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Abstract

The article investigates the influence of technological modes of separate carbonitriding of carbon steels on
the thickness and microhardness of the hardened layer. Two hardening variants were investigated: first, carburizing
of surfaces was carried out in argon-propane, and then nitriding in argon-nitrogen mixtures and vice versa. As the
conducted studies have shown, the variant of the hardening technological process significantly affects the physical
and mechanical characteristics of the hardened layer. In all two variants of the technological process, the hardened
layer consists of a surface carbonitride zone and a diffusion zone of internal nitriding, but the properties of these
zones are different in different variants of the technological process. Thus, when hardening steels according to the
first mode, the thickness of the carbonitride zone is maximum, and the internal nitriding zone has a small thickness.
This is explained by the fact that the carbonitride layer created on the steel surface at the first stage of processing
performs the function of shielding the surface from the penetration of nitrogen ions into the surface layer of the
metal. When hardening according to the second mode, the carbonitride zone has a slightly smaller thickness, but
a more developed internal nitriding zone. In addition, carbonitriding according to the first mode leads to the
formation of carbonitride inclusions in the diffusion zone in the form of a mesh, which significantly reduce the
plasticity of the layer and under dynamic loads are centers of microcrack nucleation. It has also been established
that a carbonitride € — phase is formed on the surface of steels, 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, and increased wear
resistance. The thickness of the carbonitride zone reaches a thickness of up to 25 microns. Under the carbonitride
zone is the internal nitriding zone, which has a large thickness and is the main part of the carbonitrided layer. The
internal nitriding zone consists of a nitrogenous solid solution of the base metal, its nitrides and nitrides of alloying
elements. The dependences of thickness and microhardness on the technological parameters of carbonitriding of
carbon steels obtained in the work: temperature, saturation time, composition of the gas medium, its pressure allow
them to be optimized depending on the requirements of further operation.
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layer

Introduction

Machine parts and tools that operate under conditions of intensive wear are widely used in technology.
Increasing their service life will significantly reduce operating and repair costs, which will provide a significant
economic effect. Known hardening technologies require further processing of parts and tools, require significant
energy resources and are in most cases environmentally harmful. The developed technology significantly reduces
energy consumption, is environmentally friendly, and allows you to predict the operational properties of the
processed parts.

A significant disadvantage of almost all types of chemical-thermal treatment, and especially furnace
nitriding, is the need to heat the products to high temperatures and hold them at these temperatures for a long time,
which leads to significant energy consumption. In addition, after nitriding, residual tensile stresses are formed in
the "coating-base" system, which reduce the performance of the product. Such coatings cannot work in heavily
loaded friction units. At high local loads, the nitrided layer is pushed through, since it lies on a soft base, the
microhardness of which is significantly lower than the microhardness of the layer itself. This is due to the fact that
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the technological process of nitriding involves preparatory heat treatment of steel: quenching with high tempering
at a temperature of 800-860 K, which coincides with the temperature of furnace nitriding.

There is a known method of strengthening such coatings, which, after the process of furnace nitriding
in an ammonia environment at a temperature of 800-860 K with a holding time of 15...20 hours, is subjected to
laser treatment, which is performed after nitriding discretely by points with a treatment area of 20-35% of the total
area of the steel product, with a power of 105 -108 W/cm?2. As a result of such treatment, the microhardness of
discrete areas of steel was:20MnCr5G- 6500 MPa, 37Cr4 - 8200 MPa,41CrAlMo7- 8900 MPa [1].

The disadvantage of this method is the duration of the furnace nitriding process (10...15 hours), high
energy consumption, explosiveness and environmental hazard of the process, expensive equipment, and its absence
on the Ukrainian market.

It is known that the technology of hydrogen-free glow discharge nitriding (GHND) can be used in all
industries where there is a need to increase the service life of parts that operate under conditions of intensive wear,
cavitation-erosion and corrosive effects of the external environment on them [2, 3].This ensures increased wear
resistance [4], surface strength [5], corrosion resistance [6], reliability and durability of the machined parts [7].

