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ELECTRIC-SPARK ALLOYING
OF METAL SURFACES WITH GRAPHITE

The article reviews and analyses the current scientific research in the field of sur-
face treatment of metal surfaces with concentrated energy fluxes (CEF) — the
electric-spark (in the literature, known also as electrospark) alloying (ESA), which
makes it possible to obtain surface structures with unique physical, mechanical and
tribological properties at the nanoscale. The ESA method with a graphite electrode
(electrospark carburizing — EC) is based on the process of diffusion (saturation of
the surface layer of a part with carbon), and it is not accompanied by an increase
in the size of the part. In this article, the influence of the EC parameters on the
quality of the carburized layer is investigated. The microstructural analysis shows
that the three characteristic zones could be distinguished in the structure: the car-
burized (“white”) layer, the finely dispersed transition zone with fine grain, and the
base metal zone. The analysis of the results of the durometric studies of the coat-
ings is carried out. To achieve the required parameters of dimensional accuracy and
roughness of the working surface of the part after the EC process, it is necessary to
use the method of non-abrasive ultrasonic finishing (NAUF). In addition, because of
applying the NAUF method, the surface roughness is decreased, the tensile stresses
are changed to the compressive ones, and the fatigue strength is increased too. In
addition, to reduce the roughness of the treated surface, it is proposed to apply the
EC technology in stages, reducing the energy of the spark discharge at each subse-
quent stage. In order to increase the quality of the carburized layer obtained by the
EC process, it is proposed to use a graphite powder, which is applied to the treated
surface before alloying. The comparative analysis shows that, after the traditional
EC process at W, = 4.6 J, the surface roughness of steel 20 is R, = 8.3-9.0 um,
and after the proposed technology, R, = 3.2—4.8 um. In this case, the continuity of
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the alloyed layer increases up to 100% ; there increases the depth of the diffusion
zone of carbon up to 80 um as well as the microhardness of the “white” layer and
its thickness, which increase up to 9932 MPa and up to 230 um, respectively. The
local micro-x-ray spectral analysis of the obtained coatings shows that, at the EC
process carried out in a traditional way, the applying W, = 0.9, 2.6, 4.6 J provides
the formation of the surface layers with high-carbon content depths of 70, 100, 120
um, respectively, and with the use of a graphite powder, they are of 80, 120, 170
um. While deepening, the amount of carbon is decreasing from 0.72-0.86% to the
carbon content in the base metal — 0.17-0.24% . In the near-surface layer formed
with the use of the new technology, the pores are filled with free graphite, which
could be used as a solid lubricant to improve the operating characteristics of the
friction-pairs parts processed thereby.

Keywords: electrospark (electric-spark) alloying, graphite, carburizing, microstruc-
ture, quality, wear resistance.

1. Problem Statement and Objective of the Study

Modern technology development is accompanied by an increase in oper-
ating modes of machines and mechanisms, which often operate at high
speeds, loads and temperatures, as well as in the conditions of corrosive,
abrasive and other types of working environments.

To protect the surfaces of parts from wear, they are subjected to
various types of strengthening. These are: thermal spraying of protec-
tive cermet coatings [1-5], thermochemical treatment (TCT) [6—8], cen-
trifugal reinforcement of steel surface layers with particles of tungsten
carbide [9], electrochemical chromium coatings applied in flowing elec-
trolyte [10], hard-facing with aluminium ceramics composition [11].

The development and implementation of effective technologies for
surface strengthening is due, on the one hand, to the need to save ex-
pensive alloying elements, and, on the other hand, to the exaggeration
of machine component parts operating conditions. One of the ways to
solve this problem is to apply technologies that use concentrated energy
fluxes (CEF) for processing materials, namely, plasma spraying [12—-15],
plasma treatment [16, 17], and laser processing [18—21]. Under non-
equilibrium conditions of heating and cooling in the course of the CEF
process, there occurs a formation of a surface layer having a fundamen-
tally different structure in comparison with that obtained with the use
of traditional thermal and mechanical methods.

Electrospark alloying (ESA), which makes it possible to obtain sur-
face structures with unique physicomechanical and tribological proper-
ties at the nanoscale, is one of the modern methods of CEF processing
metal surfaces [22].

Compared to the traditional technologies of surface strengthening,
the ESA method has some advantages, as follows: locality, high degree
of adhesion, appearance of low thermal background and, as a conse-
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quence, the absence of warpage and deformation, ordinary and flexible
technological process, environmental safety, etc. [23].

Despite the indisputable advantages of the method, it also has a
number of disadvantages, such as a relatively small and uneven thick-
ness of the formed layer, its porosity, roughness, etc. [24, 25].

The properties of the surface layers obtained by the contact and
non-contact ESA methods in various media, on the different substrates,
and with the use of the electrodes made of various conductive materials
are described in [24—-29].

When the electrodes approach to each other, the surfaces are sub-
jected to the local actions of high impulse wave pressures and tempera-
tures [30, 31]. In this case, instantaneously heating of the anode occurs,
and a drop or solid particle of the anode material moves to the cathode.
The fragments flying from the anode to the cathode are heated to a high
temperature. The temperature of the short-duration heating of the sur-
face microvolumes reaches (5—7)-10% K. The spark discharge occurs in
the microscopically small volumes and is in progress for the period of
50 to 400 microseconds. On the cathode, there are formed dimples and
micro baths, wherein the anode and cathode particles interact with each
other and with the environment, while activating the diffusion proc-
esses and being resulted in the formation of new phases and the chang-
es in the structures of the surface layers.

The available scientific groundwork in the field of using graphite in
electric spark technologies is associated both with the study of phase
changes in the surface layers of metals and alloys in the course of the
ESA processes performed by graphite, and also with the improvement of
the technologies for implementing these processes.

The wide possibilities for changing the properties of metal surfaces
in the desired direction open up when using graphite as an anode in the
ESA process. According to [32], the choice of graphite as an electrode
material is conditioned by a number of its advantages. It is known that
graphite in its free state is an excellent solid lubricant material, and in
bound state, in the form of carbides, it is a solid wear-resistant phase,
which is quite tolerant to many aggressive media [32, 33]. In some
cases, a simultaneous combination of these properties is required.

The ESA method with a graphite electrode is based on the process of
diffusion (saturation of the surface layer of a part with carbon), and it
is not accompanied by an increase in the size of the part, which gives
grounds to compare it with such a type of the thermochemical treatment
(TCT) as an electrospark carburizing (EC) process [34—40].

With a carburizing process, strengthening the surface of a part
occurs due to diffusion-hardening processes, which consist in local satu-
ration the surface with carbon at a sufficiently high temperature (up to
10,000 °C), followed by rapid cooling to room temperature.
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In Refs. [41-45], the authors investigated the EC process of steel
surfaces, which has a number of advantages in comparison with the
traditional ones carried out by the TCT methods. The main advantages
of the EC processes are: achieving of 100% continuity for the strength-
ened surface; increasing the hardness of the surface layer of the part
due to the diffusion-hardening processes; providing the possibility of
local processing (alloying can be carried out in strictly specified places,
without protecting the rest of the surface of the part), etc. With the EC
processes, the discharge energies of 0.036 to 6.8 J and the productivi-
ties of 0.5 to 3.0 cm?/min are used.

