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Interaction model of low-temperature plasma with a steel surface
during electrolyte plasma nitriding in an electrolyte on the bases of carbamide

The features of the formation of low-temperature plasma and its interaction with a metal surface were studied
in this work. A qualitative model of the interaction of low-temperature plasma with the steel surface during
nitriding has been developed by summarizing the available research results and taking into account the specif-
ic features of the electrolyte plasma process. In accordance with this model, in the first moments of the inter-
action of low-temperature plasma with the steel surface in the near-surface layer, which accelerated formation
of the Fe,, solid solution occurs due to the action of directed bombardment of charged particles, which en-
hances the adsorption and diffusion of nitrogen into the interior of the material, then dispersed particles of ni-
tride of alloying elements are formed as further saturation in places with an increased level of free energy (at
lattice defects, at grain boundaries, etc.). Subsequently, transformations occur in the surface zone of the layer
when the limiting solubility of nitrogen in iron is exceeded, which leading to the formation of nitrides of the
y'-phase (FeyN) and e-phase (Fe, 3N) in it. Thus, electrolyte plasma nitriding opens up many new possibili-
ties, in particular: varying the nitriding temperature over a wide range (400-700 °C), targeted production of a
nitrided layer consisting only of a diffusion layer without a layer of compounds, while obtaining a diffusion
layer with particles y’-phase (Fe,N) of plate form and with finely dispersed nitrides MN (CrN). The use of an
electric discharge in an electrolyte (low-temperature plasma) makes it possible to increase the heating rate
and diffusion saturation of the material surface. This work is of practical importance, since the studied meth-
od of electrolytic-plasma nitriding makes it possible to obtain a modified surface layer on steels with high
physical and mechanical properties.

Keywords: plasma, electrolyte-plasma treatment, nitriding, saturation, electrolyte, steel, model, modified lay-
er, phase.

Introduction

Plasma electrolyte treatment is based on the interaction of ions, electrons, excited atoms and other ener-
getic particles obtained in low-temperature plasma with the surface of a solid [1, 2]. An electrolyte is used to
create and maintain a low-temperature plasma in nitriding, which is a source of ions for carrying out the ni-
triding process: an aqueous solution of salts containing nitrogen ions, an aqueous solution of ammonia and
other nitrogen-containing media. On the basis of experimental studies, it was found that the most effective
and promising electrolyte for electrolyte-plasma nitriding of steels is an electrolyte from an aqueous solution
containing 20 % carbamide and 10 % sodium carbonate [3]. In the developed electrolyte, the nitrogen-
containing component is carbamide, and the component that ensures the electrical conductivity of the elec-
trolyte is sodium carbonate [3—5]. Water is used as a solvent. The main advantage of this electrolyte is its
exceptional low cost, since the initial components are produced in mass quantities and are widely used in the
national economy. They also do not belong to highly toxic substances that require special safety measures.

The results obtained in work [3—5] showed that plasma electrolyte nitriding in an electrolyte from an
aqueous solution containing 20 % carbamide and 10 % sodium carbonate makes it possible to obtain a modi-
fied surface layer consisting of nitrogenous martensite, carbides MyC, MC and FeyN nitrides, CrN.

As is known [6, 7], nitriding by electrolyte-plasma heating not only shortens the time required to reach
the required temperature of the part, but also accelerate the formation of diffusion layers. The reason for this
is the positive effect of heating conditions and a saturating environment on some elementary nitriding pro-
cesses.

It is necessary to study the features of the formation of low-temperature plasma and its interaction with
a metal surface in order to gain a deeper understanding of the physical processes that determine the for-
mation of the composition, structure and properties of the nitrided layer, during electrolyte-plasma nitriding.
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Results and discussions

As it is known [8, 9], the interaction of the saturating medium with the surface of the metal being treat-
ed during CTT is usually divided into the following stages:

1. Formation of active substances in the environment or reaction volume.

2. Supply of a saturating substance to the metal surface.

3. Adsorption of active atoms or molecules by the metal surface.

4. Chemical reactions on the surface (layer growth due to chemical reaction or diffusion), as well as the

formation of reaction products in an adsorbed state.

