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The paper studies the processes of active ion-plasma nitriding of the inner surface in the
mode of abnormal glow discharge; a hollow cathode and a perforated tubular anode made of
widely used high-quality steel 40CrNi2Mo are used. The structure and composition of the nitrid-
ed surfaces and the microhardness of the internal surfaces were investigated. The relationship
between plasma treatment parameters, geometric features and microhardness has been estab-
lished. Diffusion coatings with uneven nitrogen concentration and discrete layered structure
were obtained. The nitrided surface consists of three zones: nitride, transition and diffusion. The
nitrided layers have increased hardness; scratching revealed zones with higher hardness values
located along the inner cylindrical surface.

Keywords: ion-plasma nitriding, hollow cathode, perforated anode, microhardness, sclerom-
etry, internal cylindrical surfaces.

@opmMyBaHHS MIKPOCTPYKTYPH Ta MeEXaHIYHHUX BJIACTUBOCTEH HA BHYTPIIIHIX
MWIIHAPUIHUX MOBEPXHIX a30TOBAHUX 10HHO-ILIa3MoBuM meronom. [.A. Cenisepcmos,
I.B. Cmupnos, A.B.9opnruii, B.B. JIucax, O.B. JIawro, M.O. Cucoes

PoGora Oysia socepemsxerna Ha po3poOIll IPOIECIB AKTUBHOIO 10HHO-ILJIA3MOBOTO A30TyBaHHS
BHYTPIIITHBOI TOBEPXHI B PEKUMI aHOMAJIFHOTO TJIIOYOTO PO3PSIAY 3 BUKOPHUCTAHHSM II0JIOTO
Karoja 1 1mepdopoBaHOro Tpy6yacToro aHoAa IJid MIMPOKO BUKOopucToByBamol crasi 40XH2MA.
JlocomimxeHO CTPYKTYpy Ta CKJIAJ a30TOBAHUX IIOBEPXOHL Ta MIKPOTBEPIICTH  BHYTPIIIHIX
OBEPXOHb. BCTAHOBIEHO 3B’A30K MIiK MapaMeTpaMH ILIa3MOBOI OOpOOKM, IeOMeTPUYHUMU
0COOJIMBOCTSME TA MIKPOTBEPIICTIO. 3aCTOCYBAHHAM I1epdopoBaHOr0 TpybuacToro aHoma Oyiim
orpuMaHil audy3ifiHI TOKPUTTA 3 HEPIBHOMIPHOK KOHIIEHTPAITIE a30Ty 1 yTBOPIOBAHHIM
IUCKpeTHUX CTPYKTYp. CTpyKTypa a30TOBAHOI IIOBEPXHI IIapyBaTa 1 CKJIAIAeThCA 3 TPHOX 30H:
HITPUIHOI, Tepexiguol Ta nudyaiiHol. A30ToBaHI mIapy MAalTh 3 IIJBUINEHY TBEPIiCTh, 3a
pesyJsibTaTaMu  BHMIpIOBaHHA MikporBepmocti meromom  HRV . Meromom — criepomerpii
BUSIBJIEH] 30HU 3 OLJIBIII BUCOKUM 3HAYEHHSM TBEPJIOCT, SIKl PO3TAIIOBAHI B3[0BK BHYTPIITHHOI
AT HIPUYHOI TIOBEPXHI.

1. Introduction tural steels [1-3]. Among the methods, plasma
nitriding is a widespread, environmentally

Nitriding is often used to improve the tribo- friendly and energy-efficient technology [4].

logical properties and wear resistance of struc-
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This technology makes it easy to remove pas-
sive layers from the surface before nitriding.
However, plasma nitriding of the inner surface
is still a challenge [5-7]. With a small amount
of work, we can state certain benefits from hard-
ening the inner surface, in some cases increas-
ing corrosion resistance with high tribomechani-
cal properties. There are many applications that
could benefit from such properties, such as nu-
merous bushings in the engineering industry,
machining long tubular parts such as small
arms channels or biomedical products, etc.

Plasma nitriding of internal surfaces is as-
sociated with geometric features t of the tubu-
lar perforated anode and hollow cathode, which
can lead to an extreme absence of plasma or
the appearance of high-density plasma in cer-
tain areas [8]. As a result, zones with uneven
nitrogen concentrations and the formation of
discrete structures can form.

Replacing the continuous structure of the
surface layer with a discrete matrix structure
significantly improves the boundary state of
the surface (contact loads, critical deforma-
tions of the base, crack resistance, durability)
compared to a continuous coating of the same
thickness, composition and hardness.