When using the electrospark technologies, graphite is also applied
to reduce the roughness of the surfaces, which have been preliminarily
formed by the electrospark treatment with the other electrode materials
(copper, silver, nickel, titanium) [46, 47]. It was shown that the most
effective influence on the roughness of the coatings was exerted by the
ESA process with graphite in the cases when the preliminary treatment
had been carried out with the electrodes made of the metals not forming
solutions with carbon, or of carbide.

The ESA process with graphite electrodes is also used to reduce the
microhardness and increase the plasticity of the surfaces of nonferrous
alloys, for example, the surface layer of beryllium bronze BrB2 [43, 48].
In this case, the time of alloying with carbon is determined by the re-
quired depth and microhardness of the surface layer.

In some cases, the ESA process with graphite electrodes is used as a
preliminary treatment to prevent the seizure (sticking) of electrodes
during subsequently processing and, thus, to increase the continuities
of the coatings [43].

The ESA technology for processing metal surfaces with a graphite
electrode and various technologies for reducing the roughness of steel
samples after the electrospark carburizing process are used, when it is
necessary, to increase the wear resistance and service life of the parts
for the technological equipment and tools [49-51].

The results of the conducted research and the practical experience
have shown the good perspectives for the development of this direction
of the electrospark technology.

Thus, the accumulated data on the phase and structural transforma-
tions in the surface layers of steels and various metals during the ESA
process by graphite, the information on the effects of the technological
modes and machining work on the structure and properties of the car-
burized surfaces necessitate providing the analysis and systematization
of literature and patent sources in this area.

The objective of this work is as follows:

¢ to study the influence of the parameters of the electrospark alloying
process (discharge energy and alloying time) with a graphite electrode
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on the quality (the coating roughness, microstructure, its continuity,
phase composition and microhardness) of the carburized layer;

¢ to analyse the effects of the surface finishing methods, which are
used after carburizing the surfaces, on the quality parameters of the
obtained coatings;

e to investigate the effect of the discharge energy of the electro-
spark alloying process by a graphite electrode with the use of graphite
powder on the quality (roughness, microstructure of the coating, its
continuity and microhardness) of the carburized layer;

e to specify the most rational modes for processing the carburized
surfaces with using the method of the stepwise electrospark alloying
process by graphite and also the method of non-abrasive ultrasonic fin-
ishing (NAUF) in order to reduce the roughness of the surface and op-
timize the properties thereof.

2. Evaluating the Quality Parameters
of the Carburized Layer after Processing by the EC Method

In Refs. [41, 52—54], there were investigated the regularities, and there
were obtained the quantitative data describing the effects of the process-
ing time and the discharge energy (W) in the course of the ESA process-
ing steel surfaces by graphite on the thickness, microhardness and
roughness of the carburized layers. The samples of Armco-iron, steel of
such grades as 20, 40X (40Kh), 38XMIOA (38KhMYuA), 40XH2MIOA
(40KhN2MYuA), 30X13 (30Kh13), and 12X18H10T (12Kh18N10T)
were used for the research. The ESA process was produced at the “EIL-
8A (BMJI-8A)” and “EIL-9 (3MJI-9A)” units by the graphite electrodes
in an automated mode at the range of discharge energies (W) of 0.6 to
6.8 J. The alloying productivity was equal to 1 and 5 min/cm?2.

The strengthening process was carried out at the screw-cutting lathe
of 16K20 model. Vibrator 2 was attached to tool holder 4 through adap-

Fig. 1. Scheme of surface
strengthening process in an
automated mode: I — part;
2 — vibrator; 3 — adapter;
4 — tool holder; 5 — graphite
electrode [54]
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ter 3 (Fig. 1). Graphite electrode 5
was fed by the lathe mechanisms.
The choice of the modes for auto-
mated strengthening (spindle rota-
tion frequency, feed) was carried
out because of the specified process
productivity.

To implement the NAUF meth-
od, there were used the steel sam-
ples in the form of coils consisting
of two disks having 50 mm in diam-
eter and 10 mm wide. Those were
Fig. 2. Providing the NAUF process connected by the intermediate roll-
for a steel sample after electrospark ers of 15 mm in diameter and had
carburizing thereof [41] two technological sections of the

same diameter to be fixed in the
course of processing. Before the EC process, the disk surfaces of the
samples had been polished to R, = 0.5 pm. Then the samples were fixed
in the chuck of a lathe, and thereafter, the EC and NAUF processes
were performed using the IIMC-39 (PMS-39) magnetostrictive trans-
ducer and the ¥Y3V¥Y-030 (UZU-030) ultrasonic generator (Fig. 2).

The main parameters for assessing the quality of the surface layer
after the EC process were the thickness of the carburized layer, its
structure and microhardness, as well as the surface roughness. Simulta-
neously, the structure and hardness of the base material (the substrate
material) were analysed. The results of the analyses have shown that
with an increase in the processing time and discharge energy, the thick-

: & : ; "“',_ ) W g
m ¥/ — .?' A T T S T b S 50—Hm
Fig. 3. Cross-sectional view of samples made of steel 38XMIOA (38KhMYuA) (a)
and 40XH2MIOA (40KhN2MYUA) (b, c) after the EC process. Processing time (pro-
ductivity) — 1 min/cm*: @ — W, = 0.9 J (x200); b — W, = 0.60 J (x200); c — W, =
=2.83 J (x250) [41]
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ness of the carburized layers increases, and the structure of the base
material remains unchanged (Fig. 3).

The three characteristic zones can be distinguished in the structures
of the samples: the carburized (“white”) layer, the finely dispersed tran-
sition zone with fine grain, and the base metal zone. The closer to the
surface, the higher the microhardness in the subsurface layer is available.

The Vickers hardness on the surface is 1350 and 760 HV for
38XMIOA (38KhMYuA) and 40XH2MIOA (40KhN2MyuA) steels, re-
spectively (Fig. 4). As it deepens, the hardness decreases and smoothly
transforms into the hardness of the base, respectively, 225 and 250 HV
(Fig. 4). The decrease in the hardness on the surface of the carburized
specimens is associated with the heterogeneous structures of the hard-
ened layers, the presence of the thin troostite (dispersed mixtures of
ferrite and cementite) strips or meshes on the surfaces. The thicknesses
of the troostite strips are of 50 to 60 um. As a rule, there are no such
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Table 1. The quality parameters for the surface layers of the samples [54]

Discharge energy | Alloying time, |Layer total depth,| Microhardness, Roughness R,
w,, J min pm HV pm
Armco-iron
0.6 35 950 0.8-0.9
1.41 100 900 1.0-1.6
2.83 1 144 840 5.5-6.3
3.4 153 870 8.3-8.5
6.8 180 900 —
0.6 37 985 —
1.41 163 970 1.2-1.6
2.83 5 245 1002 5.7-6.7
3.4 262 1006 8.6-8.9
6.8 310 1070 11.9-14.1
Steel 12X18H10T (12Kh18N10T)
0.6 30 950 0.8-0.9
1.41 71 900 1.0-1.8
2.83 1 96 840 5.1-6.7
3.4 101 870 8.3-9.0
6.8 115 900 11.0-14.2
0.6 48 1013 0.9-1.0
1.41 134 1101 1.0-1.7
2.83 5 200 974 5.8-6.7
3.4 210 960 8.2—-8.8
6.8 250 1100 11.0-14.5
Steel 30X13 (30Kh13)
0.6 34 1050 0.7-0.9
1.41 134 978 1.1-1.7
2.83 1 196 909 5.8-6.3
3.4 209 1072 8.0-8.5
6.8 245 1027 11.9-14
0.6 48 1020 0.8-1.0
1.41 358 1005 1.2-1.7
2.83 5 623 1100 5.9-6.7
3.4 684 993 8.7-8.8
6.8 860 1000 11.9-14.1
Steel 40X (40Kh)

0.6 35 950 0.7-1.1
1.41 146 900 1.2-2.3
2.83 1 215 980 5.56-6.8
3.4 230 960 8.3-9.1
6.8 270 1010 11.5-15
0.6 50 987 0.8-0.9
1.41 5 377 993 1.5-2.7
2.83 658 1001 5.6-6.5
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strips after the NAUF process. The experiments have shown that with
EC processing of steel 20, there is no troostite strip.