In addition, glow discharge nitriding is characterized by the lowest energy consumption among all
known processes of this class - 100...130 kWh/t. For comparison, the corresponding indicator for hardening varies
within 1250...1450 kWh/t, for annealing - 300...1500 kWh/t, normalizing - 600...1400 kWh/t, cyanidation -
1050...1600 kWh/t, for laser hardening it is 230 kWh/t, gas nitrocarburization - 600 kWh/t, liquid - 800 kWh/t, gas
nitriding - 450 kWh/t. Another extremely important advantage of ATP is the practical absence of deformation of
products, which eliminates the need for further surface finishing. It is obvious that both of these facts significantly
reduce the cost of the processed part [8].

A significant advantage of the proposed technologycompared to domestic and world analogues is the
rejection of the use of hydrogen-containing gas media traditionally used in GLOW DISCHARGE NITRIDING -
ammonia and a mixture of nitrogen and hydrogen. The presence of hydrogen in the glow discharge stimulates
hydrogen embrittlement. Another serious drawback associated with the use of hydrogen-containing media is the
environmental hazard of the process [7, 8].

Goal and problem statement

To investigate the influence of technological parameters of separate carbonitriding of carbon steels
(temperature, pressure, propane content in the propane-argon mixture, saturation time, sequence of nitriding and
carburizing) to find their optimal characteristics that ensure the operational requirements for the hardened surfaces
of parts.

Research methodology

The technological parameters of the carbonitriding process in a glow discharge significantly affect the
physical and mechanical characteristics, structure, phase composition, and wear resistance of the carbonitride
layer, therefore, studying this influence is an important task.

The research was conducted on steel grades: AISI 3415, T8, 37Cr4, 45, 105WC6. The task of the research
was to determine the dependence of the characteristics of the carbonitrated layer (depth, hardness, structure, phase
and chemical composition) on the main parameters of the technological process (pressure, composition of the
saturating medium, temperature and duration of the process). As working gases, mixtures of nitrogen and argon
(75% N2 + 25% Ar) and propane C3H8 were used, the saturation temperature varied from 480 °C to 600 °C, the
pressure of the gas mixture in the process of diffusion saturation was from 80 Pa to 400 Pa, the duration of the
process was from 20 min to 240 min.

In the process of research, methods of metallography, X-ray diffraction and chemical analysis were used,
as a result of which the following characteristics of the carbonitrated layer were determined: structure and thickness
based on microscopes MMP-2P, "Neophot-21"; microhardness using a PMT-3 microhardness tester; phase
composition based on an X-ray device DRON-3M.

In order to conduct experiments rationally and obtain reliable information, mathematical methods of
planning experiments (first- and second-order plans) and statistical methods of processing experimental results
were used.

Studies of the influence of technological parameters of the nitriding process on the operational
characteristics of nitrided samples showed that all dependencies are nonlinear. The use of first-order mathematical
models to describe these processes is possible only in a narrow range of changes in variable factors, when the
function in a given area can be approximated with sufficient accuracy by a straight line. Therefore, when solving
the forecasting problem, the method of planning experiments - the Hartley second-order plan - was used to
mathematically describe these dependencies and conduct rational research [9]. Hartley plans differ from other
second-order plans in their high efficiency. For example, in a four-factor experiment, 25 experiments must be
conducted using an orthogonal central-compositional plan, 31 experiments using a uniform rotatable central-
compositional plan, and 17 experiments using a Hartley compositional plan. However, processing the results of
the experiments requires the use of software.
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Studies of the carbonitriding process in a glow discharge were carried out on an experimental setup that
provides hardening of both samples and industrial parts with a diameter of up to 400 mm and a length of up to
1000 mm.

Experimental studies of samples for wear resistance were carried out on a universal machine for testing
friction materials model 2168UMT. The counterbody material is steel ShKh15 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 with a length 1. The test was carried out in the dry friction mode, which is typical for
many parts of agricultural machinery.

Presentation of research materials

To find the optimal amount of propane in the saturating medium and the pressure in the discharge chamber,
a number of technological modes of hardening of AISI 3415, 105WC6 and 37Cr4 steels were carried out.
Technological parameters of the process of forming a carbide layer in a glow discharge: process temperature T =
580 °C, hardening duration T = 240 min, the pressure in the chamber varied from 67 Pa to 333 Pa, the propane
content in the saturating medium in a volume fraction from 3% to 15% (hereinafter, the abbreviated notation of
the composition of the gas mixture will be used in the text, for example, 15% C3HS).

