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Abstract

The results of the study of anhydrous carbohydrogenation influence in a smoldering discharge on the
microhardness of a hardened 12XH3A steel layer depending on the propane content and pressure of the gas envi-
ronment are presented in the paper. In accordance with the developed methodology of studying the influence of
technological parameters of the process of carbonylation on the properties of structural materials, optimal modes
of hardening of 12XH3A steel, depending on the operating conditions have been found.
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Introduction

Carbohydration in glow discharge is the process of saturation of the metal surface with nitrogen and
carbon at low temperatures (from 500 °C to 600 °C). The results of studies of this process are presented in [1, 2].
In these works, the simultaneous saturation of metal with carbon and nitrogen was not considered as an inde-
pendent method of surface hardening, but the effect of carbon on the structure and properties of nitrided layers
during quenching in ammonia plasma with the addition of carbon containing gases was investigated.
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Fig. 1. Effect of the concentration of propane in the gas mixture at BATR
on the depth of the diffusion layer (a) and carbonitrid zone (b):
1 —technical iron;
2 —steel 40X;
3 -38NMUA steel [1]
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So, without hydrogen nitriding in a glow discharge (BATR) with propane additives, a layer with a de-
veloped carbonitride surface zone is formed, which is contained in the zone of internal nitriding carbonitride
mesh along the boundaries of austenitic grains. The introduction of propane into ammonia plasma decreases the
rate of formation of the internal nitriding zone (Fig. 1).

The dependence of the thickness of the carbonitride zone [Fe2-3 (NC)] on the concentration of cementi-
tious gas, such as propane, is of extreme nature. The maximum development of the carbonitride zone is obtained
with a propane content in the mixture of 8 % to 12 %. In this case, its thickness is 1.5 times greater than the
depth of the nitride zone, which is obtained by nitration in ammonia plasma. With a propane content of about 40
%, the growth of the nitrided layer is suppressed, apparently due to the formation of a carbonitride or car-
bographic film on the surface.

Also, the effect of the composition of the saturating atmosphere on the wear resistance of 38HMUA
steel has been studied (Fig. 2).
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Fig. 2. The influence of the composition of the medium on the wear resistance of
steel 38HMUA, nitrided at a temperature of 520 °C (a) and 650 °C (b):
1-100 % NHs;

2-10 % NH;3 + 90 % Ar;

3-90 % NH; + 10 % C3H3;
4-1,5h (10 % NH3 + 90 % Ar) + 1,5 h (90 % NH3 +10 % CsHg) [16]

The wear resistance of steel nitrided at 520 °C and 650 °C has been investigated for 1.3 h in ammonia
and in mixtures of ammonia with propane and argon. In addition, combined processes have been performed ac-
cording to a two-stage scheme: in the first stage (1.5 h), an internal nitriding zone was formed on the surface of
the steel during treatment in ammonia-argon (10 % ammonia + 90 % argon) plasma, and in the second stage (1,

5 h) a carbonitride zone was formed based on the € - Fe2-3 carbonitride (NC). As it can be seen from the graphs,
the introduction into the ammonia of propane plasma, allows to further increase the wear resistance of the nitrat-

ed surface (curve 3) due to the formation of carbonitride € — phase.

An additional reserve of increasing the properties of surface layers of nitrided steels is the use of com-
bined processes: Stage | - the formation of the zone of internal nitriding by the mode of cathodic atomization in
argon plasma (from 85 % to 95 %) and ammonia (from 5 % to 15 %); Stage Il — guidance on the surface of the
diffusion layer of carbonitride zone in plasma of ammonia (90 %) and propane (10 %) at optimum pressure.
Such modes allow to intensify saturation and provide maximum wear resistance (curve 4, Fig. 2.)

The technological parameters of the carbon dioxide process in the glow discharge significantly influ-
ence the physical and mechanical characteristics, structure, phase composition and wear resistance of the car-
bonitride layer, so studying this effect is an important task.

The purpose of the research is to determine the dependence of the characteristics of the carbohydrate
layer (depth, hardness, structure, phase and chemical composition) and their wear resistance on the basic pa-
rameters of the technological process (pressure, composition of the saturation medium, temperature and duration
of the process).

