)

Inmepsan mapmencuminozo nepemsopenus desKux 00e6-
mexmoionHux, 6Cix e6mexmoiOHux i 6Cix 3ae6mexmoionux cma-
Jlell 3axXonyioe 68 3HAUHIU Mipi 00J1aCcMmb He2amueHUx mem-
nepamyp. 3 02110y HA me, WO ONEPaUis NAAIMOBOL 2apmy
30ilCHIOEMbCA 8 Uexax, e MiniMaAbHA MeMnepamypa cmamo-
eumv +20 °C, memnepamypa nosepxmi demai nicis Hazpiean-
H3 i na3zmoro He Modce 00csiemu HezamusHux eeaudun. Yepes
ue memnepamypHuil 0ianazon MapmMeHCUMHOZ0 Nepemeo-
penns He UKOPUCMOBYEMbCS NOGHICMIO | 6 3azapmoBanoi
cmpyxmypi 3Haxo0umvcs 0eska KilvKicmos aycmenimy, axa
He niddascsa mapmencummomy nepemeopentio. I[n oocmasu-
Ha 3HUNICYE MEepOicmb 3a2apmosan020 wmapy i 4acmo Heooxio-
Ha HU3bKA 8IONYCMKa 3a2apmoeanoi nogepxHi 0s nepemeo-
PEHHS 3ANUMK0B020 AYCMeEHImY 6 GiONYuleHUll Mapmencum,
w0 n0006IHCYE 1 300podcye npouec mepmoodpooxu. Illosne abo
Maibice nogHe MapmeHcumHe nepemeopeHHs MONCIUBO, KU
noeepxus, Hazpima npomenem naamu, 0yoe HezauHo 0x0a00-
JHcyeamucs 00 HeeamueHoi memnepamypu.

Hokazano, wpo nokanvhHe 0X0100%KCEHHS 2apmMYEMOi
nogepxui 0o memnepamypu —40 °C moxcna 30iicHumu 3a
donomozoto euxopucmanns mpyoxu Panxa-Xumma, wo 3nau-
HO PO3UWUPIOE MONCTUBOCHY NOBHOUTHHOT 2apmy 0N eemek-
moionux i 3aeemexmoionux cmaneii. /Jocnioxncenns nonsea-
JlU 8 HAZPIBAHHI NOBEPXHI NOMOKOM NIAIMU 00 MeMnepamypu
750 °C i 900 °C. 3minu memnepamypu 30iliCHIO8ANUCS CMPY-
MOM NIAZMOMPOHA i 3MIHOI0 WEUOKOCME NePEMIUEHNA NAAMU
nomoxy naasmu no nogepxui 3pasxa. Excnepumenmu npogo-
Oounucs na cmansax 45 (0,45 % C), ¥8 (0,8 % C) i Y10 (1 % C).
Hocnioxncenns cmpyxmyp nposoounocs na mikpocxkoni MIM-7
3 eideoxamepoio i 3 eueedeHHAM 300pajlNCeHHA HA eKpaH.
IMpubausnuil kinwkicnuil cknad aycmenimy, mapmencumy i
CYynymmuix Cmpyxmyp 6U3HAMAGCS NO NIOWAX HA EKPAHI.

IIpu nnazmosomy eapmy cmani 45 6i0 memnepamypu
900 °C npu euxopucmanni mpyéxu Panxa-Xumua ¢ cmpyk-
mypi npaxmuuno Hemae 3a1uwK06020 aycmenimy. Illpu 3azap-
myeannto cmanu Y8 6UAGAAECMbCA 3ANUMKOBUIL aycmeHim 6
He3naunil kinvkocmi. Ilpu 3azapmyeanni cmanu Y10 xino-
Kicmo 3anumK06020 aycmenimy cmanosumv npubauzno 15 %.
Jokanvhe 0x07100%ceHHs noeepxui 0036045€ 30UCHIOBAMU
AKICHY 3azapmosanicms cmael Giibuocmi Mapox Hezanednc-
HO 610 emicmy 8yesieuto

Kanrouogi cnosa: emicm eyeneuto, mapmencumnuil inmep-
ean, memnepamypa 0xon00MHceHHs, 00esmexmoiona cmanv,
eemexmoiona cmanv, 3ae6mexmoiona cmaio
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1. Introduction

In modern construction, a large number of machines
and mechanisms are used, the parts of which work under
significant loads, which often leads to significant wear of
their working surfaces and failure of parts. It is economically
feasible to restore such parts, for example, by surfacing. The
resulting new surfaces must be hardened by heat treatment
to obtain the necessary mechanical characteristics.

