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Abstract

Created control device physico-chemical and tribological characteristics of nitrided internal surfaces of long
holes, which is a hollow pipe with radial holes made at a certain distance from its ends to ensure the ratio of the
height of the center of the sample to the internal diameter of the pipe from 0 to 10 or more, which differs in that
the height of the samples simulates the depth of the longitudinal holes, and the samples themselves to facilitate
their fixation and to ensure the absence of electric spark discharge near the ends, they are installed with a certain
tension. At the same time, the length of the cylindrical sample is equal to the thickness of the pipe wall.Thus, each
sample is nitrided from two ends, which makes it possible to nitride from the outside and from the middle of the
model at almost the same temperature, as well as to compare the results of nitriding of two surfaces (external and
internal). At the same time, the difference in conditions is only in the location of these surfaces - external or
internal. All other factors that could affect the results of the modification are practically identical. However,
nitriding in a glow discharge with a constant current supply does not ensure the treatment of the inner surface
uniformly throughout the entire depth, and with significant ratios of length to diameter (more than 4), the inner
surface of the hole remote from the ends is practically not nitrided. Therefore, a process technology and a device
for quality control of anhydrous nitriding in glow discharge (BATR) of long holes with cyclically switched power
supply of the gas discharge chamber have been developed.
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Introduction

Practically all kinematic pairs of friction with translational movement structurally fall under the category
of holes with a relatively small diameter, that is, the ratio of the length (depth) of the hole to its diametrical size
exceeds the value of four [1]. This indicator, accepted as a criterion of geometric ratios, is justified by the fact that
the nitriding process of similar structural elements is similar in nature to a discharge with a hollow cathode [2].
From the theory of this process, it is known that the real field penetrates inside the holes to a depth of no more
than two diameter sizes (if the holes are not round, then two smaller diameter sizes). The numerical criterion for
assigning nitriding objects to the category of holes with a relatively small diameter in the number of four diameters
applies to structures in which the holes are through. For blind recesses or holes, the value of the criterion can be
reduced to two.

Holes of a relatively small diameter in details should be considered through or blind holes, the ratio of the
length of which to the diameter is greater than 2 - 4. The justification for these limits (a smaller value is for non-
through holes) is that, as established in [1], the depth of the hole is two diameters, the intensity of the electric
discharge field is only 0.02% of the intensity at the end of the hole. Taking into account this indicator, through
holes whose length to diameter ratio is greater than three can be considered relatively small diameter holes, and
for non-through holes - 1.5.
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Currently, in surface engineering methods, preference is given to the implementation of methods of
controlled modification of surfaces based on the action of concentrated energy flows. Vacuum, ion and laser
technologies, which are promising from the point of view of forming the structure and properties, have gained the
greatest development. These methods of surface modification went through several stages, which led to the
creation of a large number of technical solutions determined by both the specifics of the processes and the design
features of the equipment used. One of the most developed and widely used in world practice is the method of
anhydrous nitriding in a glow discharge. The paper [3] investigates the possibility of creating modified surface
layers on austenitic stainless steels using low-pressure glow discharge nitrogen treatment, similar to sputtering, so
that surface activation, heating, and nitrogen incorporation can occur in one step with a short duration. In work
[4], it was established that with the help of appropriate treatment parameters, glow discharge nitriding can
significantly improve the corrosion resistance of austenitic stainless steels, such as AISI 316L and AISI 202,
compared to untreated alloys. In work [5], stationary helicon wave plasma with a small diameter (10 mm) was
used for nitriding the inner part of a thin austenitic stainless steel tube. The results confirmed that the nitrided layer
consists mainly of the austenite phase, iron nitride is not released. Given the successful control of the plasma
discharge in a thin tube with a small diameter, this research paves the way for achieving high-performance nitride
layers inside thin tubes. In work [6], the process of low-temperature plasma nitriding was proposed as a surface
treatment to increase the technical durability of stainless steel tubes and nozzles. Various analyzes were performed
to describe only the internal process of nitriding, from the inner surface of the pipes and nozzles to their depth in
the thickness. The authors in the study [7] developed technological methods of pulsed ion-plasma nitriding of
internal cylindrical surfaces using a hollow perforated anode. This leads to the formation of diffusion coatings
consisting of areas of different chemical and phase composition. The purpose of the work [8] was to evaluate the
possibility of nitriding deep holes of small diameter. The tests were carried out on cylindrical samples of unalloyed
and low-alloyed steel with electro-drilled and mechanically hollow through and blind holes.

