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SULPHURIZING OF METAL SURFACES

BY ELECTROSPARK-DISCHARGE ALLOYING.

Pt. 1: Structural-Phase State of Sulphur-Containing
Coatings on Constructional Steels

The methods of surface sulphur saturation of metal surfaces to provide them with spe-
cial tribotechnical properties are reviewed and analysed. The main attention is focused
on technologies based on the method of electrospark alloying (ESA). As shown, the pro-
cess of sulphur saturation can be realised by using a special sulphur-containing satu-
rating technical substance (STS). The methods of forming sulphided, sulphocarburized,
sulphoaluminized, Al-C—S, and sulphomolybdenum coatings on steels using STS by
ESA are considered. The results of sulphur distribution in the surface layer during ESA
sulphurizing with a metal electrode using STS are presented. As shown, the sulphur
concentration on the surface is of about 0.53-0.60% that gradually decreases deeper
into the substrate. The topography of the treated surface and its structure after sul-
phocarburized of steel surfaces with a graphite electrode using STS containing sulphur
are investigated. As found, the coating consists of several layers: a ‘soft’ layer satu-
rated with sulphur, a hardened layer saturated with carbon, and the substrate metal.
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The thickness, microhardness, and continuity of the coating increase with the dischar-
ge energy. The qualitative parameters of sulphoaluminized coatings obtained by the ESA
method with an aluminium electrode using STS are analysed. The microstructures re-
veal three zones: a near-surface, non-continuous loose layer with sulphur enrichment,
10-100-pum thick, and microhardness of 1368—-2073 MPa; a ‘white’ hardened layer con-
taining aluminium, 20—40 pm-thick, and microhardness of 4094-5157 MPa; a diffusion
zone; and a substrate material. The sulphoaluminized-coatings’ phase composition de-
pends on the ESA energy parameters. Intermetallics FeAl and FeAl, are formed in the
surface layer. The structural-phase state and properties of sulphomolybdenum coat-
ings obtained by the ESA method with a molybdenum electrode using STS are dis-
cussed. The near-surface loose layer saturated with sulphur contains up to 8% of molyb-
denum disulphide formed due to ESA. Beneath this layer is a hardened layer saturated
with molybdenum and having a microhardness of 10596-10731 MPa. It is proposed to
use sulphurizing methods based on ESA using STS as cheap and effective methods of
surface modification of friction surfaces to reduce seizure and friction coefficient.

Keywords: sulphurizing, electrospark alloying, coating, microstructure, tribotechnical
properties.

1. Background and Formulation of the Problem

Today, technology possesses a very large number of methods for improving
the quality of surfaces of machine parts in various industries. Machines
operating in agriculture, chemical, oil refining, aerospace, and other fields
of industry constantly have been being improved, which entails the need
to create more reliable and durable parts and assemblies thereof.

The destruction of a part starts from its surface. Therefore, i.e., to ensure
the reliability of a friction pair, an important factor is to improve exactly
the quality of the surface layer of the parts in contact. Although the wear
of friction surfaces is indeed reduced when using hard wear-resistant and,
as a rule, expensive materials [1-3], there is no need to use them to make
the entire part. It is enough to provide only the part surface layer with the
necessary operational properties, and the ‘core’ (base material) can be
made of cheaper materials that still have mechanical strength [4—6].

Developing the new composite materials, which have a hard wear-re-
sistant surface and base of high fatigue strength, is an urgent task [7—10].

The most traditional technologies that provide the surfaces of parts
with the necessary physical, chemical, tribological, and operational proper-
ties include: applying metal-ceramic coatings onto wear surfaces [11-13],
weld overlay cladding of the coatings made of composite materials [14, 15],
providing vapour-phase deposition [16], providing physical vapour-phase
deposition [17, 18], laser cladding [19], laser melt injecting [20], compo-
site electroplating [21], providing chemical deposition [22]. This also in-
cludes centrifugal reinforcement of the steel surface layers with tungsten
carbide particles [23], coatings including the layers of aluminium oxide
[24—26], and electrochemical spilling solution chromizing [27]. A separate
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niche among the technologies used to increase the reliability and durabi-
lity of the parts by introducing chemical elements into their surface layer
is occupied by thermochemical treatment (TCT), which combines carburi-
zing, nitriding, nitrocarburizing and several other methods [28—-30].

Sulphurizing, as a method for saturating the surface layer of steel or
cast iron with sulphur and for creating a sulphide film, which reduces the
processes of seizure and sticking of the contacting surfaces of the parts
during friction, is one of the widely used thermochemical methods.

Increasing the performance of cutting tools made of high-speed steels
can be achieved by saturating their highly stressed surface layers with
elements such as nitrogen, carbon and sulphur using the thermochemical
treatment methods [31-33].

As compared to light oils, the most effective way to reduce a ma-
chine’s part wear is to use a hard lubricant. FeS boundary lubricating film
is considered an excellent hard lubricant due to its hexagonal structure,
low shear, strength and high melting point. In addition, its cost is very
low. It is equal to about 1% of MoS, cost [34—36].

FeS lubricating coatings applied to steel by ionic sulphonation [34,
37-39], plasma spraying [34, 40], or ionic sulphonation with a plasma
source [41] can significantly improve the wear resistance of parts.

To improve a machine-part surface quality, the technologies that ap-
ply for processing the concentrated energy flows (CEFs) are increasingly
being used. While applying the CEF technologies, it is possible to form
heterogeneous surfaces that differ in geometry, hardness, chemical and
physical properties. Such surfaces can be obtained by various methods,
i.e., plasma spraying [42—44] and plasma treatment [45, 46], laser proces-
sing, and applying electrospark coatings (EC) with the use of the electro-
spark alloying (ESA) method [47-49].

The properties of a surface layer formed by the ESA method differ
from the properties of the base material [560—52]. The quality of the sur-
face layer formed by the ESA method can be improved by a subsequent
laser processing method [53—56].

Owing to the ESA method, in the surface layers, there are formed
surface structures having unique physical-mechanical and tribological
properties at the nanolevel [57-59].

In the course of processing with the use of the ESA method, the sur-
faces of the electrodes (anode and cathode) are locally exposed to high
shock wave pressure and temperature [60, 61]. The temperature of a short-
term heating of the surface in a local place can reach (5—7)x10% K. The
spark discharge occurs in small volumes and lasts 50 to 400 microseconds.
In the cathode, there are formed tiny indentations (microbaths) wherein
the particles of the anode and the cathode come into contact with each
other and the environment. This event contributes to the creation of new
phases and changes in the structure of the surface layer.
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The advantages of the ESA technology, which distinguish it from
other methods of surface treatment, are the environmental safety, the
impact in local places, the high adhesion, the absence of changes in the
geometric shape of the part, etc. [62, 63].

Such possible disadvantages of the ESA method as increased rough-
ness and lack of continuity of the applied coating, surface porosity [64,
65], and insignificant thickness of coatings often become its advantages.
For example, special preliminarily roughening (creating surface rough-
ness) [66] before applying metal-polymer materials (MPM) or spraying
provides for better adhesion of the applied materials to the substrate.