5. Desorption of reaction products.

6. Removal of reaction products from the interaction zone into the reaction volume or environment.

Based on this, we will consider the main stages of interaction of the saturating medium with the treated
surface during the electrolyte-plasma treatment of steel in an electrolyte from an aqueous solution containing
20 % carbamide and 10 % sodium carbonate.

The workpiece is immersed in an open reactor (electrolytic cell) filled with electrolyte during the nitrid-
ing process. A rectified voltage is applied to the part (cathode) and solid electrode (anode). A gas-steam
jacket with a thickness of about 100—120 um is created near the surface of the part (Fig. 1) [10]. The gas-
vapor shell enveloping the workpiece contains electrolyte ions and, accordingly, nitrogen ions. It is a low-
temperature plasma and is an active saturating atmosphere for nitriding. This saturating medium is dense —
the pressure in the reactor corresponds to atmospheric [11].

Figure 1. The process of electrolyte plasma nitriding of a steel sample

Thus, plasma electrolyte nitriding consists in processing products in a low-temperature plasma (vapor-
gas shell) created between the electrolyte and the surface of the products.

Let us consider the features of the formation of active substances in a vapor-gas shell during nitriding of
steels in an electrolyte from an aqueous solution containing 20 % carbamide and 10 % sodium carbonate.

Near the vapor-gas shell, the components of the aqueous solution enter into a reaction, with the release
of a large amount of gases — ammonia, carbon dioxide and water vapor, which enters the vapor-gas shell:

20\IH2)2CO + N32CO3 — 2NaNCO + 2NH3,T + COQT + Hzo (1)
Sodium cyanate synthesized by fusion of carbamide with sodium carbonates is moderately soluble in
water. In water and in water vapor, sodium cyanate hydrolyzes to Na,COs3, CO, u NHs:
2NaNCO + 3H,0— Na,CO; + CO," + 2NH;' (2)
Hydrolysis intensifies at the boundary between the electrolyte and the vapor-gas shell, since the temper-
ature in it is high.

In the course of the reaction at the boundary between the electrolyte and the vapor-gas shell, the re-
leased ammonia, entering the vapor-gas shell, decomposes with the release of atomic nitrogen:

2NH; — 3H, + 2Ne 3)
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As a result, nitrogen is formed in the vapor-gas envelope, which is in an atomic state, and in this form is
very chemically active.

It is necessary to maintain the composition of the vapor-gas shell in order to ensure stable formation of
active ions of atomic nitrogen and saturation. This requires a constant supply of a saturating substance (elec-
trolyte) to the vapor-gas shell (low-temperature plasma), thereby preserving the composition of the vapor-gas
shell. It also provides a stable discharge in the vapor-gas envelope. Thus, the supply of the active medium to
the metal surface and the removal of reaction products from the interaction zone are provided by the circula-
tion of the electrolyte. The surface concentration of the element, which determines the thickness of the diffu-
sion layer, depends on the ratio of the rates of delivery of active atoms to the surface and their diffusion into
the metal. It is necessary that the rate of its adsorption exceeds the rate of diffusion to achieve a high concen-
tration of the saturating component on the metal surface [12].

The initial stage of the diffusion process is the bombardment of the metal surface of the cathode with
charged particles (H", N*, Na"), which leads to cleaning and heating of the surface at a distance of more than
100 um, as well as to the initiation of vacancies and other defects in the crystal lattice, due to which the dif-
fusion fraction increases through the crystal lattice of the metal. Avalanches of electrons arising during the
development of a discharge in the electrolyte and forming well-conducting streamer channels, along which a
current pulse runs at a high speed of ~10'-10° m/s and a backward voltage wave propagates, make a large
contribution to the heating of the metal. When the reverse voltage wave passes in the next period of time,
with a duration of about 107 s, a large amount of energy is released in the channel. As a result, an abrupt
increase in pressure occurs, and a cylindrical shock wave propagates into the space surrounding the channel,
the temperature at the front of which is about 10* K. In this case, the ionization of the particles of the vapor-
gas medium, the formation of additional branches of the channels with the involvement of charged ions in
the avalanche [13].