Attempts to nitride long holes in a glow discharge with constant power supply only confirm the above
theoretical conclusions regarding the spread of the discharge in holes of relatively small diameter. At the same
time, the inner surfaces of the holes near the ends are nitrided with acceptable quality, while when the distance
from the end of the hole increases, the results of nitriding become less and less noticeable. Some improvement in
the effects of the modification can be achieved by increasing the duration of the process. That is, the effect of
ordinary furnace nitriding is manifested, but at the same time, the main advantage of nitriding in the glow discharge
is eliminated - a significant reduction (by more than an order of magnitude) in the duration of processing [2] .

Thus, the task set in the work has, first of all, practical significance, since there are many options for its real
production application. At the same time, one should take into account the fact that such a process has not been
sufficiently studied, except for purely technological aspects [9]. A preliminary theoretical justification for the
possibility of nitriding the inner surfaces of holes of a relatively small diameter can be the thesis of pumping
nitrogen ions into the inner cavity of the hole due to the effect of their movement by inertia at the moment of
changing the discharge voltage up to its complete disappearance during a cyclically switched discharge. Since, in
the absence of an electric field, the ions will continue to move tangentially to the trajectory that took place at the
moment of termination of the discharge, it becomes possible for them to reach the region of the hole cavity, where
the field is practically no longer active. This phenomenon is especially characteristic of ions that fly into the hole
in the vicinity of its center. At the same time, the trajectory of their movement is significantly straightened, the
probability of collision of ions with the walls of the hole decreases, they fly a much longer path than it would be
in the case of continuous power [10]. In this way, an excess concentration of nitrogen ions is created, which further
drift into the depth of the hole, obeying the laws of diffusion. Since nitrogen ions are the main factor in the
formation of nitrides, the nitriding process of the inner surface should theoretically occur at a speed that practically
corresponds to the conditions of processing open surfaces [11]. The influence of the physical foundations of the
nitriding process on the contact interaction of modified friction surfaces is considered in [12]. The conducted
analysis confirmed the determining importance of the structure and composition of the gas discharge environment.

Known works on the use of pulse discharge in nitriding processes in order to improve the mechanical and
tribological properties of surface layers. In work [13], with the aim of optimizing the nitriding process,
experimental studies of pulsed plasma nitriding of carbon steel DIN C45 (AISI C1043) were carried out using a
direct current pulse glow discharge. The influence of gas composition, temperature, processing time and frequency
on layer thickness and microhardness was studied. The obtained results are recommended for the optimization of
the nitriding process and computer control of the process. In order to increase the tribological and properties of
austenitic stainless steels in [14], the authors use plasma nitriding of the surface in pulse mode. It has been found
that the wear rate is reduced by up to 90% compared to the base material when processed with a low duty cycle.
It is shown that wear resistance and corrosion resistance can be significantly increased by reducing the pulse duty
cycle. In work [15], samples of unalloyed steels were nitrided under fixed conditions using an alternating pulse
current. It was established that the hardness and wear resistance increase significantly with an increase in the
pulsed current. This study comprehensively explains the contribution of pulsed current to nitriding efficiency and
plasma reactivity. In the study [16], a pulsed power supply is used for plasma nitriding to overcome the problems
of direct current plasma nitriding. Therefore, the use of a pulsed power supply ensured: more accurate control of
the nitriding process, post adjustment of the pulse width, avoidance of the phenomenon of arcing on the surface of
the workpiece. Therefore, the advantages of using a pulsed discharge as a power source during nitriding are
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obvious, but its use for processing long holes has not been widely used.

The practical importance of solving the given problem is extremely great, since in mechanical engineering
in almost all industries, many parts with holes of relatively small diameter are used, the inner surface of which is
working and whose wear resistance is of fundamental importance for increasing the resource of products, their
efficiency and the term of normal operation. Examples of such parts can be the inner surfaces of pneumatic and
hydraulic cylinders, the inner surfaces of material cylinders of injection molding machines, the inner surfaces of
plunger pumps of engine fuel equipment, etc.