With the so-called ‘finishing’ ESA method, it is possible to obtain the
high-quality and wear-resistant coating (of 100% continuity and a thick-
ness of up to 1.0 mm and even more), i.e., when restoring the surfaces of
screw compressor bands [67]. The availability of pores in the coating helps
to retain a layer of lubricant, i.e., in shaft-bearing journals [68, 69].

As noted above, among chemical treatment technologies, there is wi-
dely used a method of sulphurizing, namely, a thermochemical process
for treating the parts made of iron-based alloys to saturate their surfaces
with sulphur. The sulphide film has strength lower than the base me-
tal, so it is easily destroyed by friction, preventing seizure of friction
surfaces [70].

The sulphurizing traditionally takes place in the appropriate salt
baths. In this case, the surface roughness increases and the dimensions of
the parts slightly grow in size [71]. In addition, the entire part is heated
up and, as a result, there occur the changes in the structure of the metal,
deformations and warping events. The process lasts up to three or more
hours. There is observed high-energy consumption and negative impact on
the environment, etc.

In Ref. [72], the authors carry out sulphurizing with the use of the
ESA method. In this case, to introduce sulphur into the part surface, it is
applied in the form of a powdery layer onto the area being alloyed. In
other words, the area is ‘powdered’, and the process is repeated two or
three times.

It should be noted that this method could not always provide for the
desired result, because sulphur is a dielectric, which makes it difficult for
it to enter the microbath of molten metal and create chemical compounds.
This process becomes much more complicated and occurs in separate iso-
lated areas. Formed on the surface, the sulphide film has a low continuity.

According to Ref. [73], the authors carried out the ESA process for
applying iron sulphide on steel 45, steel X12® (Kh12F), grey, and pearlite
ductile cast iron. At the same time, a sulphur-enriched layer having a
thickness of 40—50 microns was formed on the alloyed surface. This event
significantly reduced the tendency of grey cast iron to scuff during dry
friction. In this case, the wear was reduced by up to 10 times.
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Fig. 1. Screw compressor (SC) rotor before (a) and after (b) restoring the outside
surfaces of the edges of the teeth with the use of the bronze electrode [75]

In the course of the ESA process, the use of iron sulphide as an elec-
trode instrument (EI) to carry out the process of sulphurizing has several
disadvantages:

o first, this is the limited use of unalloyed steel (iron) electrodes;

« during ESA processing, the electrodes are heated, oxidized and de-
stroyed, which negatively affects the quality of the formed coating (high
roughness, low continuity, welding of individual small particles from the
destroyed anode);

« such EIs may not be used in mechanical facilities due to their burnout;

» an expensive and labour-intensive method for producing the Els.

In work [74], to eliminate the above-described shortcomings, a new
method for producing the Els for carrying out the sulphurizing process by
the ESA method was proposed. In the event, as EI materials, there could
be used such pure corrosion-resistant metals as chromium, nickel, molyb-
denum, and others, such stainless steels as 12X18H10T (12Kh18N10T),
07X16H6 (07Kh16N6), 30X13 (30Kh13), and others; and such nickel al-
loys as XH58MBY I (KhN58MBUD), XH60BT (KhN60VT), XH50BMTVYB
(KhN50VMTUB), etc.

A process for repairing a screw compressor (SC) rotor is described in
Ref. [75]. A machine with a manual vibrator model ‘ELITRON-52A’ was used
to restore the outer surfaces of the tooth edges. O10I11.5H (O10Ts1.5N)
bronze was used as the EI in Fig. 1.

The SC rotors are made of structural, high-quality medium carbon
steels, namely, steel 40, steel 45, chromium steel 40X (40Kh), etc. To re-
duce such negative factors as seizure, sticking, etc. of the rotor surfaces
at touching thereof, the hardness of the rotors after the final heat tre-
atment is provided low and makes up of 156 to 217 HB for various
strength grades.

The SC rotor bands are restored using special EI intended for sulphu-
rizing. In the event of significant wear of the rotor bands (1.0 mm per a
diameter or more), such mechanical ESA units as the ones of ‘Elitron
347, ‘EIL-9’ models and others based on screw cutting engine lathes are
used to restore them. When that is the case, to restore the worn surfaces
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of the rotor band, it is recommended to use a combined technology consis-
ting of the ESA process using the steel EI, which is followed by applying
the coatings of metal-polymer materials (MPM) having a good adhesion to
the metal, deformation characteristics close to metal, slight changes in
properties due to changes in temperature, minimal coating shrinkage, re-
sistance to external factors, etc. [76].

To prevent the possibility of scuffing on the steel surface of the re-
stored rotor band, it is restored with the use of the EI made of steel
12X18H10T (12Kh18N10T) containing sulphur. As a result, after the me-
chanical operation, the surface of the band would consist of separate metal
sections containing sulphur and areas made of MPM. At the same time, as
the depth of treatment increases, the area of the surface areas of MPM
will decrease, and formed by the ESA method, the sulphurized zones will
correspondingly increase.

An analysis of relevant literature and patent sources, as well as seve-
ral studies conducted by the authors of this paper, has shown the promise
of work aimed at improving the technology for sulphurizing with the use
of the ESA method.

Thus, the available information on phase and structural transforma-
tions in the surface layers of steels and various metals during the ESA
process by the sulphur-containing EI, the data on the correlation depen-
dencies between the parameters of the ESA process and structural changes
in metal surfaces determine the need for analysing of the accumulated
experience, systematizing the literary and patent sources in this field, and
setting the goals for subsequent research.

The purpose of this work is to analyse the influence of the electric
spark alloying parameters (discharge energy and alloying productivity)
during sulphurizing on the microstructure and quality of the surface layer
(surface roughness, continuity and microhardness of the coating).

2. Research Methodology

To determine the influence of the ESA equipment energy parameters on
the quality parameters of the coatings, there were provided the specimens
made of steel 20 and steel 40 each having a size of 15x15x8 mm, whereon
the EI coatings were applied on different modes using the ‘Elitron 52A’
model unit. Each ESA mode corresponded to its own discharge energy and
productivity (the area of the formed coating per unit of time in Table 1.
When implementing the sulphurizing process (utility model patents
Nos. 115059 UA, 117528 UA and 119317 UA), the electrode-instrument
workpiece in the form of a wire, rod, etc.) was provided with indentations
using any known method (punching, drawing through a die, threading, etc.).
Figure 2, a shows the EI made of stainless steel 12X18H10T
(12Kh18N10T) & 3 mm, on which the thread is applied. Sulphur, i.e., in the
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Fig. 2. EI made of stainless steel 12X18H10T (12Kh18N10T) 3 mm, intended
for sulphurizing the parts with the use of the ESA method [74]

form of a sulphur ointment with sulphur content of 33.3%, is applied into
the thread indentations in Fig. 2, b. The amount of sulphur can be in-
creased by adding it to the ointment, i.e., in the form of colloidal sulphur.
After removing excess sulphur and drying, the electrodes are ready for use.

To saturate the surface of the specimen with sulphur, the coating was
applied by the ESA method with the use of the special EI made of stainless
steel 12X18H10T (12Kh18N10T) at the unit of ‘Elitron 52A’ model with
W, =0.55J.

The EI of 30—35 mm length was made of a @ 3 mm wire of 12X18H10T
(12Kh18N10T) steel by cutting the M3 thread on the length of 25 mm.
The indentations obtained on the surface of the electrode were filled with
a special technological (technical) substance (STS), namely, sulphur oint-
ment, wherein the concentration of sulphur was 33.3% . The excess of the
STS was removed with a napkin.