Atomic nitrogen released in the vapor-gas envelope during chemical reactions is adsorbed by iron and
diffuses deep into the material to form a solid solution of nitrogen in iron. In this case, the effect of directed
bombardment of charged particles enhances the adsorption and diffusion of nitrogen. Since, during the pro-
cess, there are mainly positive ions, excited atoms and electrons near the product, which is the cathode. The-
se particles bombard the surface with an energy no less than the relaxation energy [14]. Since the electrolyte-
plasma nitriding is carried out under conditions of excessive excitation of the metal surface and subsurface
layers. An important factor influencing the growth rate of the nitrided layer and its structure during this pro-
cess is the exclusion of the predominant role of boundary diffusion. Plasma, accelerating the directional mass
transfer of ions to the sample surface, creates conditions for uniform adsorption of nitrogen atoms over the
entire metal surface, rather than selectively along the grain boundaries, as is observed with conventional ni-
triding. The results of experiments carried out in [3, 5], in particular, the results of metallographic analysis,
mapping and energy dispersive analysis showed a uniform distribution of the thickness of the diffusion layer
and a more uniform distribution of nitrogen over the surface of the nitrided layer. The observed phenomenon
of uniform adsorption and uniform growth of the nitrided layer should be explained by the appearance in the
grain volume of a special defect substructure (dislocation-disclination structure of grains in the near-surface
zone), which were observed in experimental studies of the fine structure carried out in [3]. The resulting de-
fectiveness, apparently, approaches the defectiveness of grain boundaries. The possibility of forming such a
grain substructure during nitriding is provided by:

— increased energy state of the surface and subsurface layers exposed throughout the treatment to bom-

bardment with ions and neutral atoms of low-temperature plasma;

— the counter flow of metal atoms and alloying elements to the metal — saturating medium interface,

due to their high affinity for nitrogen;

— phase hardening and periodic recrystallization;

— the simultaneous diffusion of nitrogen atoms and the formation of defects in the crystal structure.

Thus, the use of an electric discharge in an electrolyte (low-temperature plasma) makes it possible to
increase the heating rate and diffusion saturation of the surface of materials. The large depth of the modified
layer is due to the intensification of the process, and the intensification of the saturation process is associated
with the formation of a defect substructure when exposed to low-temperature plasma.

We have characterized the main processes of the formation of low-temperature plasma and its effect on
a metal surface. Nevertheless, for a complete understanding of the processes occurring in the surface layers
of a metal, during electrolyte-plasma nitriding in low-temperature plasma, as well as maximum use of the
potential capabilities of the technological process, it is necessary to have its model, which would most accu-
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rately reflect the real essence of the phenomena. It is in this case that conditions are created for predicting the
results of processing parts, as well as optimizing the technology.

According to its specific features, nitriding in an electrolyte plasma belongs to the technologies imple-
mented using an electric discharge in a gas (vapor-gas shell) as an intensifier of the process. In the classical
version, the part serves as a cathode. Several theoretical models of the interaction of a gaseous medium with
a metal surface are known about this principle, which results in the creation of diffusion nitrogen-containing
layers on the surface, modifying it in order to change its properties [15]. The theoretical provisions of the
process are currently characterized by two main approaches.

The first of them was formed in solidarity by the scientists of the school of Yu.M. Lakhtin and the
German school [16]. The essence of this model is demonstrated in Figure 2 [15, 17, 18], which has already
become a classic in the theory of nitriding in a glow discharge.
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Figure 2. Scheme of plasma interaction with the cathode surface during nitriding in a glow discharge [15]

The initial premise of this model is the assumption that iron atoms in the glow discharge plasma com-
bine with nitrogen, forming iron nitrides. They, in turn, under the influence of directed bombardment by
charged particles, move in the direction of the cathode and are adsorbed by the surface. Then, already on the
surface, the nitrides are transformed under the action of the surface bombardment by the incident flow, grad-
ually transforming from the e-phase into the y’-phase, the atomic nitrogen released in this case forms a solid
solution of the a-phase and diffusing into the depth of the surface. Thus, nitrogen enters the surface not only
from the gas phase, but also as a result of the transformation of nitrides, and the driving force of the process
is a high nitrogen concentration gradient.