Due to the insufficient study of the phenom-
ena occurring on the surface of a discrete struc-
ture and the lack of methods for its design, many
studies have been aimed at the optimal design
of a discrete structure with regard to residual
stresses [9]. To form a discrete matrix structure
using the ion-plasma method, various screens,
stencils, masks, including microtexture print-
ing, are used [10]. Thus, the development and
study of methods for the formation of nitrided
layers on internal surfaces is one of the most
urgent tasks in surface engineering.

The aim of this work is:

1. To develop a plasma nitriding method us-
ing a hollow cathode and a tubular perforated
anode to strengthen the internal cylindrical
surfaces of holes by forming a surface layer
with improved mechanical properties.

2. To determine the influence of plasma ni-
triding modes and design solutions of the hol-
low cathode and tubular perforated anode on
the formation of microstructure and mechani-
cal properties on internal cylindrical surfaces.

2. Experimental

The study was carried out using an experi-
mental vacuum installation equipped with
a constant regulated voltage source, a high-
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frequency generator, and a pulse modulator.
These devices automatically limit the current
and load to a predetermined value and inter-
rupt the arc formation process.

In the experiments, tubular samples with an
outer diameter of 30 mm, an inner diameter of
12 mm and a length of 240 mm were used. The
main material was high-quality 40CrNi2Mo
steel with the following chemical composition,
wt. %: 0.41 C; 0.31 Si; 0.57 Mn; 0.003 S; 0.017
P; 0.8 Cr; 1.37 Ni; 0.07 W; 0.01 V; 0.21 Mo; 0.18 Cu;
0.001 Ti; 0.016 Al; 0.009 N. Heat treatment
consisted of hardening and tempering (harden-
ing temperature 850°C, cooling in oil, tempe-
ring at 620°C).

Microhardness on the internal surfaces
was measured by the cross-section of the mi-
crogroove on a PMT-3 hardness tester with an
indenter load of 50 g; the scratch test method
was used with a Vickers indenter at a move-
ment speed of 8 mm/min and a load of 40 g
according to the ‘face forward’ scheme.

The microstructure and chemical composi-
tion of the coatings were determined using a
scanning electron microscope REM-1061 with
an OXFORD x-act energy dispersive micro-
analyzer. XRD analysis was performed using a
Rigaku Ultima IV X-ray diffractometer.

3. Results and discussion

The nitriding process was carried out in the
mode of an anomalous glow discharge, in which
the entire surface of the cathode electrode —
the sample - is covered with a plasma glow.
The voltage during this discharge was 850 V,
and the current density on the part was up
to 10 mA/cm?. The process duration was 5...6
hours. The nitriding process mode was selected
1n accordance with previous studies in [11].

A gas mixture of 75 % Ny + 25 % Ar was used,
and pure argon was used for surface cleaning.
The sample temperature during nitriding did
not exceed 580 °C.

For nitriding the internal surfaces of the
holes in tubular samples, a hollow perforated
anode with a diameter of 5 mm with side holes
and one end plugged was coaxially installed in
the middle of the sample; the open end of the
anode was connected to a pipeline for supply-
ing 75% Ny + 25% Ar working gas. Along the
anode at an angle of 120°, holes with a diameter
of 1 mm for gas outlet were made every 20 mm
(Fig. 1).

After the nitriding process, the samples
were prepared for testing. The results of scan-

Functional materials, 32, 2, 2025



I1.A. Sieliverstov et al. / Formation of microstructure and mechanical properties ...

reinforced

Fig. 1 Hollow cathode element with perforated
anode

ning microscopy and chemical analysis showed
that ion-plasma nitriding of internal surfaces
using a hollow perforated anode resulted in the
formation of diffusion coatings with different
chemical and phase compositions (Fig. 2).

The results of chemical analysis in three
zones according to Fig. 2 are given in Table 2,
and the distribution of elemental concentra-
tions deep in the surface of the nitrided layer is
shown in Fig. 3. The concentration of elements
from the surface to the centre was determined
with a step of 1.88 upm deep into the sample at
a distance of 90-100 pm, and the nitrogen con-
centration was reduced to standard values for
high-quality 40CrNi2Mo steel.

The surface layer (Zone I), where the
e-phase was formed, is a very thin, 8 um thick,
and has a brittle structure. After nitriding, the
nitrogen content on the surface of zone 1 reach-
es 8.97 wt.% (26.38 at.%). According to the iron-
nitrogen diagram, at a nitrogen concentration
of about 20 at.%, iron nitrides will be formed,
mainly Fe,N, which leads to a maximum mi-
crohardness near the surface at 3.65 GPa.