It has been set that while carburizing the steel surfaces by electro-
spark alloying, with an increase in the discharge energy and alloying
time, not only the thickness of the hardened layer increases, but also
the surface roughness does (Fig. 5). The Vickers hardness on the surface
for 38XMIOA (38KhMYuA) steel varies within of 1200 to 1400 HYV.

Table 1 shows the values of the total depths of the strengthened lay-
ers, as well as the values of microhardness and roughness of the surface
layers of the samples after the EC process for 1 and 5 min.

As it can be seen from Table 1, with an increase in the discharge
energy and alloying time (productivity) for all substrate materials, the
depth of the strengthened layer, the microhardness, and the roughness
of the surface layer increase.

2.1. Phase Composition of Surface Layer after the EC Process

As found [55], the ESA processing of iron alloys by graphite forms a
strengthened layer that combines ductile austenite and hard carbide.
High cooling rates lead to the creation of phase compositions according
to metastable diagrams with the formation of carbides and other metast-
able phases. In this case, graphite in its free form does not plate out.
When using compact metal electrodes and powders of graphite, ferro-
silicon, or copper, in the formed layer, it is possible to obtain the free
graphite, which is used as a solid lubricant to improve the performance
characteristics of friction pair parts made of steel, titanium and copper
alloys [33]. The studies of the phase formation mechanism during the
electrospark carburization process [56] showed that the formation of the
cementite phase (Fe,C) in the surface layer of the steel samples occurred
passing the stages of the formation of the liquid phase, its saturation
with carbon and nitrogen ions, followed by the rapid crystallization
with the formation of the residual austenite and iron nitride (Fe,N). To
increase the wear and corrosion resistance of the copper parts in a
number of chemical media, they were treated with the use of the ESA
method first by the aluminium and then graphite electrodes [57]. In
Refs. [54, 58], to determine the phase composition of the formed
strengthened layer, the method of x-ray structure analysis was used.

X-ray phase analysis of the samples was carried out at the unit of
JPOH-3M (DRON-3M) type in cobalt (CoK_ ) monochromatic radiation.
The tube operating modes were U = 45 kV, I = 40 mA. The lines (of the
intensity of the reflected rays) were recorded on the diagrammatic tape
of the JIKC-4 (LKS-4) recorder. The tape movement speed was 1800 mm /h.
The phases were identified by comparing the experimentally obtained
interplanar spacings with the tabulated or theoretical distances for those
phases that might be present in the samples.
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There were analysed the samples of steels 40X (40Kh), 30X13
(30Kh13), and 12X18H10T (12Kh18N10T) after EC processing them in
different energy modes. The research results are shown in Table 2.

The analysis of the research results showed as follows below.

¢ Because of strengthening of the 40X (40Kh) steel samples, the
y-Fe phase (25%) and the iron carbide (Fe,C) phase (63%) are formed,
which fact provides for increasing the microhardness of the surface
layer.

¢ While analysing the samples made of steel 30X13 (30Kh13), it
was found that the formations of y-Fe, as well as iron and chromium
carbides, respectively, Fe,C and Cr,,Cs, were observed, and the forma-
tion of carbides directly depended on the energy mode of processing,
namely, the higher the mode, the greater the percentage of carbide for-
mation in the total phase composition of the surface strengthened layer
was available.

¢ When analysing the samples of steel 12X18H10T (12Kh18N10T),
it was found that the following phases were formed: a-Fe, y-Fe and X-
phase. The X-phase was understood as a phase having an indefinite
structural formula.

Table 2. Phase composition of the surface layer
of the samples before and after EC processing [54]

Base Discharge | Processing Phase composition
material ene;gy, time Of, 1 em?, a-Fe, | X, | y-Fe, | Fe,C, | Cr,Cq,
min % % % % %
Without processing
Steel 40X (40Kh) — — ~100 | — — — Traces
Steel — — ~100 | — — — Traces
30X13(30Kh13)
Steel 12X18H10T — — 1 — 99 — —
(12Kh18N10T)
After EC processing
Steel 40X (40Kh) 1.4 5 12 — 25 63 | —
Steel 0.5 10 16 — 6 78
30X13(30Kh13)
Steel 12X18H10T 1.4 1 10 68 22 — —
(12Kh18N10T)
Steel 12X18H10T 6.8 1 15 43 42 — —
(12Kh18N10T)
Steel 12X18H10T 6.8 5 16 52 32 — —
(12Kh18N10T)
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2.2, Applying the Methods for Finishing
the Surfaces after the EC Process
to Increase the Quality of Coatings

To achieve the required parameters of dimensional accuracy and rough-
ness of the working surfaces of the parts after the EC process, it is ne-
cessary to use additional processing methods. Such methods can be, for
example, the grinding with abrasive wheels, and the methods of surface
plastic deformation such as ball rolling, diamond burnishing, etc.

According to [59, 60], the ball rolling operation allows reducing the
surface roughness and eliminating the residual tensile stresses. After
such processing of the electric-spark coatings, the macrostresses become
compressive, and their values little depend on the rolling forces.

The diamond burnishing operation, unlike the ball rolling one, al-
lows processing parts having rather high hardness [61]. The use of a
spherical diamond as a tool allows providing local plastic deformation
with reducing surface roughness, waviness, and porosity [62].

Recently, the NAUF process has found wide application [63]. This
method is based on the fact that in the course of processing, between the
deforming element and the surface to be treated, there is occurred a
periodic contact with the frequency of ultrasonic vibrations. At the mo-
ment of contact, the instantaneous stresses are significantly higher than
the average ones, which results in significant plastic deformations.
Same as for other methods of surface deformation, because of the NAUF
operation, the surface roughness decreases. Experience has shown that
with the NAUF process, the tensile stresses in the surface layer oc-
curred in the course of the ESA process change into the compressive
ones, which arise while processing [64]. According to [64], at strength-
ening the surfaces by performing the EC process followed by the NAUF
operation, an increase in fatigue strength is observed by 1.2 times as
compared to the sample without strengthening (645 instead 543 MPa)
and by 1.57 times as compared to the sample after the EC process (645
instead 410 MPa).