At sulphocarburizing (invention patents No. 2663799 RU, utility mo-
del patent No. 117867 UA, 119318 UA), immediately before alloying with
a graphite electrode, a special technological substance (STS), namely, a con-
sistent substance containing sulphur, was applied onto the surface of the
steel part. As a consistent substance, sulphur paste and/or sulphur oint-
ment were used. The amount of sulphur in the consistent substance was
increased by adding colloidal sulphur thereto. The ESA process was car-
ried out at the Elytron-52A model unit at W = 0.13-3.4 J. Applying the
STS to the surface of the steel part immediately before alloying with the
use of the graphite electrode allows obtaining the steel parts having an
increased fitting and high wear resistance.

At sulphoalitizing (invention patents Nos. 121343 UA and 2696616
RU, utility model patent No. 130157 UA), the specimens having a size of
15x15x8 mm each were made of steel 20 and steel 40. The specimens being

Table 1. Dependence of ESA productivity on discharge energy [74]

Discharge energy W, J 0.52 1.3 2.6 4.6 6.8

Productivity, cm?/min 1.0-1.3 1.3-1.5 1.5-2.0 | 2.0-2.5 | 2.5-3.0
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investigated were applied with a special STS, namely, the consistent sub-
stance in the form of sulphur ointment with a sulphur content of 33.3%.
Before applying, the ITAII-0 (I'OCT 5494-95) [PAD-0 (GOST 5494-95)] alu-
minium powder was added to the STS. The powder maximum amount was
56% . A further increase in the powder amount resulted in decreasing
adhesion with the surface being aluminized. After that, without waiting
for the STS to dry, the ESA process was performed applying different
modes with the use of an aluminium electrode.

The rods of & 4 and 45 mm long made of CBA99 (I'OCT 7871-75)
[SVvA99 (GOST 7871-75)] aluminium wire were used as the EI.

At applying the Al + C + S combined coating was applied (invention
patents Nos. 121346 UA and 2707776 RU, utility model patent No. 130866
UA), the specimens were made of steel 20 and steel 40. The specimens being
investigated were applied with a special STS composition consisting of a
sulphur ointment having a 33.3% sulphur content and a 56% content of
IIAII-0 (I'OCT 5494-95) [PAD-0 (GOST 5494-95)] aluminium powder. Af-
ter that, without waiting for drying of the consistent substance, the ESA
process was carried out with the use of graphite EI on different modes and
at corresponding productivity.

It should be noted that a decrease in the productivity of the ESA pro-
cess leads to a decrease in the quality parameters of the surface layer,
namely, the appearance of burns, and most importantly, the destruction
of the formed layer, which is especially evident on the heavy-duty modes
at the discharge energies of W > 1 J.

An increase in productivity leads to a decrease in the continuity of the
coating. To study the effect of carbon on the properties of the coating being
formed, the alloying process of the consistent substance of the composi-
tion described above was carried out with 3I'-4 (EG-4) graphite electrode.

At applying the Mo + S combined coating (invention patent UA No.
144932), the specimens were made of steel 20 and steel 40 (I'OCT 1050-88
(GOST 1050-88)). The specimens being investigated were applied with a
special STS composition consisting of a sulphur ointment with the addi-
tion of colloidal sulphur. Without waiting for the STS to dry, the ESA
process was carried out with the use of an electrode made of molybdenum
at the discharge energy of W = 0.13-3.4 J and productivity from 0.8 to
2.5 cm?/min. As EI, a molybdenum rod having a diameter of 4 mm and a
length of 45 mm was used.

At all the stages of processing, the surface roughness was determined
using a profilograph-profilometer device of 201 model of the Kalibr plant
production. While determining, the results were being displayed onto the
monitor through a special device.

The investigations of the macro-and microstructural parameters of
the electrode materials were carried out using the optical microscopes of
MIM-7, Neofot-2 models, the REMM-102 raster electron microscope, the
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scanning electron microscope of Jeol JSM-5400 model equipped with the
microanalyser of ISIS 300 Oxford instruments production, the scanning
electron microscope of SEO-SEM Inspect S50-B model equipped with the
AZtecOne energy dispersive spectrometer with the X-MaxN20 detector
manufactured by Oxford Instruments plec.

Providing metallographic sections, preparing surfaces, and metallo-
graphic studies were performed according to the known methods [77]. A
3-5% solution of nitric acid in ethyl alcohol was used as a reagent for
chemical etching of steel 20, steel 40, 38X2MIOA (38Kh2MJuA) steel, and
cast iron. For the steels of 30X13 (30Kh13) and 12X18H10T (12Kh18N10T)
grades, the reagent aqua-regia was used.

The durometric studies of the layer components were performed using
the PMT-3 microhardness tester by indenting a diamond pyramid under a
load of 0.05 N [78, 79]. The microhardness was determined as the arith-
metic mean value of the measurements of the diagonals of the prints with-
out visible cracks and shearing distortions.

The continuity of the coating was determined using the L method [80,
81] according to the formula:

S - bz a,m, ’
l
where b is the eyepiece scale division (um), a, is the average values of in-
clusion sizes (um), m, is the number of inclusions of the group, and [ is the
defined length (um).

The x-ray studies were performed in CuK, and CoK , radiation using the
DRON-3 and AXRD Benchtop diffractometers produced by Proto Manu-
facturing Inc., the USA. The diffractograms were taken by step-by-step scan-
ning. The scanning step was 0.050; the exposure time at a point was of 3 s.

To determine the elemental composition of the coating, the qualitative
and quantitative local analyses were carried out. For this, there were used
such microscopes as the raster microscope REMM-102, equipped with an
attachment including an x-ray microanalyser, the Jeol JSM-5400 scanning
electron microscope, equipped with an ISIS 300 Oxford Instruments mi-
croanalyser, the SEO-SEM Inspect S50-B scanning electron microscope,
equipped with the AZtecOne energy dispersive spectrometer with an X-
MaxN20 detector manufactured by the Oxford Instruments plc).

3. Results and Discussion
3.1. Analysis of the Surface Layer Quality after Sulphurizing [82, 83]

Figure 3 shows the topography of the formed layer surface with three se-
lected characteristic areas (I — smooth surface, 2 — rough surface, 3 —
pore). In Figure 4 and Table 2, there is shown a spectrum of the surface
and an elemental composition both for the characteristic points and for
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Fig. 3. Topography of the steel 20 surface sec-
tion after sulphurizing by the ESA method
[82, 83]

the entire surface being studied, re-
spectively. The distribution of the ele-
ments along the depth from the surface
at the scanning step of 15 um (accor-
ding to Fig. 5) is in Table. 3.

Table 4 shows the results of sulphu-
rizing the specimens made of steel 20
and BY60 (VCh60) high-strength cast iron using a special electrode made
of 12X18H10T (12Kh18N10T) stainless steel. The electrode had been man-
ufactured according to the proposed method.

Thus, at saturating the surface of steel 20 with sulphur by the ESA
method with the use of a special tool electrode made of 1218H10T
(12Kh18N10T) stainless steel at the Emitpon-22A (Elitron-22A) model
unit with the discharge energy W = 0.55 J, the concentration of sulphur
on the surface was of 0.53—0.60% . While deepening, the concentration of
sulphur had been decreasing gradually, and at a depth of 75 um, it was
about 0.06% .