Hardening of steels by heating with concentrated energy
flows, in particular, plasma hardening, by analogy with other
types of hardening, consists in the formation of an austenitic
structure during heating and its further transformation
into martensite at the cooling stage [1, 2]. In this case, the
thermal energy is greater than the energy necessary for the
restructuring of the crystal lattice, and the restructuring
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itself occurs at a certain finite rate. Therefore, the transfor-
mation is carried out in the temperature range from Acy to
Acs, that is, the end of the austenitic transformation shifts to
the region of higher temperatures (Fig. 1).

Due to the high heating rate, the diffusion processes
of restructuring of the lattice of the body-centered cube
of proeutectoid ferrite into the lattice of the face-centered
austenite cube may not end on the GS line of the Fe—Fe3C
diagram and shift to the region of higher temperatures (re-
gion 2). Microfusion of the cementite boundary from austen-
ite can also occur (region 3) [1].

As a result, a structure is formed whose features are
determined by the degree of completion of the austenitiza-
tion process. At a sufficiently high heating temperature or
with relatively long exposure time, the formation of uniform
austenite is possible. A decrease in the heating temperature



and exposure time as a result of increasing critical points and
a slowdown in the homogenization process lead to greater
heterogeneity of austenite in steel, especially with respect
to carbon. In addition to austenite, under these conditions
at high temperature there may exist carbides that have not
dissolved. Plasma hardening cooling is characterized by
high speeds. Thus, the cooling rate during plasma hardening
varies from 104 to 105 °C/s, which is much higher than the
critical cooling rate during hardening, resulting in the aus-
tenite-martensite diffusionless transformation.

o >

A+Fer .
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1S :
Fer +Per : Per +Cem2

o

Fe 0,8 214 C

Fig. 1. Section of the Fe-Fe3C diagram with structural
transformations during high-speed heating [1]:
1 — boundary of the ferrite phase; 2, 3 — boundaries of
the austenitic phase

It should be noted that in order for austenite to become
martensite almost completely, it is necessary that the tem-
perature passes completely through the so-called martensi-
tic temperature interval between the start M, and finish M
points of the martensitic transformation. The temperature of
these points substantially depends on the carbon content in
steel (Fig. 2) [2].
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Fig. 2. Temperature of M;and M;points depending on carbon
content in steel [2]

Surface plasma hardening is carried out in a workshop
where the temperature is maintained at +20 °C. Thus, the
complete “austenite — martensite” transformation is possi-
ble only for steels with a carbon content of not more than
0.5 %, that is, not even for all hypoeutectoid steels. If surface
plasma hardening is carried out for steels with high carbon
content, the conversion of austenite to martensite will be in-
complete. The hardened layer will contain a certain amount
of residual austenite, and the greater, the greater the carbon
content in the steel.

Therefore, to expand the range of plasma hardening of
steels, it is necessary to locally lower the surface tempera-
ture to negative temperatures, which will make it possible
to fully harden steels with a carbon content corresponding
to eutectoid and hypereutectoid steels. Therefore, studies
aimed at expanding the capabilities of full plasma hardening
of eutectoid and hypereutectoid steels are relevant.

2 Literature review and problem statement

The literature devoted to plasma hardening, for example,
[1,3-5] does not contain direct indications of the effect of
the martensitic interval on the phase-structural composition
of the hardened layer.

In [3], nitriding followed by plasma hardening, micro-
hardness, and wear resistance are considered in detail. The
mechanical characteristics of the material are investigat-
ed. However, the work was done only for steel containing
0.5 % C. This makes it impossible to compare the obtained
characteristics with the characteristics of steels with higher
carbon content, when the My point shifts to the region of
negative temperatures.