In Ref. [65], according to the results of the experimental studies of
the influence of the methods of surface plastic deformation on the mi-
crogeometry, structure, and properties of the ESA layers, it has been
revealed that the efficiency of surface plastic deformation as a method
for reducing surface roughness depends on the specific rolling force and
the type of the ESA method; the dependences of the microhardness of
the surface layers on the specific deformation force have been found; it
has been disclosed that the most rational modes of the specific forces of
the surface plastic deformation methods for coatings made of hard wear
resistant materials are 1000 and 1500 MPa, respectively, for the dia-
mond burnishing operation and the one of ball rolling.
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Fig. 6. The dependence of the carbonized
layer thickness /& on the discharge energy
after EC processing of the surfaces of
steels 40X (40Kh) (1), 30X13 (30Kh13)
(2), Armco-iron (3) and steel 12X18H10T
(12Kh18N10T) (4) [41]

The results of the investiga-
tions of the total thickness of the
layer of increased hardness, the
maximum microhardness on the sur-
face and the roughness after the EC
and the NAUF processes and also
after grinding of steels 40X (40Kh)

and 12X18H10T (12Kh18N10T) are given in Table 3. The duration time of
the electrospark alloying process with a graphite electrode was 5 min/cm?.

The experimental results have shown that the depth of the carbon-
ized layer and its microhardness in the same technological conditions
significantly differ for different steel grades. Fig. 6 shows the results
of measuring the depths of the strengthened layers of the substrates

Table 3. Quality parameters of the surface layers of the samples made
of steels 40X (40Kh) and 12X18H10T (12Kh18N10T) after the EC, NAUF
and the grinding processes [54]

Layer depth, Microhardness, | Roughness R,
pm HV pm
Discharge Sample g g g
R EH = St BI
energy, processing = = =
method anfie] o el
= | ®=o = | ®=o = | ®=o
X X X X X ]
WS | KA | B3 | BH& | B8 | ®A
ST | 22| §ST | S| §ST | 2
0.6 EC + NAUF 50 50 980 880 0.2 0.2
EC + NAUF + grinding 40 48 920 841 0.6 0.6
EC + grinding 10 18 780 723 0.6 0.6
EC 50 48 987 | 1013 0.9 0.9
2.83 EC + NAUF 657 210 920 970 0.8 0.8
EC + NAUF + grinding 635 195 895 950 0.8 0.8
EC + grinding 580 130 770 790 0.8 0.8
EC 658 200 1000 974 5.6 5.8
6.8 EC + NAUF 908 244 854 985 0.8 0.8
EC + NAUF + grinding 895 220 840 875 0.8 0.8
EC + grinding 856 110 824 670 0.8 0.8
EC 910 250 1050 | 1100 11.9 14.5
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made of Armco-iron and a number of steels, which had been obtained
with EC processing by 1 min/cm? at different values of the discharge
energy. The data in Table 3 and Fig. 6 differ, since it takes different
periods of time for EC processing of one cm? for the different sample
surfaces (5 and 1 min/cm?, respectively).

The experiments have shown that there is a clear relationship be-
tween the depth of EC processing and the carbon content in the steel.
The EC depth is greater, the larger the carbon content of the steel is.
The depth of carburizing for 40X (40Kh) steel having an average carbon
content close to 0.4% in the initial state is significantly greater than
that of Armco iron and 12X18H10T (12Kh18N10T) steel containing up
to 0.12% of carbon. The more W, value, the more significant this dif-
ference is. The curve of the dependence of the carburization depth on
W, for steel 30X13 (30Kh13) (carbon content is of 0.26 to 0.35%) oc-
cupies an intermediate position. At EC processing the steels of 40X
(40Kh) and 12X18H10T (12Kh18N10T) grades with the productivity of
5 min/cm® and W, = 6.8 J, the difference in the thicknesses of the
strengthened layers reaches 660 um (Table 3).

2.3. Stepwise EC Processing

According to [66], the main parameters of the surface layer quality in-
clude as follows: roughness, structure, microhardness, and residual
stresses. Despite the fact that the NAUF treatment of the steel surfaces
after ESA processing with the use of a graphite electrode significantly
reduces the roughness, for a lot of the machine parts this is insuffi-
cient. A grinding procedure cannot be applied after EC processing, since
in this case, at least 50—100 microns of the surface layer having the
highest hardness is removed. It is reported that to reduce the roughness
of the electric-spark coating, it is sufficient to carry out so called “soft”
alloying with graphite as a final operation. Burnishing occurs both due
to heating and softening of the scallops under the action of a red-hot
graphite electrode, as well as ejection of the cathode metal and destruc-
tion of protruding parts of the surface at the places where the pulses are
applied [46, 67]. The experience has shown that “soft” alloying by graph-
ite sometimes does not sufficiently reduce the surface roughness. In
Refs. [38, 68], the ESA technology is recommended to be applied to sur-
faces after EC processing with the same graphite electrode, but step by
step, while at each subsequent stage, the spark discharge energy should
be reduced. At each successive stage, the ESA process is performed by
a graphite electrode using such a discharge energy at which a surface
having a roughness of 2 to 3 times lower than at the previous stage was
formed. The alloying time was empirically determined, and, depending
on the value of W, varied in the range of 0.5 to 2.0 min/cm?* (Table 1).
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Table 4. The results of reducing the surface
roughness of the steel samples after EC processing [54]

Di Roughness R,, pm
18- Productivity, T, min/cm?
charge
Steel grade .
energy, Discharge energy, W,, J
W ,dJ | After EC
’ 0.1 0.31 0.53 0.9 2.83 3.4
38XMIOA 0.1 0.8-0.9
(38KhMYuA) | 0.31 | 0.9-1.0 | 0.8-0.9
2
0.53 1.4-1.7 | 0.8-0.9| 0.9-1.0
2 1
0.9 1.7-2.1 {0.9-1.0(1.0-1.1 {1.4-1.7
2 1 1
2.83 5.7-6.9 [1.1-1.21.2-1.3 | 1.6-1.9 | 1.7-2.2
14 6 3 2
3.4 8.3-8.9 [1.3-1.61.4-1.7|2.0-2.3|2.3-2.7|5.7-6.7
18 7 4 3 0.5
6.8 11.9-14 1.6-1.9(1.8-2.1|2.4-2.62.6-3.16.3-6.9 [ 8.5-9.0
25 13 8 5 0.5 0.5
40XH2MIOA
(40KhN2MyuA) 2.83 5.7-6.7 1.01—41.1 1.281.3 1.5;1.8 1.7;2.1
12X18H10T 2.83 2.9-3.7 10.8-0.9(1.0-1.21.5-1.8 | 1.7-2.0
(12Kh18N10T) . . . . 14. . 5 . . 5 . . 5 .

An increase in the alloying time does not contribute to a decrease in the
value of the surface roughness.

Table 4 shows the results of the effects of stepwise EC processing on
the roughness of the samples. So, for example, after the EC treatment
of 38XMIOA (38KhMYuA) steel at W, = 2.83 J, the surface roughness
is R, =of 5.7 to 6.9 pm. After the EC treatment with the 7 = 2 min/cm?
and W, = 0.9 J, the surface roughness is R, = of 1.7 to 2.2 um. Subse-
quent step-by-step alloying can provide for obtaining R, = of 1.1 to
1.2 pm.
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According to [38], in order to reduce maximally the surface rough-
ness, for example, of steel 38XMIOA (38KhMYuA), which, after EC
processing at W, =6.8 J, is R, = 11.9-14.0 pm, it is necessary:

* during the first stage, to perform the EC treatment at W,=2.83 J,
i.e. with W, providing a ~2 fold decrease in the roughness value (from
11.9-14.0 to 6.3-6.9 um); The ESA productivity (T') is 0.5 min/cm?;

* during the second stage, to perform the EC treatment at W,=0.9 J,
i.e., with W, providing a ~3 fold decrease in the roughness value (from
6.3-6.9 to 1.7-2.1 um); the ESA productivity (T) is 2 min/cm?;

* during the third stage, to perform the EC treatment at W,=0.1J,
i.e. with W, providing a ~2 fold decrease in the roughness value (from
1.7-2.1 to 0.8-0.9 pum); the ESA productivity (T) is 2 min/cm?;

It should be noted that EC processing in any mode does not allow
achieving similar results.

