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Results of experimental studies of changes in the mechanical and structural characteristics of the steel surface by
treatment in a nonequilibrium plasma are presented. Plasma generator with liquid electrode was used as a source of
nonequilibrium plasma. There are described results for the surface after the local thermal exposure accompanied by
phase transformations. These data show that surface hardness after treatment in a nonequilibrium plasma may be
greater of the hardness value after any other processing method. The high energy efficiency of the described

material processing method is showed.

INTRODUCTION

Methods of surface hardening of steel products
make it possible to greatly improve the quality of
products and to achieve the specified parameters of the
surface without affecting the deeper layers of the
product. It causes the saving of energy resources in
result. These methods include the use of plasma
generators with liquid cathode.

This technological solution improves the hardness
and wears resistance of the steel products at a relatively
low energy costs and organizes the entire process using
existing equipment with minimal changes without the
applying of complex technical solutions [1, 2].

However, it is impossible to speak of a real
application of a treatment method without the ability to
accurately select mode for each specific case. The best
solution in this case would be to create a theoretical
model, which accurately describes the discharge in the
metal anode and electrolyte cathode system. However,
for multi-channel discharge between the surface of the
electrolyte and the metal anode at atmospheric pressure,
this model is not currently developed [3].

In this situation, the problem may be solved by
experimental methods applying. In particular, it is
important to study the pattern of the hardened layer
formation with time. Study of this question is the aim of
this article.

Actuality of the theme is to develop an energy-
efficient method of surface treatment of steel products.

Scientific novelty lies in the fact that the patterns of
the hardened layer formation in such a system are
described for the first time.

THE ORETICAL ESTIMATES

The aim of this work is the thermodynamic analysis
of the processes occurring in the discharge gap of
nonequilibrium electron plasma generators of the type
described and the study of the steel surface layer
modifying possibility by the method described.

In the treated sample variation of the phase
composition of the sample is due to the extreme heat
and cooling of the surface layers. There may occur
surface hardening or tempering layer depending of the
treatment mode. The temperature distribution in the
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sample allows estimating the thickness of the hardened
layer. The temperature distribution can be obtained by
solving the heat conduction problem. It’s possible to use
a uniform linear heat equation for the semi-infinite body
in the context of a short duration of intense surface heat
source that corresponds to the method of
nonequilibrium plasma surface treatment [3],

cpp%—v(WT):o, )
¢, — heat capacity; p — density; A — heat conductivity of
material.

Initial and boundary conditions, as well as thermal
properties of the sample, are required to solve this
problem. It is reasonable to use the requirement of
equality of material temperature to the room
temperature as the initial condition. Boundary
conditions must take into account the stationary heat
flux from the plasma layer, convection and radiative
heat transfer from the heated sample to the surrounding
space.

Level of convective and radiative factors reducing of
the surface temperature can be estimated as follows. In
the first approximation, energy losses due to convection
may be described by Newton-Richman law

d o
quconv =hAT , 2

Jeonv — CONvective heat flux; h — heat transfer coefficient
from the metal to the environment; for gases
h = 10...100 W/(m*K); AT — temperature difference
between the surface element dS and the ambient air.

Thermal radiation losses are determined by the
Stefan-Boltzmann law

d o

agmad =oT?, 3
Orag — €nergy radiation from the element dS; o — the
Stefan-Boltzmann constant; T — temperature of the
surface.

It is known that the surface temperature reaches
values up to the material melting temperature during the
plasma heating process of the sample. A quotient of
equations (2) and (3) estimates the degree of convection
and radiation losses influence on the establishment of
the sample surface temperature
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qrad — 0T4
qconv hAT

for surface temperature limit values.

Thus, the estimate (4) shows that the quantities qyaq
and (cny are comparable, and should be considered
when forming the boundary conditions for the not
plasma covered surface area.

Then boundary conditions take the next form for the
lateral sample surface with a side
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where T, is the ambient temperature.

EXPERIMENTAL RESULTS

The unit from [3] was used for the experimentation.
Steel 45 samples with 15 mm? cross-section were used
as an anode. NaCl water solution (0.1 mass per cent)
was used as cathode. The end surface was processed.
The current was 2.25 A, and the discharge gap voltage
was 940...1000 V during the processing.