15.6.2016 15.6.2016
i J bbb

Si_g Cu Si g Cu

€ 320 *% 193 639 ¥ €c] 320 W 17 639"+
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Fig. 4. Spectra from the coating surface: 1 — smooth surface, 2 — rough surface,

3 — pore; (a) smooth surface, (b) rough surface, (¢) pore, (d) the entire surface [83]
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Table 2. Elemental composition both
for the characteristic points and for the entire surface being studied [83]

Point being Elements, %
studied, surface
area () S Cu Si Mn Cr Ni Ti Fe
1 0.56 0.20 0.24 0.60 16.20 9.30 0.71 72.16
2 0.60 0.21 0.22 0.58 17.21 8.89 0.69 71.60
3 0.53 0.23 0.18 0.62 15.23 9.19 0.83 73.19
z 0.55 0.87 0.21 0.60 16.87 9.07 0.89 70.94

Table 3. Elemental composition of the coating as it deepens from the surface [83]

The surface Elements, %
point being
studied S Cu Si Mn Cr Ni Ti Fe

1 0.41 0.23 0.24 0.58 9.21 5.21 0.61 83.51
2 0.31 0.19 0.22 0.51 5.23 3.19 0.34 90.01
3 0.12 0.20 0.21 0.62 3.19 2.23 0.21 93.22
4 0.09 0.21 0.23 0.57 1.16 1.21 0.17 96.36
5 0.06 0.16 0.16 0.54 0.53 0.76 - 97.79
6 0.03 0.24 0.17 0.53 0.21 0.25 - 98.57

Table 4. The results of sulphurizing the specimens made of steel 20

and high-strength cast iron B460 (VCh60) [82, 83]. Here, one star (¥)

denotes sulphur content in the lower part of the sulphurized layer,

while two stars (¥*) denote sulphur content on the surface of the sulphurized layer

Specimen Discharge Sulphurized Sulphur Surface rough-
material energy, W, J layer depth, pm content, % ness, R, pm
Steel 20 0.02 10 0.05%—-0.85%* 0.7
0.05 25 0.05-0.80 1.7
0.11 35 0.05-0.70 2.9
0.36 50 0.05-0.65 5.2
0.55 75 0.06-0.60 6.2
0.90 920 0.06-0.50 7.9
1.70 100 0.06-0.40 13.7
High-strength 0.02 10 0.05-0.85 0.8
cast iron BU60 0.05 30 0.04-0.70 1.9
(VCh60) 0.11 40 0.05-0.65 3.1
0.36 50 0.05-0.60 5.8
0.55 75 0.05-0.50 6.7
0.90 90 0.04-0.45 8.4
1.70 100 0.05-0.40 14.6
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Fig. 5. Scanning points of the coating elemen-
tal composition along the depth of the layer [83]

The list of the alloying elements of
the electrode, namely, the electrode —
tool made of steel 12X18H10T
(12Kh18N10T), comprising Cr, Ni, and
Ti, while deepening, gradually decreas-
ing, respectively, from 16.9, 9, and
0.9% on the surface to 1.2, 1.2, and 0.2% at a depth of 60 um.

Given the fact that the sulphurizing method is used to eliminate the
process of seizure the parts in the friction pairs, to reduce their surface
roughness, it is expedient to apply:

» the method of non-abrasive ultrasonic finishing in the course of sul-
phurizing at the discharge energy of W < 0.55 J;

« the grinding method in the course of sulphurizing at the discharge
energy of W = 0.55-1.7 J. In this event, the thickness of the sulphurized
layer would decrease by 50 pm.

3.2. Analysis of the Sulphocarburized Coating Quality [84—-88]

To improve hardness and wear resistance, as well as to ensure special tri-
bological properties of the part surfaces, the creation of the sulphocarbu-
rized coatings by the ESA method should be chosen as one of the promis-
ing directions.

Figure 6 represents the profilograms of the surface layers formed dur-
ing sulphocarburizing by the ESA method at W = 0.13, 0.55, and 3.4 J on
steel 20. As the discharge energy increases, the surface roughness in-
creases too, as shown in Table 5. Thus, at sulphocarburizing by the ESA
method with W =0.13 J, R, = 1.1 pm, and with W = 3.4 J, R, = 2.5 pm.

Figure 7 shows the microstructures of the specimens made of steel 20
after sulphocarburizing on different ESA modes. The conducted metallo-
graphic analysis showed that the white layer, which was characteristic of
the electrospark coatings, was not pronounced. There was clearly observed

Table 5. Qualitative parameters of sulphocarburized coatings obtained
by the ESA method on steel 20 [84—86]

Discharge| Roughness, ym | 143 S 0eoet | Selhened | amountof Pepth ofbver
energy, % % 3 3 sulphur on stﬁ;hurlcgon—
Wod 1Ry | By | Ruwe | gy [0Sy % | st | o | op | SUFE8¢® % tent, pum
0.13 |1.1|2.6| 7.1]1350 | 15 | 80|1830 | 30 1.01 60
0.55 |1.7/4.6/138.0] 1460 | 20 | 952000 | 40 | 100 0.65 90
3.40 |2.5(3.9/15.4| 1600 | 30 | 1002150 | 50 0.45 150
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a diffusion zone, the thickness of which had been increasing with increa-
sing the discharge energy. In the course of the ESA process, due to heating
at the intercritical temperature interval for steel 20 (724-845 °C), an in-
complete phase recrystallization area had been formed in the diffusion
zone.

The durometric studies of the sulphocarburized coatings indicated
that there were two zones, which had been formed in the surface layer,
namely, in the near-surface layer, there was a zone of reduced microhard-
ness, and next to that zone of increased microhardness, and there was a
strengthened layer, as shown in Fig. 7 and Table 5.

It should be noted that while increasing the discharge energy, the
hardness and the depth of the reduced microhardness layer and the
strengthened layer had been increasing. Such a feature of the formation
of the sulphocarburized layer obtained by the ESA method was associated
with the different indices of diffusion for carbon and sulphur deep down
into the metal [86, 89, 90].

Figure 8 shows the topographies of the various areas of the surface
layers during sulphocarburizing steel 20 formed, respectively, with the
discharge energy of W = 0.13, 0.55, and 3.4 J. To evaluate the chemical
composition on the surface, the three characteristic zones were chosen:
1 — the smooth surface, 2 — the rough surface, 3 — the pore.