In the process of studying samples of AISI 3415, 105WC6 and 37Cr4 steels, the dependences of the surface
microhardness of the carbide layer on the technological parameters of the hardening process - pressure in the
discharge chamber and propane content were obtained. Data on the microhardness of hardened steels are given in
Table 1. The dependences of microhardness on the parameters of carbonitriding are shown in Figures 1 and 2.

Table 1
Microhardness of AISI 3415, 105WC6 and 37Cr4 steels hardened in a glow discharge in a carbon
environment
Technological parameters of the Microhardness H100, MPa
Mode mode
p, Pa % AISI 3415 105WC6 37Cr4
C3HS8 LA U,B To After To After To After
1 333 9.0 6.8 315 2420 6500 3000 4350 2970 4700
2 266 9.0 6.7 380 2700 7300 3150 4800 3000 5500
3 200 9.0 5.6 410 2850 6800 2550 5300 2860 4750
4 133 9.0 4.6 550 2450 5650 2800 4500 2600 3800
5 67 9.0 3.6 970 2650 5000 3000 3750 2800 3600
6 266 15.0 6.6 360 2600 5500 3050 3900 2930 4100
7 266 12.0 6.5 400 2800 6700 3080 4550 2700 5150
8 266 9.0 6.7 380 2750 7300 3050 4800 2950 5500
9 266 6.0 6.1 450 2800 6250 3180 4280 3050 5000
10 266 3.0 6.3 420 2700 5500 3000 3500 2950 3600
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Fig. 1. Dependence of the microhardness of the carbide layer on the propane content in the saturating
medium: 1- AISI 3415; 2- Steel 37Cr4; 3- Steel 105WC6
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Fig. 2. Dependence of the microhardness of the carbide layer on the pressure in the discharge chamber: 1-
AISI 3415; 2- Steel 37Cr4; 3- Steel 105WC6

Previous studies of the influence of the propane content in the medium and the pressure in the discharge
chamber have shown that for all the studied steels there are optimal values of the propane content in the saturating
medium (from 9% to 12%) and the pressure in the discharge chamber (from 266 Pa to 300 Pa), at which the surface
microhardness will be maximum. With an increase in the propane content in the saturating medium, the surface of
the samples is covered with soot, which complicates the penetration of saturating gases into the metal surface and
the formation of a hardened layer.

The influence of the technological process of carbonitriding on the physical-mechanical and tribological
characteristics of AISI 3415, 105SWC6 and 37Cr4 steels are researched. Hardening was carried out using two
variants of the technological process:

1. Carbon saturation (t = 120 min, medium — 88% Ar + 12% C3HS) + nitrogen saturation (t = 120 min,
medium — 25% Ar + 75% N2).

2. Nitrogen saturation (T = 120 min, environment — 25% Ar + 75% N2) + carbon saturation (t = 120 min,
environment — 88% Ar + 12% C3HS).

The process temperature and pressure in the discharge chamber in all two variants of the hardening process
remained unchanged. The results of studies of the surface microhardness, the thickness of the hardened layer and
the thickness of the carbonitride zone of the hardened steels are given in Table 2. The microstructures of steels
for different variants of hardening processes are shown in Fig. 3. As the conducted researches showed, the variant
of technological process of hardening significantly influences physical and mechanical characteristics of the
hardened layer. In all two variants of technological process the hardened layer consists of a surface carbonitride
zone and a diffusion zone of internal nitriding, but the properties of these zones at different variants of
technological process are different. Thus, at hardening of steels according to the first mode.

Table 2
Characteristics of carbonitrided layer of steels, hardened in glow discharge depending on the
variant of technological process

Mode Parameters Steel Microhardness H100,
strengthening grade MPa Layer thickness, | Carbonitrided
to after pm zone, m

1 =120 min, 88% Ar + AISI 2700 7800 48 20
12% C3HS 3415 3000 7200 45 13
t=120 min, 25% Ar+ | 105WC6 | 2950 7350 40 25
75% N2 37Cr4
T =580 °C, p =266 Pa

2 =120 min, 25% Ar + AISI 2800 8200 100 15
75% N2 3415 3180 7240 65 12
=120 min, 88% Ar+ | 105WC6 | 3050 7900 80 20
12% C3HS8 37Cr4
T =580 °C, p=266 Pa
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T = 120 min, environment (88% Ar + 12% C3HS8); t = 120 min, environment (25% Ar + 75% N2), T = 580 °C, p
=266 Pa) the thickness of the carbonitride zone is maximum, and the internal nitriding zone has a small thickness.
This is explained by the fact that the carbonitride layer created on the steel surface at the first stage of processing
performs the function of shielding the surface from the penetration of nitrogen ions into the surface layer of the
metal (Fig. 3a, 4a, 5a).