Research methodology

Studies of the process of carbon dioxide in the glow discharge have been carried out at the experimental
unit UATR - 1, which provides the strengthening of both samples and industrial parts with a diameter of up to
400 mm and a length of up to 1000 mm.

The studies have been carried out on steel 12XH3A. The mixtures of nitrogen and argon (75 % N2 + 25 % Ar)
and CsHg propane were used as the working gases, the saturation temperature varied from 480 °C to 600 °C, the
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pressure of the gas mixture during the diffusion saturation process - from 80 Pa to 400 Pa, the duration of the
process — 20 minutes to 240 minutes.

Studies have been performed on the installation of face friction [3].

The test sample has been measured at 15 points, after which the average height of the sample has been
determined. The difference in height of the sample before and after the study is the linear amount of wear.

The design of the sample and the counterpart to it is shown in Fig. 3.
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Fig. 3. Sketch of the sample and the contour

A second-order Hartley plan has been used to study the effect of the technological parameters of the
carbohydration process on wear resistance. Research parameters for durability: medium - oil Industrial 20, slid-
ing speed V = 1.24 m/s, specific load p = 4 MPa.

Methods of metallography, X-ray structural and chemical analyzes have been used in the study. As a re-
sult, the following characteristics of the carbohydrate layer have been determined: structure and thickness using
MMP-2P, Neophot-21 microscopes; microhardness using PMT-3 microhardness meter; phase composition with
the use of the DRON-3M X-ray device.

Mathematical methods of experiment planning (first- and second-order plans) and statistical methods of
processing the results of experiments have been used to rationally conduct experiments and obtain reliable in-
formation.

Results of the studies and their discussion

In order to determine the optimum amount of propane in the saturation medium and pressure in the dis-
charge chamber, a series of technological modes of hardening of 12XH3A steel have been carried out. Techno-

logical parameters of the process to form the carbide layer in the glow discharge: process temperature T = 580

°C, duration of hardening T = 240 min, the pressure in the chamber varied from 67 PA to 333 PA, the content of
propane in a saturated medium (in volume fraction) from 3 % up to 15 % (hereinafter referred to as a shortened
composition of the gas mixture, for example, 15% CsHs). Ar + CsHg gas mixture.

During the research of 12XH3A steel samples the dependences of the surface microhardness of the car-
bide layer on the technological parameters of the hardening process - the pressure in the discharge chamber and
the cementitious gas content have been obtained. The data of the microhardness of the hardened steel are shown
in Table 1. The dependences of the microhardness on the hardening parameters are shown in Fig. 4.

Table 1
Results of studies of microhardness of steels 12XH3A,
strengthened in glow discharge in carbon medium
Technological parameters of the mode Microhardness of H100, MPa
Mode number p,Pa(mmHg) | % CsHs | LA | U,V before strengthening | after hardening

1 333 (2,5) 9,0 6,8 | 315 2420 6500
2 266 (2,0) 9,0 6,7 | 380 2700 7300
3 200 (1,5) 9,0 56 | 410 2850 6800
4 133 (1,0) 9,0 4,6 | 550 2450 5650
5 67(0,5) 9,0 3,6 | 970 2650 5000
6 266(2,0) 15,0 6,6 | 360 2600 5500
7 266(2,0) 12,0 6,5 | 400 2800 6700
8 266 (2,0) 9,0 6,7 | 380 2750 7300
9 266 (2,0) 6,0 6,1 | 450 2800 6250
10 266 (2,0) 3,0 6,3 | 420 2700 5500
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Fig. 4. Dependence of the microhardness of the carbide layer
on the content of propane (%, C3;Hs) in a saturated medium
and on the pressure in the discharge chamber (p, PA)

Previous studies of the effect of propane content in the medium and the pressure in the discharge cham-
ber showed that for all the steels studied, there are optimal values of propane content in the saturation medium
(from 8 % to 11 %) and pressure in the discharge chamber (from 230 PA to 300 PA), at which surface micro-
hardness will be maximum (Fig. 4) As the content of propane in the saturated medium increases, the surface of
the samples is covered with soot, which impedes the penetration of the saturating gases into the metal surface
and the formation of a hardened layer (Fig. 4).