The fundamental second model, the scientists of the school of Arzamasov BN, formulated a different
principle of the process, which is demonstrated in Figure 3 [19]. According to this model, atomic nitrogen
ions play the leading role in the nitriding process in a glow discharge. The intensity of the process is deter-
mined precisely by the number of atomic nitrogen ions. As a result of the bombardment of the surface, it can
be sputtered, both in the form of neutral metal particles and its negative ions together with electrons. At the
same time, a layer of adsorbed nitrogen particles forms on the surface as a result of the directed motion of
particles in the field, recombination of ions directly on the surface, and also the release of some particles that
have already penetrated into the surface at the gas-metal interface. Under the influence of the incident flow,
the particles of the adsorbed layer can be sprayed or embedded into the surface, creating a solid solution.
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Figure 3. Scheme of the process of interaction of atomic particles with a metal in vacuum [15]

Thus, a fundamentally important difference between the above approaches is, first of all, the question of
the primary formation of nitrides or a solid solution in the surface layers of the metal. According to the first
model, nitrides are formed first, the transformation of which will lead to the formation of a solid solution.
According to the second model, the excessive concentration of nitrogen in the solid solution, together with
the energetic effect of the incident flow, promotes chemical transformations.

On the basis of these two models and the above-described processes occurring during nitriding, as well
as the results obtained in [3, 5], it is possible to present a qualitative physical model of the interaction of low-
temperature plasma created in a carbamide-based clectrolyte with the steel surface, due to which, the for-
mation of wear-resistant modified surface layers occurs. Since there is no unified model in the literature for
the interaction of low-temperature plasma with a metal surface during nitriding.

Thus, summarizing the available research results and taking into account the specific features of the
process, a qualitative model of the interaction of low-temperature plasma with the steel surface during nitrid-
ing has been developed. The essence of the developed model is shown in Figure 4.
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Figure 4. Model of the interaction of low-temperature plasma
with the surface of steel during electrolyte-plasma nitriding
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In accordance with this model, in the first moments of the interaction of low-temperature plasma with
the steel surface in the near-surface volume of steel, an accelerated formation of a Fe, ) solid solution occurs
due to the action of directed bombardment of charged particles, which enhances the adsorption and diffusion
of nitrogen into the interior of the material, then as further saturation in places with an increased level of free
energy (at lattice defects, at grain boundaries, etc.), dispersed particles of nitrides of alloying elements are
formed. Further, when the limiting solubility of nitrogen in a-iron is exceeded, transformations occur in the
surface zone of the layer, leading to the formation of nitrides of the y’-phase (FesN) and e-phase (Fe, ;N) in
it. And during cooling, excess y'-nitride lamellar particles can form in the diffusion layer due to the for-
mation of a highly supersaturated solid solution.

The developed model is formulated on the basis of experimental data and known regularities. So, in the
first moments of the interaction of the vapor-gas shell (low-temperature plasma) with the surface of iron
(steel), atomic nitrogen released in the vapor-gas shell during chemical reactions is adsorbed by the iron and
diffuses deep into the material. In this case, the processes of adsorption and diffusion are enhanced by the
action of directional bombardment of charged particles — positive ions and excited atoms. As a result of the
bombardment of the surface, it can be sputtered in the form of neutral particles, negative metal ions and elec-
trons. At the same time, a layer of adsorbed nitrogen particles forms on the surface as a result of the directed
motion of particles in the field, recombination of ions directly on the surface, as well as the release of some
particles that have already penetrated into the surface at the vapor-gas shell — metal interface. Under the
influence of the incident flow, the particles of the adsorbed layer can be sprayed or embedded into the sur-
face, creating a solid solution.

Penetrating into the crystal structure of steel, nitrogen can form not only solid solutions, but also chemi-
cal compounds — nitrides. The emergence of a new phase (nitrides) is accompanied by recrystallization of
the system, which begins in places with an increased level of free energy (at lattice defects, at grain bounda-
ries, etc.). There is an accumulation of diffusing elements, in particular nitrogen and the formation of a new
crystal lattice — the nucleus of a new phase — is facilitated.