Fig. 5. Microstructure of 105WC6 steel: a — mode 1, b — mode 2

When hardening in the second mode t = 120 min, environment (25% Ar + 75% N2); T = 120 min,
environment (88% Ar + 12% C3HS), T =580 °C, p = 266 Pa) the carbonitride zone has a slightly smaller thickness,
but a more developed zone of internal nitriding (Fig. 3b, 4b, 5b).

Carbonitriding in the first mode leads to the formation of carbonitride inclusions in the diffusion zone in
the form of a mesh, which significantly reduce the plasticity of the layer and, under dynamic loads, become centers
of microcrack nucleation.
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The results of experimental studies of the microhardness and thickness of the carbonitrided layer of AISI
3415, 105WC6 steels, 45, 37Cr4 and US steels for 20 modes according to the Hartley plan were obtained in the
work and the dependences of the change in the microhardness H100 of the samples on the depth h of the
carbonitrided layer at different technological modes were constructed. From these dependences it follows that
when carbonitriding in a glow discharge, as a rule, the highest hardness is obtained on the surface of the part. The
latter is explained by the fact that a carbonitride & — phase is formed on the surface of the part, 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, and increased wear resistance. The thickness of the carbonitride zone reaches a thickness of up to 25
pm. Below the carbonitride zone is the internal nitriding zone, which has a large thickness and is the main part of
the carbonitrided layer. The internal nitriding zone consists of a nitrogenous solid solution of the base metal, its
nitrides and nitrides of alloying elements.

The dependences of thickness and microhardness on the technological parameters of carbonitriding of
carbon steels obtained in the work: temperature, saturation time, composition of the gas medium, its pressure allow
them to be optimized depending on the requirements of further operation. Thus, previously conducted studies on
the wear resistance during dry friction of carbonitrided steel 45 by the developed method showed that to achieve
100 um of wear, a friction path of 560 km is required, and for the traditional method, 410 km. That is, we have an
increase in wear resistance by 1.36 times. It should be noted that with an increase in the content of carbon (steel
US8) and alloying elements (steels 37Cr4, AISI 3415, 105WC6) the effect of increasing wear resistance also
increases. The developed method of carbonitriding of carbon steels is protected by a patent of Ukraine [10].

Conclusions

Thus, carbonitriding in a glow discharge allows you to change the structure of the hardened layer by
changing the technological parameters of the saturation process and, as a result, change its operational properties.
Thus, the increase in wear resistance during dry friction of carbonitrided steel 45 by the developed method
increases by 1.36 times compared to the known method.
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Creunmmmma M.C., Inxa O.B., 3nopenko JI.B., Onexcangpenko €.I'. 3HococTiliKicTh Kap00a30TOBaHUX
PO3IUIBHUM CIIOCOOOM KOHCTPYKLIHHUX cTanen