Analysing the distribution of the microhardness in the samples
made of steel 20 after the EC treatment at W, = 2.83 J and the stepwise
EC treatment at W, = 2.83, 0.9, and 0.1 J (Fig. 7), it can be noted that
in both cases, the highest microhardness of the strengthened layer is
observed closer to the surface. For the first sample, it is of 920 to
950 HV and the depth thereof is up to 60 um, and for the second sample,
it is of 690 to 720 HV at the depth of 30 um. With increasing the dis-
tance from the surface for both samples, the values of microhardness
gradually decrease, and at the depths of 130 and 100 pum, they corre-
spond to the microhardness of the base material, namely, 180 HV. De-
creasing the thickness and microhardness of the strengthened layer for
the sample processed with the use of a stepwise EC treatment can be
explained both by the influence of the impact action of a graphite elec-
trode heated to a high temperature and by a slight erosion of the sub-
strate. Earlier, it had been shown [69] that a mechanical shock action on
the carburized layer resulted in grinding of carbides and redistributing
of carbon in the surface layer of 30 to 40 pm thick.

Thus, as a result of the stepwise EC treatment of steel 20, the fol-
lowing parameters are changed: the surface roughness of the layer is
reduced from R, = 4.79 to R, = 1.10 ym and from R, = 13.62 to R, =
=3.14 um; the microhardness of the “white” layer is lowered from 920-
950 HV to 690-720 HV; the depth of the zone of increased hardness is
decreased from 130 to 100 pm.

2.4. EC Processing by a Compact Electrode Using Graphite Powder

Despite the advantages inherent for stepwise EC processing, this meth-
od has a number of disadvantages, namely, a decrease in the microhard-
ness and thickness of the strengthened surface layer, and relatively long
duration of the process for reducing the roughness.
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In Ref. [70], the aim of the paper was to improve the quality of the
steel part surface layers (reducing roughness, increasing the thickness
of the carburized layer, microhardness and continuity thereof) by im-
proving the process of carburization with the use of the ESA method,
due to the combined use of a compact graphite tool electrode and a
graphite powder during the alloying process.

For the research, the two series of the samples made of steels 20 and
40X (40Kh) were used.

In the first series, the samples were processed using the traditional
technology, namely, in one mode and with the same productivity at the
EC treatment by a compact tool electrode.

In the second series, the samples were processed stepwise.

At the first stage, the EC treatment of the sample surface was car-
ried out in accordance with the specified discharge energy and with the
productivity of 1 min/cm?2.

At the second stage, on the part surface formed at the first stage,
carefully rubbing, the graphite powder in the form of a suspension
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made in a ratio of *80% graphite powder and 20% petroleum jelly was
applied.

At the third stage, not waiting for drying the above said suspen-
sion, EC processing was carried out on the surface having been treated
at the second stage, and in the same mode and with the same productiv-
ity as at the first stage.

The distribution of the elements (carbon and iron) in the surface
layer was determined on a scanning electron microscope of SEO-SEM
Inspect S50-B type equipped by Aztec One Energy-Dispersive Spectrom-
eter with X-MaxN20 Detector (manufactured by Oxford Instruments plc).

In Fig. 8, there are shown the microstructures (a—c) and the distri-
bution of the microhardness over the layer thickness (d) of the samples
made of steel 20 for the first series after EC processing with the use of
W,=0.9, 2.6, and 4.6 J. The results are summarized in Table 5.

The metallographic analysis showed that the microstructures after
EC processing consist of 3 zones: the upper so-called “white” layer,
which is not etched in a reagent, the diffusion zone, and the base having
a ferritic—pearlitic structure corresponding to steel 20. It should be
noted that with increasing discharge energy, the values of thickness and
continuity of the “white” layer increase (Table 5).

The results of the durometric studies indicate that the maximum
microhardness (8492 MPa) is determined on the samples after EC pro-
cessing performed at a discharge energy W, = 4.6 J.

While comparing the influence of the traditional and proposed EC
technologies on the qualitative parameters of the surface layer, it should
be noted that after processing the surface with the use of the proposed
EC technology, the surface roughness decreases. Thus, after traditional
EC processing at W, = 4.6 J, the surface roughness is R, = 8.3-9.0 pm,
and after the proposed one, its roughness is R, = 3.2-4.8 pm.

Table 5. Summary Table of surface quality parameters
for samples of steel 20 after the EC processing [70]

Discharge “White” layer “White” layer “White” layer | Surface rough-
energy, W, J thickness, um | microhardness, MPa | continuity,% ness, R, um
Traditional CESA process (the first series)

0.9 15-30 5347 50-60 0.8-0.9

2.6 30-60 9168 70-80 5.1-6.7

4.6 25-60 8492 70-80 8.3-9.0
Proposed CESA process (the second series)

0.9 50-70 9932 0.9-1.0

2.6 80-100 10796 100 2.8-3.7

4.6 100-230 10796 3.2—4.8
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From Ref. [67], it is known that when passing between the elec-
trodes, a single electric pulse contributes to the formation of a pit with
the edges slightly raised above the primary surface of the metal on the
surface of the cathode (the sample). The size of the pit and the amount
of the transferred material mainly depend on the erosion resistance of
the electrode material and the energy of the single pulse.

Based on the above, it is possible to describe schematically, but with
a high degree of probability, the process of forming the coating on the
surface being treated in the course of processing by a spark electric dis-
charge. Initially, the treated surface is covered with pits. In this case,
each subsequent discharge will pass through the edge of the pit (the
most protruding portion of the surface), as the contact area of the alloy-
ing electrode always exceeds the diameter of the formed pit. All the
subsequent electrical pulses would fall on the already treated surfaces,
causing much less splashing metal from the cathode.

The essence of the process does not change even when the anode ma-
terial forms no coatings, for example, when the anode is graphite. In
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Fig. 10. The distribution of the elements in the surface layer of the samples made
of steel 20 after the EC processing at discharge energy W, = 0.9 J: a — the sample
of the first series; b — the sample of the second series [70]
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Table 6. Summary Table of surface quality parameters
for the samples of steel 40X (40Kh) after the EC processing [70]

Discharge “White” layer |“White” layer micro-| “White” layer Surface rough-
energy, W,, J thickness, pm hardness, MPa continuity,% ness, R, um

Traditional CESA process (the first series)

0.9 25-40 5576-4243 50-60 0.9-1.1

2.6 40-70 86756538 70-80 5.4-6.3

4.6 55-80 8468-6976 70-80 8.5-9.2
Proposed CESA process (the second series)

0.9 60-80 11351-7303 0.9-1.0

2.6 90-110 11787-6962 100 2.6-3.8

4.6 130-240 118239-7659 3.5-4.7

this case, the diffusion of materials is quite large and there is a sig-
nificant change in the initial physicochemical properties of the surface
being treated [67].