Table 6. The chemical composition of the surface of steel 20

in characteristic zones and from the entire surface was investigated

after sulphocarburizing by the ESA method [86]. Here, I — smooth surface,
2 — rough surface, 3 — pore, ¥ — the entire surface

Poin in, o
stl(l)di:dl?earega Elements, %
(iilfffaz};e S Cu Cr Ni Mn Si Fe
wW,=0.13J
1 0.97 0.23 0.20 0.21 0.60 0.24 97.55
2 1.2 0.23 0.24 0.19 0.58 0.22 97.34
3 0.87 0.21 0.19 0.16 0.62 0.18 97.77
hX 1.01 0.22 0.21 0.19 0.60 0.21 97.56
W,=0.55J
1 0.77 0.20 0.21 0.21 0.61 0.24 97.76
2 0.64 0.22 0.23 0.17 0.59 0.22 97.93
3 0.53 0.24 0.19 0.14 0.56 0.23 98.11
) 0.65 0.22 0.21 0.17 0.59 0.23 97.93
w, = 3.44J
1 0.57 0.25 0.21 0.19 0.56 0.26 97.96
2 0.34 0.23 0.22 0.17 0.57 0.24 98.23
3 0.53 0.20 0.23 0.15 0.57 0.22 98.10
p) 0.45 0.27 0.26 0.15 0.59 0.25 98.03
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Fig. 8. The topographies of the steel 20 surface areas after the sulphocarburizing pro-
cess: (a) W, =0.13 J; (b)) W, =0.55 J; (c) W, = 3.4 J [86]

Fig. 9. The spectra from the sulphocarburized surface, W = 0.13 J: (a) smooth surface,
(b) rough surface, (c) pore, (d) from the entire surface [86]

The spectra of the characteristic zones of the sulphocarburized surface
at W = 0.13 J, as well as the chemical composition of the characteristic
zones of the formed coatings obtained on the different ESA modes are
shown in Fig. 9 and in Table 6, respectively.

Because of the analysis of Table 6, it was found that with an increase
in the discharge energy, in all the characteristic zones, a decrease for sul-
phur was observed. This event is obviously related to the burning of sul-
phur in the course of providing for the flow of a pulsed discharge in the
ESA process. In addition, the increased content of sulphur was found in
places of pores, which was explained by the accumulation of sulphur-con-
taining substances in those areas.
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Table 7. Distribution of the chemical compositionof the steel 20
surface layer in the cross-section after sulphocarburizing process [86]

The surface Elements, %
point being
studied S | Cu | Cr | Ni Mn | Si Fe
W, =0.13J
1 0.78 0.21 0.23 0.21 0.62 0.23 97.72
2 0.58 0.19 0.20 0.18 0.59 0.22 98.04
3 0.17 0.21 0.19 0.16 0.62 0.20 98.45
4 0.05 0.22 0.11 0.19 0.61 0,19 98.63
5 0.03 0.18 0.24 0.23 0.59 0.24 98.49
6 0.02 0.20 0.23 0.16 0.63 0.23 98.53
W,=0.55J
1 0.54 0.23 0.21 0.21 0.57 0.24 98.00
2 0.41 0.19 0.23 0.19 0.59 0.22 98.17
3 0.25 0.16 0.19 0.23 0.61 0.20 98.36
4 0.12 0.21 0.16 0.21 0.54 0.23 98.53
5 0.08 0.18 0.23 0.16 0.53 0.24 98.58
6 0.05 0.24 0.21 0.25 0.52 0.17 98.56
7 0.03 0.22 0.24 0.19 0.58 0.24 98.50
W,=3.4J
1 0.47 0.22 0.24 0.21 0.56 0.23 98.07
2 0.39 0.19 0.23 0.19 0.59 0.22 98.17
3 0.28 0.17 0.18 0.23 0.51 0.20 98.43
4 0.18 0.22 0.17 0.21 0.55 0.23 98.44
5 0.12 0.19 0.24 0.15 0.55 0.23 98.52
6 0.08 0.24 0.21 0.25 0.52 0.17 98.56
7 0.08 0.25 0.23 0.19 0.56 0.23 98.46
8 0.07 0.23 0.20 0.20 0.53 0.25 98.52
9 0.06 0.25 0.21 0.26 0.50 0.20 98.52
10 0.05 0.19 0.20 0.16 0.55 0.23 98.55
11 0.03 0.20 0.19 0.14 0.40 0.23 98.81
Table 8. Qualitative parameters of sulphocarburized coatings
obtained by the ESA method on steel 40 [88]
Layer of reduced | Strengthened Depth of
Discharge | Roughness, pm microhardness layer Amount of | layer with
energy, sulphur on | high sul-
w,, J R R R H, h, | S, H, h, | S, | surface,% | phur con-
2 z max | MPa |pm | % | MPa |[pm | % tent, pm
0.13 0.97| 2.15 | 6.77| 1650 5|70 | 7074]| 15 1.22 10
0.27 |1.44|2.87 | 8.10| 1750 | 9|85 | 9374| 25 [100] 0.95 25
0.52 2.22| 3.37 |14.08| 1900 | 14 | 95 |13065]| 40 0.68 40
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Fig. 10. Topography of steel 40 surface areas after sulphocarburizing by the ESA
method: (a) W, = 0.13 J; (b) W, = 0.27 J; (c) W, = 0.52 J [88]
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There was studied a distribution of the elements in the cross-section
from the surface to the base at the scanning step of 15 pm. The results are
represented in Table 7

With an increase in the discharge energy of 0.13 to 3.4 J at ESA proces-
sing the steel 20, the amount of sulphur on the surface of the coating has
been decreasing. This is, obviously, due to burning sulphur from the surface
in the course of passing electric spark discharge. However, due to the inten-
sification of diffusion during the ESA process, at the discharge energy of
3.4 J, the thickness of the sulphurized layer has been increasing in Table 8.

The results of the x-ray spectral analysis indicated that sulphur had
accumulated on the surface of the metal at a depth of up to 30 pm. Its
concentration at this distance was about 0.4% seen in Table 7. During the
ESA process with a graphite electrode, carbon has been diffusing deep into
the metal, and at a distance of 30 to 50 microns from the surface, a harde-
ned layer having a microhardness of about 2000 MPa has been formed.

The influence of the sulphocarburizing process by the ESA method on
the quality parameters of the obtained coatings on the steel 40 specimens
has been studied.
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Fig. 12. Microstructure (a—c) and
distribution of microhardness (d) in
steel 40 surface layer after sulpho-
carburizing by the ESA method: (a)
0 | | | W, =0.13 J; (b) W, = 0.27 J; (c)
W_=0.52Jd; (d) 1 — W_=0.13 J,

50 100 150 A, pm 2p—Wp=0.27J,3—Wp

Fig. 13. Results of electron microscopic studies of sulphocarburized on steel 40 layers
obtained by the ESA method: (a) W, = 0.13 J; (b) W, = 0.27 J; (c) W, = 0.52 J [85]

Figure 10 represents the topographies of the steel 40 specimen sur-
faces after sulphocarburizing by the ESA method. On analysing the topog-
raphy of the surfaces of the specimens being studied, it could be conclud-
ed that the general natures of the element shapes of the surface micro-
roughness were uniform.

A significant increase in the surface micro-roughness of the specimens
was observed after the ESA process at W = 0.52 J. This is associated with
an increase in energy impact. The values of the surface roughness depen-
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ding on the energy processing parameters are presented in Table 8, and
the profilograms are shown in Fig. 11.

The conducted metallographic analysis of electrospark sulphocarbu-
rized coatings using optical and electron microscopes has shown that steel
40, unlike steel 20, had a clearly defined so-called ‘white’ layer, as shown
in Figs. 12 and 13. Obviously, with the content of a larger amount of car-
bon in the steel substrate, under specific cooling conditions during the
ESA process, the surface layers undergo a noticeable martensitic transfor-
mation. In this case, there is formed martensite with a greater degree of
the crystal lattice tetragonality [91].