Various technologies for modifying the internal surfaces of similar pairs are used: furnace nitriding,
cementation, gas chrome plating, etc. But all of them have a number of important disadvantages: the fragility of
the surface layers, the long duration of the saturation process during furnace nitriding (96 hours), the change in
dimensions and the need for further finishing during cementation.

All the mentioned disadvantages are absent when using the technological process of nitriding in an
anhydrous glow discharge. The part before the modification is processed in the finished dimensions, which
significantly affects the cost of manufacturing parts. The process is an order of magnitude less long compared to
the furnace process, and when using nitriding in anhydrous environments, it becomes possible not only to meet all
the requirements of environmental safety, but also to significantly reduce the fragility indicators.

However, nitriding in a glow discharge with a constant current supply does not ensure the treatment of
the inner surface uniformly over the entire depth, and with significant ratios of length to diameter, the inner surface
of the hole remote from the ends is practically not nitrided. Therefore, the technology of the process of anhydrous
nitriding in a glow discharge with cyclically switched power supply of the gas discharge chamber was developed.

Research methodology

To check the nitriding quality of the internal surfaces of long holes (to control the physico-mechanical
and tribological characteristics of the nitriding layers), a device was created, which is a hollow cylinder in which
series of radial holes are drilled at different distances from the end. Samples made of different steels are inserted
into these holes. Thus, each sample is nitrided from two ends, which makes it possible to nitride from the outside
and from the middle of the model at almost the same temperature, as well as to compare the results of nitriding of
two surfaces (external and internal). At the same time, the difference in conditions is only in the location of these
surfaces - external or internal. All other factors that could affect the results of the modification are practically
identical (Fig. 1).
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Fig. 1. Hollow cylinder for simulating nitriding of long holes

The presence of a series of radial holes creates the possibility of simultaneous nitriding of samples made
of different steels at the same parameters of the technological process, which significantly speeds up experimental
research. Full length model400 mm, hole diameter40 mm. Thus, the largest coefficient of the ratio of the length of
the hole to its diameter was 10.

Nitridingwas carried out at the unit for anhydrous nitriding UATR-1. A nitrogen-argon mixture was used
as a gas medium with a ratio of components by volume of 75% nitrogen and 25% argon. Samples made of steel
38X2MUA were installed in radial holes and held there due to a certain tension (Fig. 2). This achieved not only
retention of the samples in the holes, but also the absence of burning near the ends of the samples, especially when
fed with a direct current discharge. The appearance of this phenomenon is quite real, as it is observed even with
gaps of the order of 0.5 mm. At the same time, the use of a similar method of fixing samples significantly simplifies
the design of the model, eliminating from it devices such as screw clamps, collets, etc.
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Fig. 2. Sample sketch
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The parameters of the technological mode are presented in Table 1. In mode 1, cyclically switched
discharge was used, and in mode 2, constant power supply of the gas discharge chamber was used.

Table 1
Technological parameters of nitriding
Mode o Pressure . _
number | remperature°C | Voltage, V.| o teo) “p, | Duration, hours Features regime

1 560 730 160 6 The model is open
from two sides

2 560 730 160 6 The model is open
from two sides

The processing of nitriding results primarily involved measuring the surface microhardness on a PMT-3
microhardness tester. At the same time, the surface microhardness was studied not only on the ends of the samples,
but also along the depth of the modified layer. Microhardness measurements were performed at a distance from
the surface of 25, 50, 75, 100, 150, 200, 250, 300, 600, 1000 pum.

X-ray phase analysis of nitrided samples was performed on a DRON-3 diffractometer in filtered radiation
of an iron anode in the range of q angles from 20° to 100° with a scan step of 0.1° and an exposure time of 10 s.
X-ray imaging was carried out from the surface to the depth of the nitrided layer.