In order to identify the effect of a variant of the carbohydration process on the physico-mechanical
characteristics of 12XH3A steel, three variants of the process of hardening have been carried out:

1) carbon saturation (T = 120 min, medium 88% Ar + 12% C3Hs) + nitrogen saturation (T = 120 min,
medium 25% Ar + 75% N,);

2) nitrogen saturation (T = 120 min, medium 25% Ar + 75% N,) + carbon saturation (t = 120 min,
medium 88% Ar + 12% CzHg);

3) joint saturation of the surface with nitrogen and carbon (Tt = 240 min, medium - 88% (Ar + N,) +
12% CsHpg).

The process temperature and pressure in the discharge chamber in all three variants of the hardening
process remained unchanged. The results of studies of surface microhardness, the thickness of the hardened layer
and the thickness of the carbonitride zone of hardened steels are shown in Table 2. The microstructures of steels
for various variants of technological hardening processes are shown in Fig. 5.

Table 2
Characteristics of the carbohydrated layer of steels strengthened
in the glow discharge depending on the variant of the process
Microhardness .
. H100, MPa The thickness Thickness
Mode _ Options Brand of before after of the carbonite
number reinforcement mode steel . hardened
strengthen- | strengthenin 1 zone, pm
ing g ayer, pm
T =120 min,
88 % Ar + 12 % C3H;g
1 T =120 xB, 12XH3A 2700 7800 48 20
25 % Ar +75% N,
T=580°C, p=2661Ila
T=120x8,
25% Ar +75% N,
2 T =120 xs, 12XH3A 2800 8200 100 15
88 % Ar + 12 % C3H;g
T=580°C, p=2661la
T =240 xB,
3 88% (Ar+N2) + 129 CHg 12XH3A 2750 11000 85 8
T=580°C, p=2661Ila
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As shown by the research, the variant of the technological process of hardening significantly affects the
physical and mechanical characteristics of the strengthened layer. In all three variants of the process, the hard-
ened layer consists of a surface carbonitrid zone and a diffusion zone of internal nitriding, but the properties of
these zones in different variants of the process are different. Thus, with the first steel hardening (T = 120 min,
medium (88% Ar + 12% C3Hg); T = 120 min, medium (25% Ar + 75% N,), T = 580 °C, p = 266 Pa) the thick-
ness of the carbonitride zone is maximal and the internal nitriding zone has a small thickness. This is explained
by the fact that the carbonitride layer created on the surface of the steel in the first stage of processing performs
the function of shielding the surface from penetration into the surface layer of metal by nitrogen ions (Fig. 5, a).

When strengthened in the second mode (t = 120 min, medium (25% Ar + 75% N2); T = 120 min, medi-

um (88% Ar + 12% C3Hg), T = 580 ° C, p = 266 PA) both carbonitridine zone and zone of internal nitriding
have the greatest thickness (Fig. 5, a, b), but with such strengthening in the diffusion zone carbonitrid inclusions
are formed in the form of a grid, which significantly reduce the plasticity of the layer and at dynamic loads are
the centers of origin of microcracks.

The most optimal variant of carboazotation in the glow discharge is the simultaneous saturation of the
metal surface with nitrogen and carbon (Fig. 5, c). At the same time, a composite layer is formed on the surface
of the steel, which consists of an external carbonitrid zone and a developed diffusion zone without separation

along the grain boundaries € - phase, which increases the resistance to abrasive and adhesion wear, as well as
corrosion fatigue. The thickness of the carbonitrid zone and the zone of internal nitriding, and as a consequence,
the thickness of the entire hardened layer, while simultaneously saturating the surface layer with nitrogen and
carbon, have a lower thickness than in stepwise strengthening, but are characterized by better physical and me-
chanical properties (surface hardness, surface hardness) the hardness of the layer thickness. Therefore, when car-
bohydrated in a smoldering discharge, the option of simultaneous saturation of the surface of steels with nitrogen
and carbon is taken as the main one.