According to this model, solid solution of nitrogen in iron is the formed when iron is saturated with ni-
trogen, the primary result of the interaction of low-temperature plasma and the processed material. The for-
mation of a chemical compound (nitrides) is a secondary process and occurs when the nitrogen content ex-
ceeds the maximum nitrogen concentration in a solid solution. So, Fe4N nitride (y'-phase) is formed when the
limiting solubility of nitrogen in iron is exceeded and Fe, 3N nitride (g-phase) is formed with a further in-
crease in nitrogen concentration.

It should be noted that the process of diffusion saturation of the surface of materials and the formation
of a diffusion layer occurs faster, since the rate of nitrogen diffusion in the y'-phase is 25 times less, and in
the e-phase it is 60 times less than in the a-phase due to the gradual formation of a solid solution and a layer
of compounds [20]. Also an important factor influencing the growth rate of the nitrided layer and its struc-
ture during this process is the exclusion of the predominant role of boundary diffusion. Since the electrolyte-
plasma nitriding is carried out under conditions of excessive excitation of the metal surface and subsurface
layers. Plasma, accelerating the directional mass transfer of ions to the sample surface, creates conditions for
uniform adsorption of nitrogen atoms over the entire metal surface, rather than selectively along the grain
boundaries, as is observed with conventional nitriding.

As is known, the following phases can form in the Fe—N system at nitriding temperatures: o—nitrogen
solution in iron, an intermediate y-phase of variable composition with an FCC lattice (the formula Fe,N is
attributed to it), and an intermediate e—phase with an HCP lattice and a wide region homogeneity (from 8.1
to 11.1 % N at room temperature). According to the proposed model, nitrogen initially diffuses into the
o-phase with the formation of a solid solution of nitrogen in iron (nitrogenous martensite), with further satu-
ration in places with an increased level of free energy (at lattice defects, at grain boundaries, etc.), dispersed
particles are formed nitride alloying elements. Since elements such as Cr, Mo, V and others, dissolved in the
matrix, increase the solubility of nitrogen in the a-phase and form special nitrides MN and M,N. And after
reaching the limit of nitrogen solubility in iron, the y-phase (Fe;N) and a high-nitrogen e-phase (Fe, 5N) are
formed on the surface. However, in the selected and considered modes of nitriding, a nitride layer consisting
of these phases is not detected on the surface. In this case, the formation of lamellar particles from the excess
Y-phase (FesN) is observed in the diffusion layer during cooling after nitriding. The formation of a continu-
ous nitride layer consisting of the y-phase and the e-phase is observed only at long durations of the nitriding
process in the electrolyte under consideration.
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Thus, the formation of finely dispersed nitrides of alloying elements after nitriding, as well as lamellar
particles from the excess Y-phase (Fe,N) in the near-surface layer of steel is quite natural. Since, previously
carried out by the schools of Lakhtin [17, 21], a systematic study of the kinetics and phase composition of
the nitrided layer in alloyed steels showed differences in the specificity of the layer growth on alloyed ferrite
and pure iron. The main difference is that nitrogen can interact with some alloying elements by forming spe-
cial nitrides in addition to iron nitrides. At the same time, it was found that it is these nitrides of alloying el-
ements and their degree of dispersion that ultimately determine the hardness of nitrided steel [22, 23].

Also, the formation of a y-nitride particle in the diffusion layer during cooling can be explained as fol-
lows. During cooling to room temperature, a strongly supersaturated solid solution appears due to the poor
solubility of nitrogen in the a-phase at low temperatures. And this leads to the precipitation, preferably on
dislocations, of a'"-nitride particles of plate form with a certain orientation, which are further transformed
into y-nitrides [15, 24]. The mechanism corresponds to the release of carbon and the formation of carbides
during tempering of the hardened steel.