Due to the availability of the quenching processes, as well as a result
of the increased carbon content in the surface layer, the microhardness of

Table 9. Distribution of chemical elements in the steel 40
surface layer after sulphocarburizing by the ESA method [86]

Surface point Elements, %
under investigation
(step 10 to 20 pm) S | Cu | Cr | Ni | Mn Si | Fe
Steel 40, W, = 0.52 J (step 20 pm)

0.68 — | — | — | 0.58 | 2.95 |102.22

0.76| — | — | — ]0.54 | 1.50 96.44

008 — | — | — |0.58] 1.16 94.70

007 __ | _|_/0.78] 1.13 92.23

0.33| — | — | — |0.58 | 1.01 98.44

0.15| — | — | — | 0.40 | 0.81 10.35

0.13| _ | _ | _1]0.48| 8.21 36.13

021 — | — | — |0.43 ] 8.44 99.80

0.03| _ | _| _10.52| 6.24 24.11

031| — | — | —1]0.82| 3.63 | 100.26

0.21| — | — | — | 0.66 | 0.83 | 104.59

Steel 40, W, = 0.13 J (step 10 um)

1.22| — | — | — | 0.19 [50.38 | 50.74

0.54| — | — | — | 0.29 |40.87 | 19.07

062 — | — | — | 043 | 5.73 | 55.58

0.72| _ | _| _10.49| 5.09 | 73.79

1 0.83| — | — | — | 0.43 |20.55 | 38.26

040| — | — | — | 0.32 |37.74 | 25.57

1.11| | | __]0.45(17.08 | 42.63

1.35| — | — | — | 0.35 | 3.64 | 83.39

083 _ | | __10.72| 1.93 | 94.94

100 pm 0.25| — | — | — | 0.76 | 1.83 | 96.20

0.25| — | — | — | 0.92 | 0.59 | 98.27
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the layers obtained on steel 40 also becomes greater, as shown in Fig. 12:
at W, =0.13 J, H, = 7074 MPa, and at W = 0.52 J, H, = 13065 MPa, as
shown in Table 9. The continuity of the ‘white’ layer at W = 0.13 J is
about 70%, and at W, =0.52J, it tends to 100% .

The results of the micro-x-ray spectral analysis shown in Figs. 14-16
and Table 9 confirm our assumption relative the fact that during sulpho-
carburizing by the ESA method, the surface layers at a depth of 10 to
40 pum, depending on the energy parameters of the process, have been being
saturated with sulphur. This zone is a layer of reduced microhardness, and
just as on steel 20, it is characterized by reduced microhardness shown in
Fig. 12. Under this layer, a strengthened layer is formed. It is character-
ized by a high content of carbon as well as high microhardness. The thick-
ness of the strengthened layer also depends on the energy parameters of
the ESA process and is 15 to 40 pm.

Thus, the possibilities of using an energy-efficient and environmental-
ly friendly process for simultaneously saturating with carbon and sulphur
of the part steel surfaces by the ESA method have been studied. Because of
the analysis of the surface layer topography after sulphocarburizing by the
ESA method, the uniform nature of the shape of the surface micro-rough-
ness-formed elements has been established. A significant increase in the mic-
ro-roughness on the surface of the specimen is observed with an increase

ISSN 1608-1021. Usp. Fiz. Met., 2025, Vol. 26, No. 1 165



V.B. Tarelnyk, O.P. Haponova, N.V. Tarelnykl, and Ye.V. Konoplianchenko

400
300
200
100
[}
&
880 L. ANk Fe Kal AMWN W Fig. 15, Distribu-
oy ) ¥ ."I'M‘ﬂ,.-. A ity y tion of carbon and
840 1 W % ol iron in the steel 40
800 - W i LT A surface layer after
760 L RAGAH M PRV | sulphocarburizing

AN by the ESA method

0 3 6 9 12 15 18 2

1 24 27 30 um at W, =0.27 J [86]

in the discharge energy up to W = 3.4 J. In this case, the surface rough-
ness is R, = 2.5 pm. The metallographic and durometric analyses after
sulphocarburizing by the ESA method have shown that the treated surface
consists of such layers as a so-called soft layer, strengthened layer and
base metal. At increasing the discharge energy, there is increase in the
thickness, microhardness, and continuity of the coating. The presence of
sulphur in a consistent substance contributes to the sulphurizing process.

With an increase in the discharge energy from 0.13 to 3.4 J for ESA
processing steel 20, the amount of sulphur on the coating surface has been
decreasing, however, due to intensifying the diffusion processes during
passing an electric spark discharge, the thickness of the sulphurized layer
has been increasing. Sulphur is accumulated in the surface of the metal at
a depth of up to 30 pm. Its concentration at this distance is about 0.4%.

During sulphocarburizing steel 40, the structure of the coating does
not change. Due to the quenching processes, as well as because of the in-
creased carbon content in the surface layer, the microhardness of the ob-
tained layers on steel 40 increases: at W = 0.13 J, H, = 7074 MPa, and at
W,=0.52 J, H, = 13065 MPa. The continuity of the white layer at W =
= 0.13 J is about 70%, and at W = 0.52 J, it tends to 100%.

The results of micro-x-ray spectral analysis of steel 40 specimens indi-
cate that during sulphocarburizing by the ESA method, the surface layers
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at a depth of 10 to 40 yum, depending on the energy parameters of the
process, have been saturated with sulphur. This zone, namely, a layer of
reduced microhardness, just as on steel 20, is characterized by the reduced
microhardness. Under this layer, there is a strengthened layer, which is
characterized by a high content of carbon and high microhardness. The
thickness of the strengthened layer also depends on the energy parameters
of the ESA process and comes to 15 to 40 pum.

3.3. Analysis of the Quality
of the Sulphoaluminized Coatings Obtained by ESA Methods

The analysis of the specimen surface profiles after sulphoaluminizing by
the ESA method and the roughness parameters of the surfaces calculated
therefrom has shown that the parameters of R,, R, R, change depending
on the discharge energy, as well as on the material of the base, as shown
in Fig. 17. The parameters increase with an increase in discharge energy
and carbon content in the base steel in Table 10.

Figures 18 and 19, respectively, show microstructures (a—c) and mi-
crohardness distribution (d) in the surface layer of steel 20 and steel 40
after sulphoaluminizing by the ESA method.