Fig. 5. Microstructure of 12XH3A steel, hardened BATR
by different process options, X500

To study the effect of technological parameters of the carbon dioxide process in the smoldering dis-
charge on the microhardness, thickness, structure and phase composition of the carbonitride layer and optimize
the technological parameters of the process, an experiment planning method, in particular a second-order Hartley
plan, has been applied. The test specimens were installed in a discharge chamber in special devices, the design of
which allows, by slight replacement of some simple parts, to use them for simultaneous loading of several parts
and samples, which differ in type and size. The results of the experimental studies of the microhardness and
thickness of the carbohydrated layer of steel 12HN3A are shown in table 3.

Fig. 6 shows a diagram of the change in the microhardness of H100 samples of 12HN3A steel in depth of
the carbohydrate layer at different technological modes. From these diagrams it can be seen that when carboni-
triding in a glow discharge, as a rule, the highest hardness is obtained on the surface of the workpiece. This is
because a carbonitride € - phase is formed on the surface of the workpiece, which consists of carbonitrides of the
type Fe2 (N, C), Fe3 (N, C), Fe4 (N, C). The carbonitride zone has high hardness, high corrosion resistance, in-
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creased wear resistance. The thickness of the carbonitride zone reaches a thickness of up to 25 um. Below the
carbonitrid zone is the zone of internal nitriding, which has a large thickness and is the main part of the carbohy-
drate layer. The internal nitriding zone consists of a nitrogenous solid solution of the parent metal, its nitrides
and nitrides of alloying elements.

Table 3
Modes of carbohydrogenation in glow discharge
and metallographic analysis data of 12XH3A steel
Technological pa(:r:rrgg:]e;;r(;ftitgﬁ process of ionic The thickness | The thickness Surface
Mode of the of the carbo- micro-
number | temperature |pressure | duration propane hardened nitride zone, hardness
content in the
T oC p, 1l T, XB environment, % layer h, mxm MKM H100, MPa
1 570 320 185 9 145 8 8680
2 510 320 185 9 125 10 9910
3 570 160 185 3 180 18 10850
4 510 160 185 3 150 17 10040
5 570 320 75 3 165 8 7750
6 510 320 75 3 140 6 6800
7 570 160 75 9 125 14 8680
8 510 160 75 9 85 10 10830
9 480 240 130 6 90 15 10500
10 600 240 130 6 160 10 8100
11 540 80 130 6 140 5 7650
12 540 400 130 6 120 6 7580
13 540 240 20 6 100 11 11000
14 540 240 240 6 170 9 9890
15 540 240 130 0 225 0 10190
16 540 240 130 12 80 20 11540
17 540 240 130 6 130 18 11540
18 540 240 130 6 135 17 11500
19 540 240 130 6 130 18 11580
20 540 240 130 6 140 19 11560
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Fig. 6. Diagram of change of microhardness
of 12XH3A steel in depth of carbohydrated layer
at different technological modes
of hardening (figures on curves - numbers
of modes in table 3)

Fig. 7. Dependence of the thickness
of the hardened layer of steel 12XH3A
on the technological parameters
of carbohydration
in the glow discharge

Thus, carbohydrogenation in a glow discharge allows to change the structure of the hardened layer by
changing the technological parameters of the saturation process, and as a consequence, to change its operational
properties.
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The most intense increase in the thickness of the nitrided layer occurs in the initial period, especially
during the first 20 min, when there is an intense absorption of nitrogen and carbon by the surface zone, which
has a large number of defects from ion bombardment during the period of ion purification.

In the future, the process of increasing the thickness of the layer is slowed down. Therefore, the greatest
advantage of increasing the rate of formation of the diffusion layer with ionic carbohydration is achieved within
the first 6 hours. As the duration of the ionic carbohydration increases, the thickness of the carbonitrid zone in-
creases. However, the intensity of its growth is lower and has marginal values that depend on the ratio of other
process parameters.

The results of studies of the wear resistance of specimens of 12XH3A steel strengthened by the glow
discharge method of carbotizing in different modes using the Hartley 2nd order plan are shown in Table 4.