Experimental studies of samples for wear resistance were carried out on a universal machine for testing
materials for friction, model 2168UMT. The material of the counterbody is steel SHX15 with a base hardness of
HRC61; pressure in the contact zone P = 16 MPa; sliding speed v = 0.1 m/s; the controlled parameter is linear
wear h, which was determined as a change in the linear size of the sample measured normal to the friction surface
as a result of passing a section of length I. The tests were carried out in the modes of extreme [8] and dry [9]
friction, which is typical for many parts of mechanical engineering and agricultural machinery.

Research results

Table 2 shows the distribution of the surface microhardness of the internal end surfaces of samples made
of 38X2MUA steel depending on the distance of their location from the ends of the model (pipes).

Table 1
Distribution of surface microhardness along the depth of the model
Mode No The microhardness of the surface is HVO0.1 at the depth of the model
Material 10 20 40 100 200 250 340 370 395
mm mm mm mm mm mm mm mm mm
1 38X2MUA 1098 1096 1097 1098 1097 1096 1098 1097 1098
2 38X2MUA 1100 1096 1090 1019 960 996 1050 1092 1090

For greater visibility, the data in the table. 2 are illustrated in fig. 3.
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Fig. 3. Dependencies of surface microhardnesssteel 38 X2MUA, nitrided in a glow discharge with cyclically switched
and constant power supply for the inner surface of the sample

As can be seen from fig. 3, surface microhardness during nitriding in TSR (mode 1).along the height of the
pipe, the modified layer of 38X2MUA steel, respectively, from the side of the inner ends remains constant, and
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during nitriding with direct current, it decreases and reaches a minimum for samples placed in the center of the
pipe (mode 2).

A similar conclusion can be drawn from the analysis of the distribution of microhardness along the depth of the
nitrided layer strengthened by nitriding in the glow discharge depending on the power supply mode of the gas discharge
chamber (Fig. 4, a, b). During nitriding in a cyclically switched discharge, the distribution of microhardness over the
thickness of the hardened layer is more uniform and practically the same for all samples along the entire length of the
model. In addition, the value of microhardness in the thickness of the nitriding layer is higher during nitriding in a
cyclically switched discharge than during constant power supply. Thus, for the sample placed in the center of the model
(1 =200mm), the microhardness at the depth of the nitrided layer of 25, 50, and 100 pm was 852, 756, and 561 Pa,
respectively, with constant feeding and 942, 822, and 638 Pa with nitriding in a cyclically switched discharge .
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Fig. 4. Distribution of microhardnessfor nitrided steel 38X2MIOA: a — cyclically switched power supply; b - constant
power supply

The study of the microhardness of the nitrided layers, its distribution along the depth of the nitrided layer
(Figs. 3, 4) indicates the formation of highly nitrogenous phases during nitriding in the TSK. The obtained
radiographs confirm this conclusion.

The results of tribological tests showed (Fig. 5) that nitriding in the TSR is a fairly effective way of
strengthening the inner surfaces of long holes. Comparison of the wear resistance of 38X2MUA steel samples
nitrided according to mode 1 and mode 2, depending on the height of their placement in the pipe, shows its
significant increase (by 1.3...1.6 times) during nitriding in the TSR.
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Fig. 5. Wear resistance of nitrided steel samples 38X2MIOA during dry friction depending on the friction path and
their location from the ends of the pipe: a— TSR, b —direct current

Therefore, the use of the developed device makes it quite easy to assess the physico-mechanical and tribological
properties of the internal surfaces of long holes depending on the distance of their placement from the end of the model
hole.

Conclusion

Thus createda device for controlling the quality of nitriding of the inner surfaces of long holes, which is a
hollow pipe with radial holes made at a certain distance from its ends to ensure the ratio of the height of the
placement of the center of the sample to the internal diameter of the pipe from 0 to 10 or more, which is
distinguished by the fact that the height of placement samples simulates the depth of long holes, and the samples
themselves are installed with a certain tension to facilitate their fixation and ensure the absence of electric spark
discharge near the ends. At the same time, the length of the cylindrical sample is equal to the thickness of the pipe
wall.

References

1. Genel, K., Demirkol, M., Capa, M. (2000). Effect of ion nitriding on fatigue behavior of AlISI 4140
steel. Materials Science and Engineering, Vol. 279, Issues 1-2, p. 207-216, https://doi.org/ 10.1016/S0921-
5093(99)00689-9.