At replacing the material of the substrate with steel 40, there is in-
creased hardness in both the upper layer (1670 and 2240 MPa at discharge
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Fig. 18. Microstructures (a—c) and dis-
tribution of microhardness (d) in the
surface layer of steel 20 after sul-
phoaluminizing by the ESA method:
(a) W, = 0.13 J; (b) W, = 0.55 J; (c¢)
W, =384Jd;(d)1—W,=0.13J, 2 —
W, =0.55J,3 — W, =3.4J[89, 90]
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Fig. 19. Microstructures (a—c) and
distribution of microhardness (d) in
the surface layer of steel 40 after
sulphoaluminizing by the ESA me-
thod: (a) W,=0.18 J; (b) W, = 0.55 J;
(c)W,=8.4Jd;(d) 1 —W,=0.13J,
2 —-—W, =055Jd,3 —-W, =3,4J

[89, 90]

Table 10. Qualitative parameters of sulphoaluminized
coatings obtained by the ESA method [89]

Discharge Roughness, pm Layer of reduced microhardness Strengthened layer
energy, J | p | R, | R,. | H, MPa | hyum | S,% | H, MPa|h, pm| S, %
Steel 20
0.13 0.8 2.3 6.8 1368 40 50 4094 20 70
0.55 2.1 4.9 | 13.0 1666 30 65 4575 30 85
3.4 6.2 | 18.3 1 40.8 2073 20 80 7150 80 95
Steel 40
0.13 0.9 2.6 7.1 1670 40 50 5147 20 75
0.55 2.7 5.1 154 1820 30 70 9123 40 90
3.4 6.1 | 18.7 | 38.8 2240 30 80 10380 70 95

energies of 0.13 and 3.4 J, respectively) and the strengthened layer (5147
and 10380 MPa at discharge energies of 0.13 and 3.4 J, respectively). An
increase in microhardness with an increase in the carbon content of the
substrate was also observed in other alloying processes, i.e., in the alumi-
nizing process [92—-94] and in the sulphocarburizing one [88]. Obviously,
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Fig. 20. The structures of the steel 40 surface layers after sulphoaluminizing by the
ESA method: (a) W, =0.13 J; (b) W, = 0.55 J; (c) W, = 3.4 J [94]

Al Kal

S Kal S Kal

a b

Fig. 21. Maps of chemical elements distribution in the coating after sulphoaluminizing
steel 40 by the ESA method at different discharge energies: (a) W = 0.13 J; (b) W =
= 3.4 J [94]
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the influence of the carbon content in the main material is caused by the
formation of a multiphase quenching structure.

Electron-microscopy studies have indicated that due to the sulphoalu-
minizing process by the ESA method, high-quality layers of high continuity
are formed, as shown in Fig. 20.

Figure 21 represents the maps of the distribution of sulphur and alu-
minium in the sulphoaluminized coatings obtained on different ESA
modes. As research has shown, the largest amount of sulphur is accumu-
lated in the surface layer and distributed at a depth of up to 10 uym. This
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characterizes the layer as a layer of reduced microhardness. The diffusion
zone of aluminium is of 30 to 80 ym, depending on the energy parameters
of the ESA process. It should be noted that the highest aluminium content
is characteristic of the areas of the coating located at a distance of 7 to 15 pm
from the surface, as shown in Fig. 22. Therefore, the near-surface so-
called soft layer is enriched with sulphur and strengthened with aluminium.

As evidenced by the results of x-ray studies, the phase composition of
the coatings depends on the energy parameters of the ESA process, as well
as on the carbon content in the base material. At all the investigated dis-
charge energies, in the surface layer, there is formed intermetallic FeAl,
and with increasing the discharge energy, this is FeAl, that is formed
there, as shown in Figs. 23 and 24. In addition, a bcc solid solution is
found in steel 20, and in steel 40 at the discharge energies of W = 0.13 J
and W = 0.55 J, there is a f.c.c. solid solution, and at W, = 3.4 J, there
is a bce solid solution in Tables 11 and 12.

The formation of the phase composition of sulphoaluminized coatings,
the creation of sulphides and the change in their chemical composition
significantly depend on the solubility and diffusion mobility of sulphur in

Table 11. Crystal lattice parameters and quantitative phase
analysis of sulphoaluminized coatings on steel 20 [93]

Discharge energy, J Phase Lattice period a, nm [Phase content, mas.%
0.13 FeAl a =2.9040 78.58
b.c.c. solid solution a =2.8750 21.42
0.55 FeAl a =2.9040 79.25
b.c.c. solid solution a =2.8750 20.75
3.4 FeAl a = 2.9040 33.58
b.c.c. solid solution a = 2.8650 10.58
FeAl, a=4.8745 47.49
b =6.4545
c=28.7710
o = 87.9300
B =74.3960
y = 83.0620
Al a=4.0610 8.35

At a distance of 10 um from the surface

FeAl a = 2.9040 37.31
b.c.c. solid solution a = 2.8650 10.52
FeAl, a=4.8745 52.17

b =6.4545

c=8.7710

a = 87.9300

B =74.3960

vy = 83.0620
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Fig. 23. Diffractograms of sulphoaluminized coatings obtained by the ESA method on
steel 20: (a) W, =0.13 J; (b) W, = 0.55 J; (c) W, = 3.4 J [98, 95]

Table 12. Crystal lattice parameters and quantitative phase analysis
of sulphoaluminized coatings on steel 40 [93]

Discharge energy, The period Phase content,
gJ & Phase of the latI:cice a, nm mas.%
0.13 FeAl a=2.8970 85.37
f.c.c. solid solution a = 3.6820 14.63
0.55 FeAl a = 2.9040 93.71
f.c.c. solid solution a = 3.6980 6.29
3.4 FeAl a = 2.9040 36.72
b.c.c. solid solution a = 2.8650 13.60
FeAl, a=4.8745 41.21
b =6.4545
c=28.7710
o = 8.9300
B =174.3960
y = 83.0620
Al a=4.0610 8.47
At a distance of 10 pm from the surface
FeAl a = 2.9040 47.35
b.c.c. solid solution a = 2.8800 13.11
FeAl, a=4.8745 39.55
b =6.4545
¢ =8.7700
o = 87.9300
B ="74.3960
vy = 83.0620

austenite and ferrite. In this regard, the diffusion of sulphur in iron and
steel was studied in several works [95, 96]. It has been stated that the
introduction of sulphur into alpha-iron reduces the carbon diffusion coef-
ficient (D,) and diffusion activation energy (Q) therein, as well as reduces
the carbon solubility in it. Regarding the effect on the diffusion and solu-
bility of carbon in a-iron, sulphur reveals itself as a typical non-carbide-
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Fig. 24. Diffractograms of sulphoaluminized coatings obtained by the ESA method on
steel 40: (a) W, = 0.18 J; (b) W, = 0.55 J; (c) W, = 8.4 J [93, 95]

forming element. The influence of aluminium on the solubility of sulphur
in gamma iron also has been investigated. The concentration curves of
sulphur distribution obtained by the authors have shown that aluminium
increases the solubility of sulphur in iron.

Obviously, due to the sulphur complex influence on the phase trans-
formations in the surface layer of steel during the ESA process with the
use of an aluminium electrode, sulphur dissolves in a solid solution and
sulphides are not formed therein.

The availability of the peaks of the f.c.c. solid solutions on the dif-
fractograms of the sulphoaluminized coatings on steel 40 at the discharge
energies of W =0.13 J and 0.55 J is a subsequence of the small thickness
of the coatings (up to 40 nm), the low coefficient of absorption of x-rays
by aluminium, as well as of the higher degree of intensity for mixing the
base material with the electrode material. In this regard, there is a possi-
bility of fixing the phase composition of the transition zone located under
the coating. Obviously, the formation of the f.c.c. solid solution is associ-
ated with alloying the base material, quenching medium-carbon steel dur-
ing accelerated cooling, and, as a result, forming the residual austenite.