Table 4

The amount of wear of specimens from different steels at sliding friction, strengthened
by carbon dioxide in glow discharge according to the Hartley plan

Mode
number
The
amount
of wear

U, um

2 |13 415 6 (7|8 |9 |10 (11 |12 (13| 14 |15 |16 |17 |18 |19 |20

2 (15|13 [0 |12,5 (28 43 (17 |13 |16 |20 |21 |18 (18,5 |22 |24 |17 (215 |21 |22

The nature of the wear curves shows that in all the experiments there is a period of working (Fig. 8),
which is characterized by a higher intensity of wear, and a period of normal operation with a slight intensity of
wear. Comparison of wear values during the working-in period and during normal operation shows that the for-
mer significantly influences the process of wear of the friction pair, and as a consequence, the durability of the
parts. Factors such as the structure of the surface layer, its chemical composition, surface roughness and opera-
tional parameters (specific load, velocity, environment) have a significant influence on the amount of wear dur-
ing this period. By changing all these parameters, it is possible to achieve a significant reduction in the wear rate

during the working period.
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Fig. 8. Kinetics of wear of the samples from 12XH3A steel,
strengthened by the carbooting method
(figures on curves - numbers of the modes of hardening in table 4)

Fig. 8 shows the dependence of the wear of the samples from 12XH3A steel, from the parameters of the
process of carbohydration in glow discharge. The graphs show that the reinforcement mode has an ambiguous
effect on the wear process both in magnitude and in character. Such dependencies show not only the degree of
influence of one or another technological parameter on the tribological characterization of the surface of the
hardened metal, but also allow to optimize the technological process of carbohydration according to this charac-
teristic taking into account the real research conditions and material grade. So for the 12XH3A steel, the highest
wear resistance in the conditions of the conducted studies has been recorded at carbonitriding in the glow dis-
charge mode: T =570 °C, p = 160 PA, T = 185 min, the amount of propane in a saturated medium - 9 % CsHs.
Studies have shown that the wear resistance of carbohydrate samples in some modes is much higher than that of
nitrided samples. Carbonitriding mode in glow discharge is of great influence on wear resistance, especially dur-
ing the period of service. Thus, the wear value of hardened 12XH3A steel in mode 6 in the initial working period
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is 4 times larger than mode 3. With the increase of the friction path, the wear value decreased and reached a con-
stant value at the end of the working period. In this case, the difference in the wear rate of the samples hardened
according to different modes decreased and almost did not differ during the normal wear. A similar pattern of
wear of the carbohydrate samples was obtained for other steels.

This is explained by the fact that layers with different phase composition, hardness, plasticity and other
physical and mechanical properties are formed on the surface of the specimens by hardening by the method of
carbohydration in the glow discharge. With their optimal ratio for these conditions of wear we get the minimum
intensity of wear of the friction pair both during the period of working out and during the period of normal wear.
As the secondary structures (BC) that screen the friction surface are formed, the intensity of wear and tear de-
creases and, upon completion, becomes minimal, which is characteristic of the period of normal wear.
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Fig. 9. Influence of parameters of technological process
of carbotation on wear resistance of 12XH3A steel

Secondary structures are a new phase that is spontaneously formed by friction as a result of the interac-
tion of the surface layers of solids, lubricants and the gas environment. Secondary structures are characterized by
friction and strength properties that normalize friction and wear. Thin films of secondary structures differ from
starting materials in composition, structure, properties. Sun formation is a thermodynamic act of passivation of
friction-activated solids.

The secondary structures formed during the friction process protect the starting material from mechani-
cal and physical and chemical destruction. External mechanical factors acting on the friction surface lead to the
destruction of the shielding phase, but at the same time, these factors and the associated processes of transfer of
the substance from the environment ensure its regeneration. In the normal friction range, the processes of for-
mation and destruction of aircraft films are in dynamic equilibrium and are automatically regulated.