The experimental researches carried out in this work confirm the veracity of this model. So, the nitrided
layer consists only of a diffusion solid solution (nitrogenous martensite), and an increase in the nitriding
temperature to 500—550 °C leads to the formation of nitrides in the solid solution Y-phase (Fe,N) after elec-
trolyte-plasma nitriding of high-speed steels at a temperature of 450 °C during 7 minutes. The nitrided layer
consists of a diffusion layer — o + ¥ + MN phase during the electrolyte-plasma nitriding of high-speed
steels at a temperature of 550 °C during 7 min. The formation of a nitrided layer consisting only of a diffu-
sion layer without a nitride layer in the selected modes is associated with a low nitrogen concentration in a
low-temperature plasma (vapor-gas envelope), as well as with a shorter nitriding duration. This is because
much less nitrogen is usually required to form a diffusion layer on the surface of alloy steels than to form a
compound layer (nitride layer) [25, 26]. In addition, metallographic analysis of the modified layer, carried
out in [3], showed that after electrolyte-plasma nitriding during 7 min in an electrolyte based on carbamide, a
continuous nitride layer (iron nitride layer) was observed on the surface. Similar results were obtained in [27]
during the electrolyte-plasma nitriding of structural steels in more active electrolytes based on ammonia.

The possibility of obtaining a modified layer consisting only of a diffusion layer (o + ¥ + MN phases)
on the surface of steels is the main advantage of electrolyte-plasma nitriding, in contrast to classical gas ni-
triding in ammonia, where a nitride layer is formed, consisting of two phases — y’+€, which is a source of
internal stresses at the interface and causes brittleness and flaking of the hardened layer during operation.

Conclusions

A qualitative model has been developed for the interaction of low-temperature plasma with a steel sur-
face during electrolyte-plasma nitriding. In accordance with this model, in the first moments of the interac-
tion of low-temperature plasma with the steel surface in the near-surface layer, an accelerated formation of
the Fe,) solid solution occurs due to the action of directed bombardment of charged particles, which en-
hances the adsorption and diffusion of nitrogen into the interior of the material, then, as further saturation in
In places with an increased level of free energy (at lattice defects, at grain boundaries, etc.), dispersed parti-
cles of nitride of alloying elements are formed. Subsequently, transformations occur in the surface zone of
the layer, leading to the formation of nitrides of the y’-phase (Fe,N) and e-phase (Fe, 3N) in it when the limit-
ing solubility of nitrogen in iron is exceeded.

Thus, electrolyte-plasma nitriding opens up many new possibilities, in particular: varying the nitriding
temperature over a wide range (400—700 °C), the targeted production of a nitrided layer consisting only of a
diffusion layer without a layer of compounds, while obtaining a diffusion layer with particles y-phase (Fe;N)
of plate form and with finely dispersed nitrides MN (CrN).

This paper was performed within the grant financing of scientific research for 2018-2020 of Committee
of Science of the Ministry of Education and Science of the Republic of Kazakhstan. Grant BR05236748
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Interaction model of low-temperature plasma ...

P.C. Koxanosa, b.K. Paxagunos, B. Bueneba

Kap6amua Herizinaeri 3JieKTPOJIUTTE JJIEKTPOJUTTI-IIA3MAJIBIK a30TTay Ke3iHjae
TOMEHTEeMIIEPATYPAJIbI IVIA3MAHBIH 00J1aT 0eTiMeH 63apa dpeKkeTTecy MoJei