In [4], the effect of plasma flows generated by a
three-electrode and multi-electrode plasmatron on the sur-
face is studied. It is concluded that the use of multi-electrode
plasmatrons is preferable to obtain a higher hardness of the
hardened surface. The temperatures of the martensitic inter-
val are not considered.

In [5], the influence of the oscillation regime on the
surface quality when using a low-temperature plasma is
considered. The most favorable modes are shown and con-
clusions are drawn about the need for further monitoring of
the process. The effect of carbon content on the quality of the
hardened layer is not considered.

In [6], the issue of plasma carburizing of hardened and
aging alloys of the Cu — Ti system is considered. The re-
search results cannot be applied to steels.

The effect of low-temperature plasma on the surface of
austenitic stainless steel is considered in [7]. It is shown
that, by changing the plasma exposure regimes, it is possible
to obtain surface structures with an expanded austenite
crystal lattice. The results of the work also cannot be applied
to the issue under consideration.

The work [8] considers the issues of low-temperature
plasma nitriding of martensitic and austenitic stainless
steels. It is shown that an increase in the characteristics of
wear resistance to a large extent depends on the modes with-
out sacrificing corrosion resistance.

The issue of plasma hardening of rail steel is considered
in [9]. The structural composition of the treated surface
layer is shown. It is shown that the wear resistance of the
treated surface is significantly increased. The paper does not
indicate the carbon content in the steel under study, how-
ever, based on the standard chemical composition, it can be
assumed that the carbon content is 0.7-0.8 %. The authors
indicate that residual austenite is present in the structure,
which indirectly indicates that the My point is in the region
of negative temperatures. The paper indicates that the wear
resistance of the rail is significantly increased.

In [10], plasma hardening of hypereutectoid steels is
considered. We consider steels with a carbon content of 1
and 1.2 %. As can be seen from Fig. 2, the M, point for these



steels is in the region of —80 °C. The paper has somewhat
conflicting data, namely, with the same heat input, the same
amount of martensite and residual austenite is shown. The
data available in the work must be checked.

In [11], high-speed plasma hardening of all types of pas-
senger, freight, and locomotive wheelsets is considered. Tests
show that in all cases, the degree of wear of the wheelset
flanges after plasma hardening is significantly lower (2.5—
3.0 times) than the flanges after standard heat treatment.
The paper gives an example of eutectoid steel hardening. It
is shown that the metal structure after plasma hardening
consists of 50/50 % martensite and troostite. However, the
surface heating temperature is not given in the work. It can
be assumed that the heating exceeded the temperature of
727 °C to the zone of pure austenite according to the Fe-
Fe3C diagram, which, upon cooling, turned into martensite
by 50 %. The data obtained in this work are not associated
with the temperature martensitic interval.

As can be seen from the literature review, no data were
found regarding the dependence of the structure of steel
formed by plasma hardening on the hardening temperature,
carbon content and martensitic interval, i.e., the position
of the M, and My points. There is also no evidence of a local
decrease in temperature during plasma hardening.

3. The aim and objectives of the study

The aim of the study is to create conditions for the use of
all or most of the martensitic transformation interval during
plasma hardening due to the immediate cooling of the plas-
ma-heated surface by air with a negative temperature.

To achieve this goal, the following objectives are set:

— to heat the surface of the hardened steel with a plasma
beam to temperatures of 750 °C and 900 °C, controlling the
temperature according to the procedure [12];

— to obtain a directed jet of air cooled to a negative tem-
perature through the use of the Ranque-Hilsch tube, direct-
ing a stream of cooled air after the plasma jet;

— to carry out hardening of hypoeutectoid, eutectoid and
hypereutectoid steels without cooling with a stream of cold
air and with cooling, comparing the obtained structures and
hardness of the hardened layer.

4. Research methods and materials

The surface of the sample was heated by the plasma flow
to a temperature of 750 °C and 900 °C (PMS 201 plasma-
tron), and the temperature was controlled by the method
of [12]. The temperature was changed by the plasma torch
current and by changing the velocity of the plasma flow spot
moving along the sample surface. The temperature of 750 °C
below the GSE line in the iron-carbon diagram [2] in the
state diagram of Fe-Fe3C [2] corresponds to the temperature
of incomplete hardening for hypoeutectoid and eutectoid
steels. The temperature of 900 °C above the GSE line corre-
sponds to a full hardening temperature for the same steels.
The experiments were carried out on steels 45 (0.45 % C),
U8 (0.8% C) and U10 (1 % C).