2. Pastukh, IM (2016) Energy model of glow discharge nitriding. Tech. Phys., Vol. 61, pp. 76-83,
.https://doi.org/10.1134/S1063784216010151

3. Borgioli, F., Galvanetto, E., Bacci, T. (2011). Surface Modification of Austenitic Stainless Steel by
Means of Low Pressure Glow-Discharge Treatments with Nitrogen. Coatings, Vol. 9 (10), p. 604, https://doi.org/
10.3390/coatings9100604.


https://doi.org/10.1134/S1063784216010151

Problems of Tribology 29

4. Fossati, A., Galvanetto, E., Bacci, T. & Borgioli, F. (2011). Improvement of corrosion resistance of
austenitic  stainless steels by means of glow-discharge nitriding, Vol. 29(5-6), pp. 209-
221 https://doi.org/10.1515/CORRREV.2011.004

5.Jin C, Zhang Y, Wang C, Liu M, Ling W, He L, Yang Y, E P. (2023) Plasma Nitriding of Inner Surface
of Slender Tubes Using Small Diameter Helicon Plasma. Materials;
16(1):311,https://doi.org/10.3390/mal16010311

6. Aizawa, T.; Wasa, K. (2017) Low Temperature Plasma Nitriding of Inner Surfaces in Stainless Steel
Mini-/Micro-Pipes and Nozzles. Micromachines, 8, 157.https://doi.org/10.3390/mi8050157

7. Smirnov, 1V et al. (2022) lon-plasma nitriding of inner cylindrical surfaces of products. The Paton
Welding Journal, 2022, #11, 21-26,http://patonpublishinghouse.com/eng/journals/tpwj/2022/11/04

8. Filipowicz, M et al. (2018) Gas nitriding of internal surfaces of deep holes. InzPow; 23 (2): 24-29,
https://doi.org/10.5604/01.3001.0012.2091

9. Kwon, SC, Park, MJ, Baek, WS et al. (1992). Geometric effect of ion nitriding on the nitride growth
behavior in hollow tube. IMEP, Vol. 1, pp. 353-358,https://doi.org/10.1007/BF02652389.

10. Elwar, J. Hunger, R. (2013) Plasma (lon) Nitriding and Nitrocarburizing of Steels, Steel Heat Treating
Fundamentals and Processes, Vol 4A, ASM Handbook, Edited By Jon L. Dossett, George E. Totten, ASM
International , 690—703, https://doi.org/10.31399/asm.hb.v04a.a0005791

11. Pastukh, IM (2014). Subprocesses accompanying nitriding in a glow discharge. Tech. Phys., Vol. 59,
pp. 1320-1325, https://doi.org/10.1134/ S1063784214090205.

12. Dykha A., Makovkin O. (2019). Physical basis of contact mechanics of surfaces (2019) Journal of
Physics: Conference Series, Vol. 1172 (1), no. 012003, https://doi.org/10.1088/1742-6596/1172/1/012003

13. Z. Purisié, A. Kunosi¢ & J. Trifunovié¢ (2006) Influence of process parameters in pulse plasma
nitriding of plain carbon steel, Surface Engineering, 22:2, 147-52, DOI: 10.1179/174329406X98485

14. Naeem M et al. (2017) Effect of pulsed duty cycle control on tribological and corrosion properties of
AISI-316 in cathodic cage plasma nitriding, Mater. Res. Express, 4 116507

15. M Naeem et al (2019) Effect of pulsed current on cathodic cage plasma nitriding of non-alloyed steel,
Mater. Res. Express, 6 086537DOI 10.1088/2053-1591/ab1869

16. Aghajani, H., Behrangi, S. (2017). Pulsed DC Glow Discharge Plasma Nitriding. In: Plasma Nitriding
of Steels. Topics in Mining, Metallurgy and Materials Engineering. Springer, Cham.https://doi.org/10.1007/978-
3-319-43068-3_3.


https://doi.org/10.1515/CORRREV.2011.004
https://doi.org/10.3390/ma16010311
https://doi.org/10.3390/mi8050157
http://patonpublishinghouse.com/eng/journals/tpwj/2022/11/04
https://doi.org/10.1007/BF02652389
https://doi.org/10.1088/1742-6596/1172/1/012003
https://doi.org/10.1007/978-3-319-43068-3_3
https://doi.org/10.1007/978-3-319-43068-3_3