Makanana TeMeHTeMIIepaTypaibl IIa3MaHbIH Naka 60Ty epeKIIelTikTepi )aHe OHBIH MeTal1 OeTiMeH e3apa
opekerTecyi 3epTTeni. 3epTTey HOTHXKEIEePiH KOPHITHIHABIIAH Kelle KoHe 3IEKTPOIUT-IIIa3MaIbIK IIPOLECTIH
O31HMIK epeKIIEIIKTEepiH eCKepe OTBIPHIIN, JJIEKTPOIUT-IUIa3MaIIBIK a30TTay Ke3iHAe TeMEHTeMIIepaTypasbl
Ia3MaHbIH 00JaT GeTiMeH e3apa SpeKeTTecyiHiH camaibl Mojewi jkacaiapl. Ocel MOJeIIbre CoHKec, TOMEH-
TeMIlepaTypasl IIa3MaHbIH 00JIaTThIH OeTIMEH SpEeKeTTeCyiHiH allFalliKbl COTTepiHae OeTKi KabaTTarbl KaTThl
epiTinfiiHiH Te3 Tysimyi xypeni, Fe,n) 3apsaranran Genmekrepni OarbiTTanraH GoMOanayjblH OCEpiHEH,
MaTepUaIbIH TEpeHJITriHe a30TTHIH aAcopOUMsCEl MeH AndQy3UsIChH KylIedTeai, comaH KeHiH epKiH
SHEprust AeHreili Korapbl JKepiepAe OJlaH opi KaHbIFalbl (TOPIBIH akayJapblHIa, acThIK IIeKapajapblH/a
koHe T.0.). Jleripyeymni 3JIeMEHTTEpIiH HHUTPHIIHIH AucrepcTi Oenmekrepi maiga Oonmaael. OpmaH opi
KabaTThlH OCTKi aiiMarbplHIa a30TTHIH MICKTi epirimriri acein kerce, oHma y'-dasza (FeyN) xone e-aza
(Fe,_3N) nutpuarepiniy maiiaa 00aybiHa SKeNeTiH e3repictep 0onazapl. Ocbutaiiiina, IeKTPOIUTTi-IUIa3MaJIbIK,
a30TTaH/ABIPY KONTEreH jKaHa MYMKIHAIKTEpAI aluajbl, atan aWTKaHIa: a30TTAHIBIPY TEMIIEpPaTypachIHbIH
KeH aykbiMaarbl esrepyi (400-700 °C), asoTramraH KabaTThl MakcaTThl TypAe ajly, TeK AU(GQY3USIBIK
KabaTTaH TypaTbhlH KOCBUIBICTap KabaThl XkOK, an nuddy3usuisik kabarTel o'-dazansl 6emexrepmed (FeyN)
miacTHHABIK mimiaai skoHe MN (CrN) ycak aucrmepcTi HUTPUATEPIMEH airy. ODJEKTPONUTTE (TOMCH-
TeMIIepaTypaiibl I1a3Ma) 3JICKTP Pasps/blH KOJIaHy Marepuaigap OCTiHiH KbI3ABIPY koHe AU(DY3HSIIBIK
KaHBIKTBIPY JKbUIAAMIBIFBIH apTTBIpyFa MYMKIiHIIK Oepeni. Bysl »KYMBICTHIH MPaKTHUKAIBIK MaHBI3BI 30D,
OUTKEHI ANIEKTPOJIUTTI IUIa3MaJIbIK a30TTAY/bIH 3ePTTEIIeH /ici KOFaphl pU3HKA-MEXaHUKAJIBIK KaCHETTepi
6ap Gonarrapra MoAu(UKalMsIIaHFaH OSTKi KabaTThl allyFa MyMKIH/IIK Oepeni.

Kinm co30ep: mnasma, dIEKTPONHUT-IUIa3MaNbIK OHJACY, A30TTAHABIPY, KAHBIKTBIPY, JJEKTPOJIHT, 00Jar,
MozeInb, MoaudUKalsIaHFa Kabar, dasa.

P.C. Koxanosa, b.K. Paxagunos, B. Buene6a

MopneJsib B3auMoAeiic TBUS HU3KOTEMIIEPATYPHON MJIa3Mbl
C MOBEPXHOCTHIO CTAJIU NPH IEKTPOJTUTHO-TIA3MEHHOM a30THPOBAHUH
B YJIEKTPOJIATE HA OCHOBE Kapdammuaa