Thus, in the traditional method, when using any mode, at the begin-
ning of the EC process on the surface of the sample (part) being treated,
there is increased the roughness and each subsequent discharge passes
through the most protruding portion of the surface, and the surface
between the protrusions of the roughness is not alloyed with carbon.
Hence, there occur low values of the continuity, the depth of diffusion
of carbon, and the area of high hardness (Table 5).

Another picture is in the method proposed in paper [70]. At the
second stage, the depressions between the protrusions of the roughness
are filled with graphite powder, and at the third stage, the ESA process
proceeds not only over the protrusions of the roughness, but also on the
surface formed by the graphite powder, which increases the continuity
of the alloyed layer up to 100% (Fig. 9). In addition, the repeated EC
treatment at the third stage of the proposed technology results in satu-
rating steel with carbon, increasing the depth of carbon diffusion as
compared to traditional EC processing (Fig. 10), and in the condition of
the accelerated procedure of cooling after EC processing, the “white”
layer has a higher microhardness (9932 MPa), which is kept saved at a
distance of up to 50—70 um from the surface (Table 5).

When replacing the substrate material, steel 20 with steel 40X (40Kh),
the quality of the surface layer does not change (Table 6). However, the
microhardness of the “white” layer and its thickness increase.

Thus, the comparative analysis showed that after traditional EC
processing at W, = 4.6 J, the surface roughness is R, = 8.3-9.0 um, and
after the proposed one, it is R, = 3.2—-4.8 pm. In this case, the continu-
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ity of the alloyed layer is close to 100%, while the depth of the diffu-
sion zone of carbon expands up to 80 um, as well as the microhardness
of the “white” layer and its thickness enhance up to 9932 MPa and up
to 230 pum, respectively.

Nevertheless, it should be noted that the results obtained do not
give a complete picture of the topography of the surface layer formed
by the new EC technology, as well as the presence of crack pores, ele-
ment composition, and other characteristic features of the structure.

Thus, a need arises to conduct the qualitative and quantitative ele-
mental analyses of the surface layer formed with an increase in the
contact area between the compact graphite tool electrode and the steel
surface being strengthened, which is achieved owing to filling with
graphite powder the roughness, pores and other defects formed when
using the traditional technology for EC processing of the steel sur-
faces.

2.5. Electron Microscopic Studies of Coatings after EC Processing

In Ref. [69], topographic and qualitative x-ray microanalyses of the
most characteristic areas of the steel sample surfaces after EC process-
ing were carried out. The samples of steel 20 were used for the investi-
gations (Table 7).

The two series of the samples were used for the research. In the first
series, the samples were processed according to the traditional technol-
ogy, namely, in the same mode and with the same productivity at EC
processing by a compact tool electrode. In the second series, the samples
were processed stepwise as described above. Both in the first and in the
second series, the samples were processed at w,=0.9, 2.6, and 4.6 J.

The distribution of the elements in the surface layer was determined
using a scanning electron microscope with a low vacuum chamber and
with a REM-106 energy dispersive microanalysis system. The micro-
scope is designed to study the surface relief of various objects in the
solid phase and to determine the elemental composition of the objects by
x-ray microanalysis by the energies of characteristic radiation quanta in
two modes: high vacuum and low vacuum. The investigation of the ob-
jects in secondary electrons provided the topographic contrast, and that
in reflected electrons did the elemental contrast. The XR-100FASTSDD
Detector of Amptek (USA) production was installed on the measuring

Table 7. Chemical composition of steel 20 in accordance
with the DSTU 7809 (State Standards of Ukraine) [71]

C Si Mn P S Cr Cu Ni

0.17-0.24 | 0.17-0.37 | 0.35-0.65 | <0.035 | <0.04 | <0.25 <0.3 <0.3
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Fig. 11. The image of the sections of
steel 20 sample surface layer in secon-
dary electrons: a — W, = 0.9 J; b —
W,=2.6Jd;¢c—W,=4.6J[71]

instrument and allowed conducting the qualitative and quantitative el-
emental analyses of the area of the object under study.

As a result of the analysis of various sections of the surface layers
from the set of the samples of the first series of steel 20, which were
depicted in reflected and secondary electrons, it had been found that a
layer of a changed structure was formed on the surface of the anode and
cathode. This layer, when exposed to the etchants that were used to re-
veal the microstructure of electrode materials, remained “white”, name-
ly, its structure could not be revealed. According to [70, 71], such lay-
ers were observed on the surfaces of materials subjected to grinding,
turning, milling, electromechanical processing, processing by shot, on
friction surfaces after exposure to highly concentrated energy fluxes.
Common to all these cases was that the formation of “white” layers oc-
curred in the conditions of local action of high temperatures and pres-
sures. In terms of the intensity of the impact on the surface layer, the
ESA process significantly differs from the processes listed above (shock
wave pressure: 0.1 Pa; temperature (5—40)-102°C). The high rate of
heat removal leads to the fact that within the layer thickness of the
order of several micrometers, the temperature rapidly drops to the val-
ues of melting temperatures and the corresponding phase transforma-
tions. In this regard, such events as crystallization, phase transforma-
tions, diffusion, and chemical interaction accompanying the ESA process
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Fig. 12. The image of the sections of the samples of steel 20 surface layers in re-
flected electrons: a — for the first series; b — for the second series [71]

Table 8. Elemental composition of the coating on steel 20 at characteristic
points of the first (a) and second (b) series of the samples after EC processing
at the discharge energy of 4.6 J [71]

a b

Step 10 Time 60 Step 10 Time 60

No. C Fe Mn Si ) No. C Fe Mn Si b

0.72 |98.59| 0.42 | 0.27 | 100
0.57 1{98.8 | 0.4 | 0.23 | 100
0.49 [98.85] 0.38 | 0.28 | 100
0.45 [98.95] 0.39 | 0.21 | 100
0.42 {98.91] 0.38 | 0.29 | 100
0.53 [98.72] 0.4 | 0.35 | 100
0.46 [98.92] 0.39 | 0.23 | 100 0.51 {98.81| 0.44 | 0.24 | 100
0.39 {98.9 | 0.45 | 0.26 | 100 0.4 [98.88] 0.5 | 0.22 | 100
9 | 0.33 |98.82| 0.54 | 0.31 | 100 9 | 0.38 |98.92| 0.45 | 0.25 | 100
10 | 0.35 |98.98| 0.44 | 0.23 | 100 10 | 0.39 |98.91| 0.4 | 0.3 100
11 | 0.34 |{99.07| 0.38 | 0.21 | 100 11 | 0.34 |98.86| 0.45 | 0.35 | 100
12 | 0.35 |98.91| 0.42 | 0.32 | 100 12 | 0.4 |98.87| 0.48 | 0.25 | 100
13 | 0.23 {99.08| 0.4 | 0.29 | 100 13 | 0.33 |{99.01| 0.44 | 0.22 | 100
14 | 0.38 |98.86| 0.49 | 0.27 | 100
15 | 0.35 |98.88| 0.46 | 0.31 | 100
16 | 0.25 (99.06| 0.41 | 0.28 | 100
17 | 0.27 |{99.17| 0.36 | 0.2 100
18 | 0.17 |99.24| 0.36 | 0.23 | 100