After processing the lateral surface of the sample
was ground, and then it was etched. The boundary
between hardened and nonhardened layers was
observed. Visualization of boundary is possible because
of difference in etch capability of hardened and
nonhardened layers. Then the thickness of hardened
layers was measured by eye. Measurements of the
hardness in hardened and nonhardened areas were
provided to confirm the relationship between the real
picture of the hardness distribution and visually
observable differences in etching layers.

Group of samples was treated. The processing time
varied from 30 to 240 seconds. After the measurements,
it was found that the hardened layer is not formed for
processing times of less than 1 minute. It is a uniform
increase in thickness of the hardened layer for the time
range from 60 to 140 seconds. The thickness of the
hardened layer is practically unchanged for more
treatment duration. Fig. 1 shows the results for the
hardened layer thickness vs. the processing time.

The fact that the hardened layer is not formed
directly, apparently due to the fact that heating of the
sample to a temperature above the critical takes some
time. Saturation is observed for more than 150 seconds
of processing, due to the establishment of steady state
heat distribution when losses through the side surface of
the sample completely compensate the heat flow to the
sample. To test this hypothesis, we used the model,
similar to one shown in [4]. The results are shown in
Fig. 2.

There is a qualitative agreement between the
experimental data and simulation. In particular, the
saturation is observed due to an increase in heat loss as
the temperature increases. It should also be noted that
the best match the experimental data with the simulation
results is carried out between 30...35% efficiency,

which is also consistent with earlier results obtained by
us.
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Fig. 1. The hardened layer thickness vs.
the processing time
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Fig. 2. Martensitic transformed layer depth vs.
the processing time

Analyzing the results obtained, we can conclude that
the hardened layer forming peculiarities in the steel
product, treated with a liquid cathode plasma torch, is
associated with nonstationary processes in the metal —
liquid electrical discharge system. A typical distribution
pattern of discharge channels is shown in Fig. 3.

Microstructure of the material was surveyed after
treatment in a nonequilibrium plasma. The results are
shown in Figs. 4, 5.

One of the steel structure features after the
nonequilibrium plasma treatment is the lack of a clear
boundary between the hardened and non-hardened
region, as it is observed at laser quenching. Lack of
clear boundaries in our case can be attributed to the fact
that the heating of the surface is not uniform and reflects
the transient nature of the discharge. It is well illustrated
with photographs, presented in Fig. 3. This nature of the
discharge has a negative property also. It is
impossibility to product the micron-sized hardened
sites. It’s shown in Figs. 1 and 2.




Fig. 3. The discharge channels distribution between the
metal and a liquid cathode at low current (a) and high
current (b)
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Fig. 5. Boundary layer between hardened and raw
areas
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Fig. 6. Hardness of the treated sample
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Estimation of the sample hardness was made by the
Rockwell method. In Fig. 6 there are shown
measurement data corresponding to treatment for 180
seconds.

Hardness value in this case is higher of conventional
heat treatment or laser treatment ones. The treatment

time, including preconditioning, is significantly
reduced. Investigation of the material structure after
processing in a plasma torch with a liquid electrode
showed that there is no strict boundary between
hardened layer and raw metal. Transition is longer in
this situation. It is noticeable in Figs. 1, 2.

CONCLUSIONS

The paper analyzes the features of formation of the
hardened layer in steel products during heat treatment in
the plasma torch with a liquid cathode.

This processing method allows the achieving of high
surface hardness, while avoiding the formation of a
sharp boundary that adversely affects the properties of
the product. This property of the heating parts in a
nonequilibrium plasma reduces residual stresses in the
hardened area.

The processing in a nonequilibrium plasma, which
source is the plasma torch with a liquid electrode, is
characterized by the formation of hardened layer with a
thickness of 0.5 mm. It is due to the uneven heating of
the surface by the discharge in the streamer.

In general, the method of surface hardening using a
plasma torch with a liquid cathode shows itself suitable
for industrial use.

Future research should be aimed at getting the
equilibrium structure of the hardened layer in the
processing of parts with a liquid electrode plasma
torches.

REFERENCES

1. V.V. Murga, J. Omeman, I.I. Antropov. Using a
plasma torch with a liquid cathode for surface
hardening of materials. Alchevsk: DonSTU, 2008, 6 p.