B craTtbe m3ydeHsr ocoOeHHOCTH 00pa30BaHMsl HU3KOTEMIIEPaTypHOH INTa3MBl U €€ B3aUMOJEHCTBUS ¢ MeTal-
JMYeCcKoi moBepxHOCThI0. O000IIas NMEIOIINECs] pe3yNIbTaThl UCCIICIOBAaHNI M YUUTHIBAsI CHEIU(PHICSCKHE
0COOCHHOCTH 2JIEKTPOINTHO-INIA3MEHHOTO Iporiecca, pa3paboTaHa KaueCTBEHHAss MOJETb B3aUMOJICHCTBUS
HU3KOTEMIIEPAaTYpHOI IIa3Mbl C MOBEPXHOCTHIO CTAIH IIPH 3JIEKTPOJIMTHO-IUIA3MEHHOM a30TUPOBaHMU. B
COOTBETCTBHH C 3TOil MOJIENBIO, B NEPBbIE MOMEHTBI B3aUMOACHCTBUS HU3KOTEMIICPATYPHOH IIIa3Mbl C IO-
BEPXHOCTBIO CTAIM B IPUIIOBEPXHOCTHOM CJIO€ IPOMCXOAUT YCKOPEHHOE 00pa3oBaHHE TBEPAOrO PacTBOpa
Feyny 3@ cuer BO3EHCTBUSA HAaNpaBIeHHOH OOMOApAMPOBKM 3apsKEHHBIX YAaCTHL, YCHIIMBAIOLIETO afcopo-
uio ¥ auddysuio azora B NyOb MaTepuaia, 3aTeM, 110 Mepe JaJbHEHIIEero HACHIIICHNUs, B MECTaX C MOBbI-
IIEHHBIM YPOBHEM CBOOOIHOI SHepruH (Ha JedekTax penreTky, Ha TPaHuNax 3epeH U T.II.) 00pa3yroTcs auc-
TIEpCHBIC YaCTHI[Bl HUTPHUJA JICTHPYIOLNIUX JIEMEHTOB. B naibHeIIeM IpH MpEeBBIMICHUN HpeIeIbHON pac-
TBOPHMOCTH a30Ta B XKeje3¢ B IIOBEPXHOCTHON 30HE CJIOSI IPOUCXOIAT IPEBPAIIEHHs, IPUBOJIAIIHE K 00pa-
3oBaHuIo B Hell HUTpUAOB Y'-daser (FeyN) n e-daser (Fe, 3N). Takum 06pa3om, 371€KTPOIUTHO-IIA3MEHHOE
a30TUPOBAHME OTKPBIBAET MHOXKECTBO HOBBIX BO3MOXHOCTEH, B YaCTHOCTH, BapbUPOBaHHE TEMIIEPaTypon
a30TupoBaHus B mUpokux npezpenax (400700 °C); ueneHanpaBiIeHHOE MOJYYEHHE Aa30THPOBAHHOTO CIIOf,
COCTOSIILIET0 TOJBKO U3 AU((DY3HOHHOTrO c1ost 6e3 cios COeqUHEHHUIT, IPH ITOM NoydeHre AndGdy3noHHOTO
ciost ¢ yactuuamu o'-¢passl (FeyN) mnactunuaroi gpopmsl u ¢ menkomucnepcHsivu HuTpugamMa MN (CrN).
[IpumeHeHme 3IEKTPUUYECKOTO pa3psiia B IEKTPONUTE (HU3KOTEMIICPaTypHOU ILIA3MBI) ITO3BOJISICT YBEIH-
YUTh CKOPOCTH HarpeBa W JU((y3MOHHOTO HACHIIIECHHS MOBEPXHOCTH MarepHanoB. JlaHHas padora mMeer
BaO)KHOE TPAKTHUECKOE 3HAUEHHE, TaK KaK M3y4aeMbIH CHOCOO SJIEKTPOIUTHO-IUIA3MEHHOTO A30THPOBAHUS
TO3BOJISIET TIOJMYYUTh MOAWU(HIIMPOBAHHBIM IOBEPXHOCTHBIM CIIOH Ha CTalsIX C BBICOKUMH (H3HKO-
MEXaHUYECKHMH CBOHCTBAMH.

Kniouesvie crosa: nna3ma, 31€KTPOIMTHO-IUIA3MEHHAs: 00paboOTKa, a30THPOBAaHUE, HACHILICHUE, JIEKTPOJIHT,
CTaJlb, MOZEb, MOAU(MUIMPOBAHHBIN CIIOH, (aza.
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