Secondary structures are of two main types and have a large range of intermediate states: Type | - solid
oxidizing solutions in materials; Type Il - chemical compounds of materials with non-stoichiometric oxidants.
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For both types of aircraft common are their surface localization, dislocation structure, ability to mini-
mize friction and wear and eliminate unacceptable grasping processes, fatigue. But at the same time there are
considerable differences between the types of secondary structures:

- while the Sun Type | have the properties of excessive plasticity, the structures of Type Il are character-
ized by less plasticity, increased fragility and greater strength;

- on the submicrometer of the friction surface, the coverings of the sun of the first and second types dif-
fer sharply: the friction surfaces covered by the sun films of the first type are geometrically homogeneous and
the surfaces covered by the films of the second type are heterogeneous;

- adsorption characteristics differ sharply: the surfaces that are covered with Type | have a low wetting
of lubricants, and the surface of Type Il is increased.

Changing the mode of the carbohydration process, it is possible to form an optimal micro relief on the
friction surface, which corresponds to the state of the surface layers in the process of formation of secondary
structures Types | and |1, the totality of which in these operating conditions has a significant impact on the fast-
est formation of secondary structures and minimal wear of the friction surfaces as in working-in period and dur-
ing normal wear and tear.

Fig. 10 presents the results of complex studies of the influence of the main technological factors on the
durability of 12XH3A steel, using the design of experiments (Hartley plan, Table 4), which allow to determine
the optimal technological modes of carbohydration in the smoldering discharge to ensure the maximum durabil-
ity of the studied steels. These modes are: for 12XH3A steel: temperature of carboxygenation - 540 °C, pressure
- 400 Pa, duration of saturation - 240 min, content of propane - 12 %.
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Fig. 10. Dependence of wear of 12XH3A steel
on the technological parameters
of carbohydration in glow discharge

The analysis of the obtained dependences shows that the increased hardness of the material does not al-
ways have a positive effect on its durability. The values of the technological parameters of the hardening pro-
cess, which provide the maximum microhardness of the surface and the thickness of the hardened layer do not
always coincide with the values of the technological parameters of the process according to the criterion of max-
imum wear resistance. The amount of wear of the friction surfaces depends not only on the process parameters
but also on the operating conditions (friction surface pressure, sliding speed and environment). Therefore, in or-
der to improve the wear resistance of friction pairs for different materials and modes of carbohydration in the
glow discharge, it is necessary to find the optimal values of the process parameters depending on the friction op-
erating conditions.

Conclusions

Plasma discharge carbohydration technology has been developed in anhydrous media, one of the ad-
vantages of which is the controllability of technological parameters of the process in order to achieve the opti-
mum physical and mechanical properties of the strengthened materials and, as a consequence, to increase their
operational characteristics.

A technique for studying the influence of technological parameters of the carbohydration process on the
properties of structural materials has been developed, which allows to find the optimal modes of hardening de-
pending on the operating conditions.

The durability studies of specimens of 12XH3A steel strengthened by the method of carboazotation in
the smoldering discharge using mathematical methods of experiment planning have been carried out. The pa-
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rameters of the technological process of hardening (temperature, pressure, composition of the saturation medi-
um, the duration of the process) affect the wear resistance over a wide range and allow you to optimize the pro-
cess by the criterion of maximum wear resistance.
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Ckuba M.€., Creunmmma M.C., Jlyk’sawok M.B., Maptunok A.B., llenentok M.I. 3HOCOCTIHKICTB
Ta (i3MKO-XiMiuHI BIacTUBOCTI kapboazoroBaHoi craii 12XH3A.

Y poboTi mpUBENEHO Pe3yIbTATH JOCHIHKCHHs BIULTMBY OC3BOIHEBOr0 KapOOA30TYBaHHS B TIIIOUOMY
pO3psizi Ha MIKpPOTBEpAICTh 3MiltHeHOro mapy cram 12XH3A 3anexHo Bij BMICTY MpONaHy Ta THCKY Ta30BOTO
cepenoBuIIa. BimoBigHO 10 po3po0sieHOT METOANKY JTOCITIPKEHHS BIUIMBY TEXHOJOTIYHUX TapaMeTPiB MPOLIECY
Kap00a30TyBaHHS Ha BIIACTUBOCTI KOHCTPYKIIMHUX MaTepiaiiB, 3HAHIEHO ONTUMAaJIbHI PEXXUMHU 3MIITHEHHS CTa-
mi 12XH3A 3anexHo BiJf yMOB eKCILTyaTallii.
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