method. The steady-state coefficient of friction
was determined from friction torque diagrams
recorded by a chart recorder. Linear wear was
measured using an MKM dial gauge with a
resolution of 1 pm.

The top sample, made of USA steel hard-
ened to HRC 61...63, featured two 3 mm-wide
grooves on the working surface to ensure free
access of the medium to the contact area. The
bottom sample was made from the test materi-
al. The initial surface roughness of the samples
was R, = 0.63. Heating of the samples in the
contact zone did not exceed 393 K, thus avoid-
ing structural transformations.

Metallographic analysis after hydrogen-
free glow discharge nitriding (HFGDN) was
conducted on cylindrical samples cut along
the diametral plane (two semi-cylinders were
obtained). The exposed surfaces were ground
and polished under distilled water flow and
etched in a 3% nitric acid (HNOg) solution in
ethanol. The thickness of the nitride zone was
measured using a MIM-10 microscope, which
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allows quantitative analysis of the phase and
structural composition of the nitrided surfaces.

Microhardness was measured with a PMT-3
microhardness tester under a 0.98 N load, with
hardness readings taken at the surface and at
depths of 0, 25, 50, 100, 200, 300, and 500 pm
from the surface.

X-ray phase analysis of the nitrided samples
was carried out using a DRON-3 diffractome-
ter with filtered radiation from an iron anode.
Measurements were taken over an angular
range of 20 = 20° to 100° with a scanning step of
0.1° and an exposure time of 10 seconds. X-ray
diffraction data were obtained from the surface
into the depth of the nitrided layer.

3. Results and discussion

Based on the above, the prior hydrogenation
of metals and alloys before chemical-thermal
treatment (CTT), particularly hydrogen-free
glow discharge nitriding (HFGDN), is expected
to intensify nitrogen diffusion saturation pro-
cesses. To obtain comparative data, parallel
nitriding in glow discharge was carried out on
samples with preliminary hydrogenation in a
hydrogen medium at a pressure of 265 Pa and
a temperature of 570 °C for one hour without
argon, as well as hydrogenation with argon
addition.

The addition of argon during hydrogenation
in an ionized hydrogen medium significantly
enhances the “hydrogen-induced strain hard-
ening” of the metal crystal lattice. This mani-
fests as an increase in the density of disloca-
tions, vacancies, and the stress state of surface
layers at the submicrostructural level [13, 20].
Hydrogenation in glow discharge with ionized
hydrogen and argon was conducted using the
same equipment and, most importantly, under
the same conditions as the subsequent nitrid-
ing in a nitrogen—argon gas mixture. This elim-
inates the need for additional energy costs or
time typically required for reheating and cool-
ing the chamber.

After the hydrogenation stage, the hydro-
gen—argon gas mixture is collected into a cyl-
inder for reuse. The discharge chamber is then
filled with a nitrogen—argon gas mixture in a
75:25 volume ratio, respectively. The process
parameters for hydrogenation and nitriding
in glow discharge were selected based on prior
studies [21-23], with further adjustments made
during the course of this study.

Table 1 presents the results of nitriding for
40Kh steel and SCh20 cast iron with and with-
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Table 1. Wear properties of nitrided 40Kh steel and SCh20 cast iron using the developed method (upper
data —thickness of the nitride zone, pm; lower data — time of wear 30pm/m, h)

Nitriding with the addition of argon, vol. %
Material Nitriding without adding argon
15 20 25
17...20 29...32 30...33 29...32
Steel 40Kh
2600 3640 3780 3590
) 20...23 31...33 35...40 25...30
Cast iron SCH20
2250 3370 3650 3310
out argon addition during the preliminary hy- h
drogenation stage. MTI;I;
Hydrogenation was performed in a hydro- 371
gen atmosphere both without and with the
addition of 15-25 vol.% argon at a pressure of 34
265 Pa and a temperature of 570°C for 1 hour.
Glow discharge nitriding (GDN) was carried 314
out under the same pressure and temperature
in an atmosphere containing 75 vol.% nitrogen 28 4
and 25 vol.% argon for 4 hours. For compari-
son purposes, parallel nitriding was performed 25 1 /
on similar specimens previously hydrogenated /
in pure hydrogen without argon, under identi- 22 1
cal conditions (pressure — 265 Pa, temperature /
— 570°C, hydrogenation duration — 1 hour). 19 \ : ; :
0 5 10 15 20 25

Under these selected conditions of hydro-
genation and nitriding, the microhardness of
the nitrided coatings obtained by the proposed
method did not differ significantly from that
obtained using the conventional GDN method
and amounted to 7.8-8.2 GPa for 40Kh steel,
and 8.0-8.5 GPa for SCh20 cast iron.