30 Problems of Tribology

Creunumu M.C., luxa O.B., Creunmmna H. M., 3nopenxo JI.B. Meroauka 1 pe3ynbTaTH TOCITIHKCHHS
(i3uKO-MEXaHIYHUX Ta TPUOOJIOTIUHMX XapaKTEPUCTHK a30TOBAHMX BHYTPIIIHIX MHOBEPXOHb JOBIOMIPHUX
OTBOpIB

CTBOpEHO NPHCTPIH Ui KOHTPOMIO (hi3UKO-XIMIYHMX Ta TPUOOJOTIYHHMX XapaKTEPHUCTUK a30TOBAHUX
BHYTpIIIHIX MTOBEPXOHb JOBFOMIPHHUX OTBOPIB, SIKMH ABISE COOOIO IMyCTOTUTY TpyOy 3 pamiallbHUMU OTBOpaMHU
BUKOHAHWMH HA TIEBHIH Biaai Bij i1 TOPIB 11 3a0e3neUeHHS BiTHOIIEHH BUCOTH PO3MIIIEHHS IEHTPY 3pa3ka
JI0 BHYTPIMIHBOTO AiameTpa Tpyou Bix 0 mo 10 i GinrbIme, SKUi BiIpi3HAETHCS THM, IO BUCOTA PO3MIIICHHS 3pa3KiB
MOJICNTIOE TJIMOWHY JOBTOMIpHHX OTBOpIB, a cami 3pa3Kél IS TOJETHIeHHS ix (ikcamii Ta 3a0e3neueHHS
BiZICYTHOCTI €JIEKTPOiCKPOBOTO pO3psy OiIS TOPIiB BCTAHOBIIOIOTHCS 3 IIEBHUM HATATOM. [IpH IbOMY ITOBXXHHA
IITIHAPAYHOTO 3pa3Ka JAOPIBHIOE TOBIIUHI CTiHKH TpyOu. Takum YMHOM, KOXHHH 3pa30K a30TYETHCS 3 JBOX
TOPLIB, IO JIa€ MOXKJIMBICTD a30TYBATH 13 30BHI Ta 3 CEpPEANHH MOJEINI IPH NPaKTUYHO OJTHAKOBIH TeMIieparypi, a
TaKOX ITOPIBHIOBATH PE3yJIbTaTH a30TyBaHHS IBOX IOBEPXOHB (30BHIMIHBOI Ta BHYTPilIHBO1). [Ipn ibomy pisHUILA
B YMOBax IIOJISITa€ TUIBKK B PO3TAllyBaHHI IMX MOBEPXOHb — 30BHIIIHE YM BHYTpilHe. Bei iHmi ¢akropu, sxi
MoriH O BIIMBAaTH Ha pe3ynbTaTd MoAudikanii npakTHyHo ineHTH4Hi. [IpoTe a30TyBaHHS B TIIIIOUOMY PO3psiAi
IpU TOCTIHHOMY CTPYMOBI JXHMBJICHHS He 3a0e3rneuye oOpoOKy BHYTPIIIHBOI IMOBEpXHi PIBHOMIPHO IO BCii
TJIMOWHI, @ IPY 3HAYHUX BiTHOIICHHSX JJOBXHUHHU JI0 JiamMeTpa (Oinbiue 4) BHYTPILIHS MOBEPXHS OTBOPY BiJlaneHa
BiJl TOPIIIB MPAKTHYHO HE a30TYeThCSA. ToMy po3poOiieHa TEXHOJIOTIS MPOIeCy 1 MPUCTPIl U KOHTPOIIIO SKOCTi
0e3BogHEBOTO a30TyBaHHS B Tiirouomy pospsiai (BATP) nmoBromipHHX OTBOpIB 3 HHKIIYHO-KOMYTOBAaHHM
JKHBJICHHSM Ta30pO3psIHOT KaMepH.

Koaro4oBi cjioBa: TOBroMipHi OTBOPH, INKITITHO-KOMYTOBaHUH PO3ps[, 3HOCOCTIHKICTD, CyXe TEePTs