2. L.V. Sulimanov, P.N. Belkin, A.V. Epperfeld,
V.B. Ludin, B.L.Krit, A.M. Borisov.  Plasma-
electrolytic modification of the surface of metals and
alloys / ed. by L.V.Sulemanov. M.: “Technosfera”,
2011, v. 1464 p.

3. D.K. Gamazin, I.l. Antropov. Investigation of
multichannel discharge in the electrolytic cathode-solid
anode system at atmospheric pressure // Shevchenkivska
vesna 2013. Proceedings of the international Scientific
Conference of Students and Young Scientists. Kyiv:
“Logos™, 2013, Number XI, p. 196-199.

4. 1.1. Antropov, J. Omeman, D.K. Gamazin,
A.V. Gdanovich. Modeling of the steel products heating
process in the electrolyte // Proceedings of the
Ukrainian Conference “Open Physics Readings”.
Alchevsk: DonSTU, 2012, p. 12.

Article received 30.01.2015

®OPMUPOBAHUE YIIPOYHEHHOI'O CJIOS ITPH OBPABOTKE YIJIEPOJIUCTHIX
CTAJIEM B HEPABHOBECHOM ILVIASME

B.B. Mypza, /I.K. F'amasun, H.H. Aumponos, /[»c. Omeman’

IIpencraBneHsl pe3yiabTaThl IKCIIEPUMEHTAIBHBIX HMCCIIEIOBAaHUN H3MEHEHUS MEXaHHYEeCKHX M CTPYKTYPHBIX

XapaKTEePUCTUK IIOBEPXHOCTH CTaM IpH 00paboTKE B HEPAaBHOBECHOH ILIa3Me.

B kauectBe wHCTOYHMKA



HEpaBHOBECHOM IIIa3Mbl PAacCMaTpPUBAETCS IUIA3MOTPOH C KMIKHM 3JIEKTpomoM. lIpoBeneH aHanm3 COCTOSHUS
MOBEPXHOCTH IOCJIE JIOKAJIBHOTO TEIUIOBOTO BO3JECHCTBUS, CONPOBOXKAAIOIIETOCs (Da30BBIMH IIPEBPALICHHSIMH.
[IpencraBneHHbIe TaHHBIC HOKa3bIBAIOT, YTO TBEPIOCTH ITOBEPXHOCTH IOCIE 0OpabOTKH B HEPAaBHOBECHOH ILIa3Me
MOJKET IIPEBHIMIATh 3HAYCHHS TBEPIAOCTH, OITYICHHBIC TIPHU JIFOOOM ApyroM criocode o0padotku. [TokazaHa BRICOKas
sHepreTudeckas 3(ppeKTHBHOCTE OMMUCAHHOTO CII0c00a 00pabOTKH MaTepHAaJIOB.

®OPMYBAHHS 3MIIITHEHOT O IIIAPY IIPY OBPOBII BYTIJIELIEBUX CTAJIEN
B HEPIBHOBAKHIMN IIJIA3MI

B.B. Mypza, /I.K. I'amasin, 1.1. Aumponos, /[oic. Omeman

[IpencTaBneHo pe3ynbTaTh eKCIEPUMEHTAIBHUX JIOCHTIPKEHb 3MIHM MEXaHIYHUX 1 CTPYKTYPHUX XapaKTEPUCTUK
MOBEPXHI CTajl MpH 0OpoOLi B HEPIBHOBaXHIN Iuasmi. SIK JoKeperao HEepiBHOBaXKHOI IUIA3MH PO3MIIAAETHCS
IUIA3MOTPOH 3 pinkuM enekTpojoM. [IpoBeneHo aHani3 cTaHy NOBEPXHI MICHs JIOKAJIBHOTO TEIUIOBOTO BIUIUBY, IO
CYNpPOBO/IKYEThCS (ha30BUMH TEpEeTBOpPEeHHAMH. [IpencraBieHi AaHi MOKa3yloTh, IO TBEPAICTH MOBEPXHI Micis
00poOKM B HEpIBHOBAXHIW IIa3Mi MOXKE IMEPEBHIIYBaTH 3HAYEHHsS TBEPIOCTI, IO OTpPHUMaHi NpH OyIb-IKOMY
iHmomy croco6i 006pooxu. [Tokasana Bucoka eHepreTHYHa €(PEeKTUBHICTh OIMMCAHOTO CIIOCO0Y 00poOKH MaTepiaiB.