Wear resistance tests were conducted using
a face-friction test machine under a load of 4
MPa and a sliding speed of 1 m/s in a buffer
solution of citric acid with pH = 6.5. Wear re-
sistance was evaluated by measuring changes
in the linear dimensions of the samples dur-
ing wear testing. Based on the data of Table
1, the thickness of the nitride zone in the coat-
ing formed by the proposed method (Author’s
Certificate USSR No. 1324334) increased by a
factor of 1.5 to 1.9, while wear resistance im-
proved by 1.45 to 1.62 times, compared to the
conventional method.

For clarity, the results of preliminary tests
are illustrated in Figures 1 and 2. In both cas-
es of preliminary hydrogenation — with and
without argon — an increase in the thickness
of the nitride layer was observed (Figure 1).
The maximum thickness was achieved at 20
vol.% argon. With further increases in argon
content, the thickness of the nitride layer de-

Functional Materials, 33, 1, 2026

Argon content (Ar), %

Fig. 1. Change in the thickness of the nitride layer hy
depending on the Ar amount (%) in the hydrogen mix-
ture: 1 — cast iron SCh20; 2 — steel 40Cr; 3 — steel 45

creased for all tested materials. This trend is
likely due to internal stresses exceeding the
material strength limit, leading to relaxation
through massive dislocation emission to the
surface, formation of micropores, and a reduc-
tion of hydrogen pressure within internal voids
(so-called “collectors”).

Thus, preliminary ion-plasma hydrogena-
tion in an atmosphere with 20% argon, fol-
lowed by glow discharge nitriding, enabled an
approximately 1.7-fold increase in nitride layer
thickness.

Wear resistance tests also showed an in-
crease by a factor of 1.5-1.6 compared to the
conventional glow discharge nitriding (GDN)
method. At the same time, the wear resistance
of 40Kh steel (Figure 2, curve 1) was found to
be higher than that of SCh20 cast iron (Figure
2, curve 2), despite the greater thickness of the
nitride layer in the cast iron.

Taking into account the fatigue nature of
corrosion-mechanical wear, the fatigue strength
characteristics under both low-cycle and high-
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Fig. 2. Kinetics of wear of nitrided materials
depending on the Ar amount in the hydrogen
mixture: 1 — steel 40Cr; 2 — cast iron SCh20;
3 — steel 45

cycle loading are higher for steels than for cast
irons, which explains the superior wear resis-
tance of nitrided steels [25].

Furthermore, it has been established that
fatigue failure sites develop within the diffu-
sion layer located beneath the nitride zone, and
the thickness of the nitride layer itself is not
the determining factor for the intensity of wear
processes in nitrided specimens [25, 26].

Similar results were obtained during the in-
vestigation of cavitation-erosion resistance of
nitrided samples in a 3% aqueous sodium chlo-
ride solution (Fig. 3). After two hours of testing
on the setup with a magnetostrictive vibrator
(MSV) at an ultrasonic vibration frequency of
22 kHz and an amplitude of 36 um, the wear re-
sistance of nitrided samples without pre-hydro-
genation increased by a factor of 5.3 for 45 steel
(4.7 for 20 steel, and 8.9 for SCh20 cast iron).
In the case of prior hydrogenation, the wear re-
sistance of 45 steel increased by 7.5 times com-
pared to the untreated 45 steel samples.

This effect can be explained by the improve-
ment of both corrosion resistance and the phys-
icomechanical properties of the surface layer,
particularly an increase in the fatigue limit
when exposed to aggressive environments.

Thus, ion-plasma hydrogenation prior to hy-
drogen-free glow discharge nitriding increases
the thickness of the nitride zone on the nitrided
surfaces, enhances their corrosion resistance,
and improves their capacity for structural
transformation depending on the external load-
ing conditions due to the formation of a barrier
effect of the “debris layer” [27].
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Fig. 3. Kinetics of mass loss during cavitation
loading of steel 45 specimens in a 3% NaCl
solution: 1 —untreated specimen (baseline
condition); 2 — nitriding without prior hydro-
genation; 3 — nitriding with preliminary ion-
plasma hydrogenation with the addition of 20%
argon.

4. Conclusions

1. Ton-plasma hydrogenation prior to glow
discharge nitriding increases the thickness of
the nitride zone on nitrided surfaces, enhances
their corrosion resistance, and improves their
corrosion-mechanical wear resistance due to an
increased ability to undergo structural trans-
formation depending on external loading condi-
tions, caused by the barrier effect of the “debris
layer”.

2. Preliminary ion-plasma hydrogenation in
an atmosphere containing 20% argon followed
by glow discharge nitriding made it possible to
increase the thickness of the nitride layer by
approximately 1.7 times.

3. Due to the aforementioned factors, wear
resistance under friction in an acidic environ-
ment increased by 1.5-1.6 times for structural
steels 45, 40Kh, and gray cast iron SCh20 com-
pared to traditional nitriding technology with-
out preliminary hydrogenation. Cavitation-ero-
sion resistance in a 3% NaCl solution increased
by 4.7, 5.3, and 8.9 times for steels 20, 45, and
gray cast iron SCh20, respectively.
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