The microstructures of the samples were made in accor-
dance with the source [14].

The study of the structures was carried out on a MIM-7
microscope with a video camera and with the image dis-

played on the screen. The approximate quantitative compo-
sition of austenite, martensite, and associated structures was
determined by the areas on the screen.

The hardness of the hardened samples was measured on
a Rockwell hardness gage on the HRC scale.

Electron microscopy was not used, since only struc-
tures, i. e. grains and grain boundaries, were studied, while
electron microscopy was used for studies at the level of frag-
ments and blocks.

The surface heated by the plasma beam was cooled by air
cooled to a temperature of —40 °C, leaving the “cold shoul-
der” of the Ranque-Hilsch tube. The Ranque-Hilsch tube
is a cheap and small-sized device that, when connected to
the workshop’s pneumatic system, produces a temperature
air stream of —40 °C, which in most cases covers half the
martensitic interval in the region of negative temperatures.
The use of other cooling media, such as liquid nitrogen or
solid carbon dioxide, complicates and increases the cost of
the hardening process.

For use in a production environment, such a temperature
reduction is simple and minimally energy-consuming.

The vortex effect of the tube (Ranque-Hilsch effect) is
the effect of dividing a gas or liquid into two fractions when
twisting in a cylindrical or conical chamber. A swirling flow
with a high temperature (+110 °C) is formed on the periph-
ery, and a cooled flow swirling in the opposite direction
(40 °C) is formed in the center (Fig. 3) [13]. An explanation
of this effect is given in the sources [13, 14].

The tube is connected to the pneumatic system of the
workshop (pressure 6 kg/cm?), as a result of which cold and
hot air can be obtained without any additional devices.

The compressed gas (6 bar, 20°C)

l Check valve

= D .
Cold gas Hot gas
outlet Vortex chamber output

Fig. 3. Ranque-Hilsch tube [14]

The stream of cold air is sent directly to the surface of the
part after the plasma beam, cooling this surface immediately
after heating it with plasma to an austenitic structure. As a
result of immediate cooling, the temperature range of the M,
point expands, resulting in complete martensitic transfor-
mation for eutectoid and a certain number of hypereutectoid
steels. The scheme of the device for plasma surface hardening
using the Ranque-Hilsch tube is shown in Fig. 4.

[
\

Fig. 4. Scheme of plasma surface hardening using the
Ranque-Hilsch tube for local cooling: 1 — plasma torch;
2 — plasma beam; 3 — stream of cold air;

4 —Ranque-Hilsch tube; 5 — base plate



The device shown in Fig. 7 is easy to assemble in a
mechanical assembly shop and can be mounted on the
turning slide.

5. Plasma hardening studies without local surface cooling

The studies compared the structures after conventional
plasma hardening and after plasma hardening with local
cooling of the surface (task 3). The initial structure corre-
sponded to the structure of the deposited layer after normal-
ization in accordance with the Fe-FesC diagram depending
on the carbon content [2].

Plasma hardening of steel 45. Temperature 750 °C.
M=330 °C; M;=80 °C. When cooling, the temperature com-
pletely passes the martensitic interval. The austenite formed
upon heating completely turns into martensite. The struc-
ture contains about 35 % ferrite (Fig.3). Hardness after
hardening is HRc64.

T

0 800 1600
L
Fig. 5. Plasma hardening of steel 45. Temperature 750 °C.

M=330 °C; M~=80 °C. Structure: 1 — ferrite, 2 — martensite.
GSP heating temperature. Magnification x400

Plasma hardening of US steel. (Eutectoid steel) Tempera-
ture 750 °C. M;=+260 °C; M=—60 °C. When cooled to the
workshop temperature (+20 °C), the temperature does not
reach the value M~-60 °C. Residual austenite is present in
the structure (Fig. 4). HRc 62.

0 8001600
L1

Fig. 7. Plasma hardening of U10 steel. Temperature 750 °C.
M=+180 °C; M~—80 °C. Residual austenite (1) and
secondary cementite (3) are present in the structure.
Main structure — martensite (2). Magnification x400

6. Conducting plasma hardening studies with local
surface cooling

Plasma hardening with local surface cooling from a tem-
perature of 900 °C. This temperature corresponds to the
temperature of full hardening for all considered steels.