0.78 [98.58| 0.45 | 0.19 | 100
0.84 |98.39| 0.48 | 0.29 | 100
0.71 |198.33| 0.67 | 0.29 | 100
0.8 ]98.54| 0.48 | 0.18 | 100
0.65 |98.59| 0.45 | 0.31 | 100
0.59 (98.74| 0.43 | 0.24 | 100

00 3O Utk W -
00 3O Ut W N -

lead to the formation of extremely nonequilibrium structures with
very fine grains, high heterogeneity as for composition, structure, and
properties. The hardness of such a layer, as a rule, significantly exceeds
the hardness of the electrode materials. The stresses acting therein ex-
ceed the internal stresses in the electrode materials of the anode and
cathode.
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Fig. 13. The section of the surface
layer of the steel 20 sample of the sec-
ond series, EC processing at W, = 0.9
J, the image is in reflected electrons

50 pm [71]

The areas of the “white” layer depicted in the secondary electrons
form a smooth surface. In the near-surface layer, there are individual
cracks and pores sized from 1 to 5 microns. With increasing W, the
depth of pore propagation increases from 3 to 7 um (Fig. 11).

As a result of the studies carried out, it has been found that with
an increase in W, the depth of the layer having an elevated concen-
tration of carbon becomes larger, and is, respectively, 70, 100, and
120 pm. The amount of carbon, which is of 0.72 to 0.86% on the sur-
face, and while deepening, the above said carbon amount is decrea-
sing to a value corresponding to the carbon content in the base metal
(0.17-0.24%).

Like for the samples of the first series, in the figures depicting the
topographic contrast of the samples of the second series, the areas of
the “white layer” form a smooth surface. A distinctive feature of steel
20 sample surface layer formed with the use of the new technology is
the fact that there are significantly fewer pores in the near-surface layer,
however, there are individual cracks ranging in size from 3 to 10 pum,
the propagation depth of which increases with increasing discharge en-
ergy. In addition, with an increase in the discharge energy from 0.9 to
2.6 and 4.6 J, the depth of the layer, which has enlarged carbon con-

Table 9. Elemental composition of the coating at the characteristic points
after EC processing at W, = 0.9 J on the steel 20 samples of the second series [71]

Step | 10 | Time | 60 Step | 10 | Time | 60
No. C Fe Mn Si z No. C Fe Mn Si z

0.63]98.56| 0.51 | 0.3 100 6 3.38(94.7 | 0.77 | 1.15 | 100
0.75|98.51| 0.48 | 0.26 | 100 7 |18.1 |80.06| 0.54 | 1.3 100
13.71|84.54| 0.68 | 1.07 | 100 8 [21.36|77.55| 0.56 | 0.53 | 100
0.68198.49| 0.5 | 0.33 | 100 9 0.79(98.45| 0.47 | 0.29 | 100
0.55(98.64| 0.51 | 0.3 100 10 0.67(98.6 | 0.42 | 0.31 | 100

OU i W N
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tent, is greater than in the first series of the samples, and, respectively,
it is equal to 80, 120, and 170 um. As the carbon deepens, its amount,
which is of 0.75 to 0.84% on the surface, decreases to a value corre-
sponding to its amount in the base metal of 0.17 to 0.24%.

In Fig. 12, there are shown the separate sections of the sample surface
layers of the first (a) and second (b) series of the steel 20 samples obtai-
ned after EC processing at W, = 4.6 J, which are depicted in reflected
electrons, and here characterizing their elemental contrast, and also,
there are shown the lines along which the analysis of chemical elements
has been carried out. The analysis results are summarized in Table 8.

The most characteristic feature of the new EC technology is the pro-
vision of the presence of free graphite in the near-surface pores (Fig. 13)
(Table 9), which can be used as a solid lubricant to improve the perform-
ance characteristics of the friction pair parts processed thereby.

Thus, as a result of the conducted studies of the steel 20 surface
layers formed by the two methods, the traditional and proposed ones, it
has been established as follows.

e With EC processing, which is carried out by the traditional way,
the use of the values of W, 0.9, 2.6, and 4.6 J provides the formation
of the surface layer with an increased carbon content in depth, respecti-
vely, 70, 100, and 120 pm, and by the proposed one, those values are 80,
120, and 170 pm. At the deepening, the content of carbon decreases
from 0.72-0.86% to the amount thereof in the base metal: 0.17-0.24%.

e In the near-surface layer formed by the new technology, the pores
are filled with free graphite, which can be used as a solid lubricant to
improve the performance characteristics of the friction pair parts proc-
essed thereby.

Thus, the analysis of the literature data indicates the authors’ in-
terest in using graphite as an electrode material. However, it should be
noted that, in general, the operational field of the application of the
ESA method with a graphite electrode is limited to the tool-making fa-
cilities. In a number of works [21, 54, 70], the use of a graphite elec-
trode in the EEA processes is associated with the study of the effect of
energy parameters on structural changes in surface layers and is aimed
at determining the overall diffusion coefficient. In some works, there is
made mention of the use of the EEA method with a graphite electrode
as an auxiliary operation aimed at reducing the roughness parameter of
a previously processed surface.

4. Conclusions

The influence of the parameters of the electric-spark alloying process
with a graphite electrode on the quality of the carburized layer has been
investigated. The microstructural analysis showed that the three char-
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acteristic zones could be distinguished in the structure: the carburized
(“white”) layer, the finely dispersed transition zone with fine grain, and
the base metal zone. The Vickers hardness on the surface is 1350 and
760 HV for 38XMIOA (38KhMYuA) and 40XH2MIOA (40KhN2MyuA)
steels, respectively. While deepening, the hardness is decreasing and
smoothly transforming into the hardness of the base, respectively, 225
and 250 HV. It has been set that in the course of carburizing steel sur-
faces by the electric-spark alloying method, with an increase in the
discharge energy and the productivity (alloying time), not only the
thickness of the strengthened layer increases, but also the surface
roughness does. The phase analysis has showed that because of strength-
ening the 40X (40Kh) steel samples, the y-Fe phase (25%) and iron car-
bide (Fe,C) (63%) are formed, as a result of which the microhardness of
the surface layer increases. In the coating on steel 30X13 (30Kh13), the
formations of y-Fe and the iron and chromium carbides, respectively,
Fe,C and Cr,,C;, are observed, and the formation of the carbides di-
rectly depends on the mode of the processing energy: the higher the
mode, the greater the percentage of the carbide formation is available
in the total phase composition of the surface strengthened layer; in the
layer on steel 12X18H10T (12Kh18N10T), the following phases are
formed: o-Fe, y-Fe and X-phase. The X-phase is understood as a phase
having an indefinite structural formula.

To achieve the required parameters of dimensional accuracy and
roughness of the working surface of the part after the EC process, it is
necessary to use additional processing methods. Such methods can be,
for example, grinding with abrasive wheels and the methods of surface
plastic deformation such as ball rolling, diamond burnishing, NAUF,
etc. As a result of the surface plastic deformation methods applied after
EC processing, the surface roughness decreases, the tensile stresses
change to the compressive ones, and the fatigue strength increases by
the value up to 20%.