The near-surface layer is 15 pm thick
(Zone 1II), where the y' phase of nitrided fer-
rite was formed. Consisting mainly of Fe,N
nitrides, the chemical composition of the nitri-
ded surface in zone 2 differs from both the ini-
tial and the nitrided layer: the nitrogen content
reaches 6.25 wt. % (20.8 at. %).

Zone III is a diffusion sublayer with a gran-
ular pearlite structure, consisting of a- and
y'-phases with the formation of predominantly
Cr, Ni and Mo carbides of alloying elements of
steel on nitrides, which additionally contribute
to an increase in the solubility of nitrogen in
the a-phase. Zone III, where the nitrided lay-
er was formed, also underwent changes in its
chemical composition: the amount of nitrogen
decreased to 3.5 wt. % (12.6 at. %) at a distance
of 25 um, and the last zone at the boundary
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Fig. 2 Structure of the nitrided surface with the

distribution of nitrogen concentration from the
surface to the middle of the sample
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Fig. 3. Distribution of element concentrations
from the surface to the middle of the nitrided

layer

Table 1 - Chemical analysis in three zones.

Elements I 1I 11T
C 4.9 2.1 2.9
N 19.7 14.0 4.7
(0] 3.4 1.3 1.9
Fe 70.4 81.3 88.7
Ni 0.9 1.1 1.4
Cr 0.1 0.1 0.4
Mo 0.5 0.2 0.0

with the base has a nitrogen content of 1.57 wt.
(5.96 at. %) at a distance of 46.25 um. At a dis-
tance of about 100 pm, the amount of nitrogen is
0.57 wt. (2.22 at. %).
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Fig. 4. Structures of the nitrided layer a) in zone I, b) in zone II, c) in zone II ¢ (magnification x20000)

The structures of the nitrided surface in
different zones are shown in Fig. 4

The results of local chemical analysis of in-
dividual structural components are shown in
Fig. 5 and Table 2.

The results of chemical analysis show that
the highest concentration of nitrogen (11.2 at.%)
and carbon (15.9 at.%) is found in light-colored
spherical globules (point 1). These globules also
contain the maximum amounts of chromium
(3.3 at.%) and molybdenum (1.1 at.%). Iron
is also distributed unevenly: a maximum of
83.6 at.% is in the matrix phase (point 2) and a
minimum of 67.1 at.% is in the globules (point 1).

Based on this distribution of chemical ele-
ments, it can be assumed that the spherical
globules are complex carbonitrides of iron,
chromium and molybdenum.

The scratch tracks and indenter imprints al-
lowed us to determine the microhardness along
the sample; the distribution of average micro-
hardness values had similar results from the
surface to the middle (Fig. 6.a, b) and was in the
range from 3.65 GPa to 2.44 GPa, respectively.
The microhardness of 2.44 GPa corresponds to
the average value of the base material.

Scratch tests revealed local areas of in-
creased hardness from 6.89 GPa to 4.56 GPa
with a size of approximately 200 pm along and
100 pm deep in the sample with a high nitro-
gen content of 9.7 wt. % (29.8 at. %) (Figs. 7, 8).

Table 2 - Chemical analysis of structural com-
ponents (at.%)

Elements pointl point 2
C 15.9 6.91
N 11.2 5.8
O] 0.4 1.2
Fe 67.1 83.6
Ni 1.1 1.3
Cr 3.3 0.9
Mo 1.1 0.3
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Fig. 5. Location of points for analyzing the chem-
ical composition of structural components

The formation of such areas was detected near
the structural location of the hole in the anode
through which nitrogen was supplied. The dis-
tribution of nitrogen along the scan line is also
uneven with characteristic peaks (Fig. 8).

The presence of these localized areas is prob-
ably due to a higher concentration of gaseous
nitrogen (high plasma density) in the flow zone
through the anode hole and, possibly, addition-
al stress concentrators on the surface formed
after mechanical processing of the inner cylin-
drical surface.

4. Conclusions

On the basis of comprehensive experimental
studies of microstructure, mechanical proper-
ties and chemical composition using modern
research methods, the effectiveness of the ion-
plasma nitriding method for strengthening
internal cylindrical surfaces has been estab-
lished. The main conclusions are as follows:

1. Technological modes of pulsed ion-plas-
ma nitriding of internal surfaces have been

Functional materials, 32, 2, 2025
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Fig. 6. General view of scratch tracks (a) and indentation marks (b) for determining microhardness
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cal area

developed on the basis of an experimental
vacuum installation equipped with a constant
regulated voltage source, a high-frequency gen-
erator and a pulse modulator.

2. As a result of the research, it was estab-
lished that ion-plasma nitriding of internal
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Energy, keV

Fig. 8. Distribution of nitrogen concentration
over the area near the anode hole
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