In the present work, for the local reduction of locally
after heating with plasma, the surface is cooled directly to a
temperature of —40 °C using the Ranque-Hilsch tube, which
is described above.

The stream of cold air is sent directly to the surface of the
part after the plasma beam, cooling this surface immediately
after heating it with plasma to an austenitic structure. As a
result of immediate cooling, the temperature range of the My
point expands, resulting in complete martensitic transfor-
mation for eutectoid and a certain number of hypereutectoid
steels.

During plasma hardening of steel 45 from a temperature
of 900 °C using the Ranque-Hilsch tube, there is practically
no residual austenite in the structure. The hardness of the
sample HRC 64. The microsection is identical to Fig. 4.

When hardening U8 steel with local cooling, residual
austenite is detected in an insignificant amount (5-10 %)

(Fig. 8).

Fig. 6. Plasma hardening of U8 steel. Temperature 750 °C.
M=+260 °C; M=—60 °C. Structure: 1 — martensite,
2 — residual austenite. Magnification x400

Plasma hardening of U10 steel. (Hypereutectoid steel)
Temperature 750 °C. M,=+180 °C; M;~=-80 °C. When cooled
to a workshop temperature (+20 °C), the temperature does
not pass the martensitic interval by 100 °C. The struc-
ture contains residual austenite and secondary cementite.
(Fig. 5). HRc 60-62.

0 8001600
L1

Fig. 8. Steel U8. Plasma hardening of U8 steel with local
cooling. Hardening temperature 900 °C. M~=+260 °C;
M~=—60 °C. The structure has a small amount of residual
austenite (1). The main structure is martensite (2) HRC 64.
Magnification x400

During hardening of U10 steel, the amount of residual
austenite is approximately 15-20 %. There is some second-
ary cementite.



Fig. 9. Plasma hardening of U10 steel with local cooling.
Hardening temperature 900 °C. M=+180 °C; M~=—80 °C.
Residual austenite (1) and secondary cementite (2) are
present in the structure. The main structure is martensite (3)
HRc 62-64. Magnification x400

7. Discussion of the results of the study of the
effectiveness of plasma hardening with local cooling

The work performed showed that local cooling to neg-
ative temperatures during plasma hardening in the work-
shop is possible due to the use of the Ranque-Hilsch tube
(Fig. 3,4). Such cooling allows the surface temperature
during cooling to reach the martensitic points My, which
are in the region of negative temperatures. As a result, the
cooling temperature during hardening of eutectoid and hy-
pereutectoid steels either completely passes the martensitic
temperature range, or most of it. This circumstance makes
it possible to obtain a minimum amount of residual austen-
ite during plasma hardening of these steels and makes low

tempering unnecessary for the decomposition of residual
austenite (Fig. 8, 9).

The peculiarity of the method used is that it allows you
to cool local regions of the part immediately after the pas-
sage of the plasma beam during surface hardening.

The disadvantage of this cooling method is that it pro-
vides a decrease in surface temperature only to —40 °C, while
the My point of high alloy steels can be in the range of —80;
-100°C.

The development of this method may consist in the fact
that liquid nitrogen can be used to lower the temperature.
However, this complicates and increases the cost of the hard-
ening process; therefore, this method can be recommended
only for highly responsible parts.

8. Conclusions

1. It was found that with local cooling of the surface
of the part during plasma hardening, almost complete aus-
tenite-martensite transformation is observed in eutectoid
steels. The content of residual austenite is not more than
10 %. With local cooling of the surface of the hypereutectoid
steel part, during plasma hardening, a significant decrease in
the amount of residual austenite in the hardened structure
is observed.

2. The use of local cooling during plasma hardening
through the use of the Ranque-Hilsch tube is easily accessi-
ble. This makes low tempering unnecessary for the decompo-
sition of residual austenite.

3. The hardness of the plasma-hardened surface with
local cooling due to the use of the Ranque-Hilsch tube is
stable in the range of 62—64 HRC, which corresponds to the
hardness of tempered martensite.
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