VY crarTi JOCHIIPKEHO BIUIMB TEXHOJOTTYHUX PEKHUMIB PO3IIILHOTO Kap00a30TyBaHHs BYTIJIELEBHUX CTajlel
Ha TOBIIMHY Ta MIKPOTBEPHICTH 3MilHEHOro mapy. Ilpu oMy HOCHiKyBanocs J1Ba BapiaHTa 3MilHEHHS:
CIIOYaTKy NPOBOAMIIOCS HaBYIJICLbOBYBAHHS IIOBEPXOHb B aprOHO-IPOIAHOBIH, a Taii a30TyBaHHS B aproHoO-
a30THIM cymimax 1 HaBHakW. SIK TOKa3ajdW MTpPOBENEHI INOCHIKCHHS, BapiaHT TEXHOJIOTIYHOTO MpOIECy
3MIIHEHHSI 3HAYHO BIUIMBAE Ha (i3MKO—MEXaHiYHI XapaKTePUCTHKHU 3MIITHEHOTO mapy. ¥ BCIX IBOX BapiaHTax
TEXHOJIOTIYHOTO TIPOIIeCcy 3MIITHEHUH map CKIAJaeThCs i3 TOBEPXHEBOI KapOOHITPUAHOI 30HM Ta OU(y3iHHOL
30HHM BHYTPIIIHBOTO a30TyBaHHS, ajie BIACTHBOCTI IIMX 30H IPH Pi3HUX BapiaHTaX TEXHOJIOTIYHOTO IIPOLECY
pizHi. Tak, mpy 3MIIHEHH] cTaleH 10 epIIoMy PEeXUMY TOBIIMHA KapOOHITPUAHOI 30HH MaKCHMAallbHA, a 30Ha
BHYTPIIIHBOTO a30TyBaHHS Ma€ HEBEJIMKY TOBLIMHY. Lle TOSCHIOETHCS THM, 1110 CTBOPEHUI HA MOBEPXHI CTaJl
KapOOHITPUIHHH HIap Ha epuIoMy eTari 00poOKH BUKOHYE (DYHKIIII0 eKpaHyBaHHS TOBEPXHI Bl TPOHUKHEHHS
B [TOBEPXHEBUII 11ap MeTainy ioHIB a3oTy. [Ipu 3MilHEHHI 10 IpyromMy KapOOHITpHUIHA 30Ha Ma€ JIEI0 MEHIITY
TOBIIMHY, aje OUIbII PO3BHHEHY 30HY BHYTPIIIHBOTO a30TyBaHHA. KpiMm Toro, kap060a30TyBaHHS 3a MEPIINM
PEKUMOM IIPUBOJUTH JI0 YTBOPEHHS B TU(Yy3iiiHIN 30HI KApOOHITPUAHUX BKIIIOUEHD Y BUTJISIII CITKH, SIKi 3HAYHO
3HWXKYIOTh IUIACTHYHICTH [Iapy 1 NpH AMHAMIYHAX HaBaHTAXKCHHSX SBIISIOTHCS IIEHTPAMHU 3apOPKCHHS
MIKpOTpinH. BCTaHOBICHO TakoX, IO Ha MOBEPXHI CTaJell yTBOPIOEThCA KapOoHITpuaHa &€ — (asa, ska
ckianaetbes i3 kapOoHiTpuais Tuiry Fex(N,C), Fes(N,C), Feq(N,C). KapOoHiTpraHa 30Ha Ma€ BETUKY TBEPAICTS,
BHCOKY KOPO3iifHY CTIHKICTb, MiABUINECHUN Omip 3HOCY. ToBmMKHA KapOOHITPHIHOI 30HN MOCATAE TOBIIUHU 0
25 mxM. ITin kapOOHITPUIHOKO 30HOK PO3TANIOBaHA 30HA BHYTPIIIHEOTO a30TYBAHHS, KA Ma€ BEJIHKY TOBLIHHY
1 € OCHOBHOIO YaCTHHOIO Kap00a30TOBaHOrO Mapy. 30Ha BHYTPIIIHBOTO a30TyBaHHS CKJIAAETHCS i3 a30TUCTOTO
TBEPJIOr0 PO34YHMHY OCHOBHOT'O METally, HOTO HITPWAIB Ta HITPUIIB JIerytounx enemeHTiB. OTpuMmani B poOoTi
3aJIe)KHOCTI TOBILMHHU Ta MIKPOTBEPIOCTI BiJl TEXHOJIOTTYHHUX MTapaMeTpiB Kap00a30TyBaHHS BYIJICLIEBUX CTAJICH:
TEMIIEpaTypyu, 4acy HACHUUYEHHs, CKJaJy ra3oBOr0 CEpeNOBHINA, HOro THUCKY HO3BOJSIIOTH 1X ONTHUMIi3yBaTh
3aJIe)KHO BIJI BUMOT MOAAJBINOI eKciuryarauii. Po3pobnenuii crocib kap0oa30TyBaHHS BYIJIEIIEBUX CTajei
3aXHMIIEHO MTaTeHTOM.

Ki04b0Bi cj10Ba: ByIieneBi craji, 3HOCOTIHKICT, KapO0a30TyBHHS, THCK CEPEIOBHIIA, TOBIINHA IIapy
3MII[HEHHS