The paper investigates the effect of the stepwise electrospark alloy-
ing method with graphite on the quality of the carburized layer. The
ESA technology is proposed to be used for the surfaces after EC proces-
sing with the same graphite electrode, but in stages, while at each sub-
sequent stage, the spark discharge energy should be reduced. This tech-
nology has proven to be effective. Therefore, after EC processing of
38XMIOA (38KhMYuA) steel at W, = 2.83 J, the surface roughness is
R, =5.7-6.9 pm. After EC processing with the productivity of T'=2 min/
cm? and at wW,=0.9d, the surface roughness is R, = 1.7-2.2 pm. With
the subsequent stepwise alloying process, there can be obtained R, =
=1.1-1.2 pm.

In order to increase the quality of the carburized layer obtained by
the ESA method with a graphite electrode, it is proposed to use a graph-

52 ISSN 1608-1021. Prog. Phys. Met., 2022, Vol. 23, No. 1



Electric-Spark Alloying of Metal Surfaces with Graphite

ite powder, which is applied to the treated surface before alloying. The
comparative analysis has shown that after the traditional EC process at
W, = 4.6 J, the surface roughness of steel 20 is R, = 8.3-9.0 m, and
after the proposed technology, R, = 3.2—-4.8 um. In this case, the conti-
nuity of the alloyed layer increases up to 100%, there increases the
depth of the diffusion zone of carbon up to 80 um, as well as the micro-
hardness of the “white” layer and its thickness, up to 9932 MPa and up
to 230 um, respectively. As a result of research on an electron microscope,
it has been established that at the EC process, which is carried out in
the traditional way, the application of W 0.9, 2.6, and 4.6 J provides
the formation of a surface layer with a high carbon content depth, respec-
tively, 70, 100, and 120 um, and with the use of a graphite powder —
80, 120, and 170 um. While deepening, the amount of carbon is decreas-
ing from the values of 0.72 to 0.86% to the carbon content in the base
metal that is, to the values of 0.17 to 0.24%. This is owing to the fact
that in the near-surface layer formed by the new technology, the pores
are filled with free graphite, which can be used as a solid lubricant to
improve the performance of friction pairs parts processed thereby.
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EJIEKTPOICKPOBE JIETYBAHHSI METAJIEBIX ITOBEPXOHb I'PA®ITOM

OryiAHyTO Ta IPOaHAJIiIZ0BAaHO aKTyaJbHI Ha CHOTOAHINIHIN JeHb HAYKOBi JOCJIimIKeH-
Hs B 00JIaCTi IIOBEPXHEBOro OOpPOOJIEHHS MeTaJeBUX IIOBEPXOHL KOHIIEHTPOBAHNMU
notokamu eHeprii (KIIE) — esnextpoickpoBoro serysanus (EIJI), ske yMOKJIUBIIIOE
ofiep;KaHHS ITOBEPXHEBUX CTPYKTYDP 3 YHIKaAbHUMHU (Di3UKO-MexaHiYHMMU Ta TPubo-
JIOTIYHMMM BJIACTUBOCTAMU Ha HaHOpPiBHIi. [ocaimxeno BunuB napamerpis EIJI rpadi-
TOBOIO €JIEKTPOIOI0 (esieKTpoicKpoBa memeHTallia — EII) Ha aKicTh meMeHTOBaHOI'O
mapy. MikpocTpyKTypHa aHajisa IoKasaja, III0 B CTPYKTYPi MOYKHA BUAIJIUTU TPU
XapakTepHi 30HU: IleMeHTOBUl («0innii») map, nepexiHy 30Hy 3 APiOHOAUCIIEPCHUM
3epHOM i 30HY OCHOBHOTO MeTasay. BcramoBieno, 1o i3 EIl 3i s6inbiirennam eHeprii
pPO3PAAY Ta 4yacy JeryBaHHA 301JbINIyeThCA He JIUIE TOBI[MHA 3MiI[HEHOTO IIapy, a i
MIePCTKIiCTh MOBEpPXHi. 3amjiA JOCATHEHHSA HeoOXiAHMX ITapaMeTpiB po3MipiB i mep-
cTROCTH pobouoi moBepxHi nerasi nicaa EIl Heo6xigHe 3acTocyBanHA MeTony Oesabpa-
3UBHOTO YJIbTPa3BYKOBOTO (iHimuoro oopobsennsa (BY®PO). Kpim mporo, B pesyabra-
Ti 3acTrocyBanHA BY®O MOHMIKYETHCS INEPCTKICThL ITOBEPXHi, B3aJUINKOBI HAIIPyru
3MIiHIOIOTHCA 3 POSTATYBAJBHUX HA CTUCKAJbHI, 30ibIIIyETHCA BTOMHA MiI[HiCTh IeTa-
gi. TakoK AJIs MOHMIKEHHSA IIIEePCTKOCTU 00PO6JIIOBaHOI TOBEPXHi 3aIIPOIIOHOBAHO TEX-
"oyorito EIl 3acTocoByBaTH IOETANHO, IOHMIKYIOUM Ha KOXKHOMY HACTYIIHOMY eTami
eHepriio iCKpPoBOro pos3psaay. 3 MeTOIO IiABUIIEHHA IapaMeTpPiB AKOCTU ITIOBEPXHEBOTO
mapy, ozep:kanoro EIl, 3amporoHOBaHO BUKOPUCTOBYBATHU IIOPOIIOK IrpadiTy, AKUH
HAHOCUTHLCSA Ha OOPOOJIIOBAaHY MOBEPXHIO mepesn JeryBanHaM. Ilpu mpomy mo 100%
301JBIITYETHCS CYIIJBHICTE JIeT0OBaHOTO mIapy, A0 80 MKM IigBUIIYEThCA IIMOUHA TU-
(dysifinoi 3onu Byrieroo, mo 9932 MIla i mo 230 MKM 3poCTalOTh MiKPOTBEPAiCTH
«biysoro» mIapy Ta #oro TOBIMHA BiAmoBigHO. JIokalbHA MiKpPOPEHTI'eHOCIIEKTpaJIbHa
aHaJIiza oJlepsKaHUX MOKPUTTIB MOKasasa, o npu Ell Tpaguriiinum cnocobom 3 eHep-
riero pospany y 0,9, 2,6 i 4,6 Ik 3abe3neuyerbca (GOPMYyBaHHA IIOBEPXHEBOTO IIAPy
3 migBuinenum Bmicrom Kap6ony rambumuoro 70, 100 i 120 MmxMm BigmoBigHO, a 3 BU-
KOpHCTaHHAM mopoIiky rpadity — 80, 120 i 170 mm. Bmict Kap6ouy y 0,72-0,86%
o Mipi 3araubeHHsA MOHMMKYETHCA A0 BMicTy B ocHOBHOMY metaui — 0,17-0,24%.
B mpunosepxuaeBomy 1mapi, copMOBaHOMY 3a HOBOIO TEXHOJIOTi€I0, IIOPU 3aIIOBHEHI
BimbHUM TpadiTomM, AKUI MOKe OyTM BUKOPUCTAHUM B SAKOCTiI TBEPAOTO 3MAIlleHHSA
[IJIs TIOJITIIIIeHHSA eKCIIyaTalliifHNX XapaKTepPUCTUK AeTajieil map TepT.

KarouoBi ciioBa: eleKTpoicKpoBe Jier'yBaHHsA, rpadir, eMeHTaIlis, MiKpOCTPYKTypa,
AKicTh, 3HOCOCTINKiCTD.
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