To create thick-layer coatings, the technology of sulphoaluminizing by
the ESA method was tested according to the following scheme: mixing
sulphur ointment and aluminium powder in the ratio of 33.3% S and 56%
Al (by weight), ESA processing with an aluminium electrode at W = 6.8 J.
Figure 25 shows the microstructure of the formed surface layer on a
specimen of steel 20 and the distribution of the microhardness along the
coating depth. A characteristic feature of the structure of the formed sur-
face is a massive so-called white layer, the thickness of which is from 160
to 200 ym in some areas, as shown in Fig. 25, a. Microhardness on the
surface is about 5000 MPa. From the surface to the base, the microhard-
ness gradually has been decreasing, and at a depth of 170 yum, it turns into
microhardness of the base (1700 MPa).

The studies have shown that an increase in discharge energy does not
lead to a significant strengthening of the surface layer. The microhard-
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Fig. 25. Microstructure (a) and distribution of microhardness in the surface layer (b) of
the specimen of steel 20 after the ESA process with aluminium electrode (W, = 6.8 J) [92]
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Fig. 26. Profilogram of a specimen surface made of steel 20 after sulphoaluminizing
(33.83% S and 56% Al (wt.%) and the ESA process with the use of an aluminium elec-
trode at W, = 6.8 J) [89]

ness of the strengthened layer on steel 20 at W = 3.4 J is 7150 MPa, and
at W = 6.8 J, it is about 5000 MPa, and in this case, the layer thickness
increases from 80 up to 200 pym. However, with the increase in energy
impact during the ESA process, there increases the surface roughness, as
shown in Fig. 26. Thus, to obtain thick-layer sulphoaluminized coatings,
there can be recommended the technology being considered.

Thus, the analysis of the surface profiles of the specimens after sul-
phoaluminizing process by the ESA method and the roughness parameters
of the investigated surfaces have shown that with an increase in the dis-
charge energy, as well as in the carbon content in steel, the R,, R,, R,
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parameters increase. Metallographic and durometric analyses of the ob-
tained coatings on steel 20 indicate that the three zones can be distin-
guished on the microstructures, namely, a near-surface, non-continuous
and loose layer of 10 to 100 pm thick and microhardness of 1368 to 2073
MPa, a so-called white strengthened layer of 20 to 40 um thick and a mi-
crohardness of 4094 to 5157 MPa, a diffusion zone and a base metal having
a ferrite-pearlite structure. It should be noted that while increasing W,
there have been increasing the parameters of the layer, namely, thickness,
microhardness of the upper and white layers, as well as their continuity.
At replacing the material of the substrate with steel 40, the hardness of
the upper layer increases (1670 and 2240 MPa at W, = 0.13 and 3.4 J,
respectively) and of the strengthened layer (5147 and 10380 MPa at W =
=0.13 and 3, 4 J respectively). Local micro-x-ray spectral analysis has
shown that the largest amount of sulphur is in the surface layer, which is
distributed to a depth of up to 10 um, characterizes the layer as the one
of reduced microhardness. The diffusion zone of aluminium is of 30 to
80 um, depending on the energy parameters of the ESA process. The highest
aluminium content is characteristic of the areas of the coating loca-
ted at a distance of 7 to 15 ym from the surface. The near-surface so-
called soft layer is enriched with sulphur, and it is strengthened with
aluminium.

As evidenced by the results of x-ray studies, the phase composition of
the coatings depends on the energy parameters of the ESA process, as well
as on carbon content in the base material. At all the investigated W, the
intermetallic FeAl is formed. With an increase in W, there an intermetal-
lic FeAl, is formed. In addition, a bcc solid solution is found in steel 20.
In steel 40, at W = 0.13 J and at W = 0.55 J, an f.c.c. solid solution is
created, and at W,=3.44, there is a bee solid solution.

3.4. Analysis of the Quality of AI-C-S
Coatings Obtained via the ESA Methods

The complex Al-C—S coatings have been obtained by the ESA method ac-
cording to the technology represented in Table 13.

The microstructural analysis of the specimens has shown that in the
surface layer, the formation of individual indentations having a depth of
up to 150 ym is observed. As shown in [91], at passing an electric spark
discharge through a metal, therein, an indentation is formed, namely, a
crater, the depth and diameter of which depend on the parameters of the

Table 13. Technology for obtaining complex A1-C—S coatings [96]

Consistent substance composition Alloying electrode (anode)

33.83% S + 56% Al (wt.%) graphite
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Fig. 27. Microstructure of a steel 20 speci-
men: 1, 2, 3 — zones in the crater area (the
electrode is graphite, W = 6.8 J, before the
ESA process, the surface of the steel 20
specimen has been covered with a consis-
tent substance containing 33.3% of sul-
phur and 56% of aluminium powder) [96]

electric spark effect. The spark dis-
charge is accompanied by the release
of heat. The temperature rise rate is
105 °C/s, which is characteristic only
for explosive processes [97-99]. Ac-
cording to the work of [100], about
25% of the volume of the metal of
the electrical erosion craters reaches
the boiling point. The instantaneous
pressures on the surfaces reach hun-
dreds of thousands of atmospheres.

On the specimens of steel 20, there are distinguished three zones in
the area of the crater, as shown in Fig. 27.

The first zone is a melting one. It is poorly etched; the metal in this
zone is in a liquid state in the course of the ESA process. This zone con-
sists of columnar crystals; the high rate of crystallization determines the
anisotropy of crystal growth, that is, the accelerated growth of the main
axes of dendrites oriented in the direction of heat removal. The thickness
of the layer of the columnar crystals on the side surface increases from the

Table 14. Qualitative parameters of the surface layers of the Al-C-S system,
which have been obtained by the ESA method on steel 20 and steel 40 [96]

Discharge White layer White layer Roughness, pm White layer
energy, thickness, microhardness, continuity,
J nm MPa R, | R, | R, %
Steel 20
0.52 150 9300 + 50 2.1 3.9 8.9 920
2.60 110 9200 + 70 4.2 8.7 30.2 80
6.8 up to 60 9000 + 50 8.5 1.2 62.4 50
In stages 6.8 |up to 60 9000 + 50 4.3 8.4 32.3 70
and 2.6
In stages 6.8; |up to 60 9000 + 50 2.6 4.4 11.5 80
2.6 and 0.52
Steel 40
0.52 up to 180 9500 + 50 1.9 3.8 8.7 920
2.60 up to 130 9300 + 50 3.9 8.5 15.3 80
6.8 up to 80 9100 + 50 7.8 11.3 58.1 60
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Fig. 28. Microstructure (a) and distribution of microhardness in the surface layer (b)
of steel 20 specimen after the ESA process with graphite (Wp = 6.8 J) [90]
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Fig. 29. The profilograms of the steel 20 specimen surface layers (33.3% S + 56% Al
(wt.%)), ESA process with a graphite electrode at W = 6.8 J) [97]

The second zone is a transition zone, which is adjacent to the first one and
consists of grains of a complex shape. This is a zone of thermal influence.

The third zone is a zone of the original metal. It is adjacent to the first
two and has an original structure.

There has been studied the effect of the ESA modes on the quality
parameters of the AI-C—S coatings.

The microstructural analysis of the AI-C—S coatings on steel 20 has
shown (Fig. 28, a) that the co-called white layer is formed on the surface.
It is followed by the diffusion zone and the base metal. Also it should be
noted that at ESA processing the steel 20 with graphite, the continuity
and thickness of the white layer is 50% and 60 pum, respectively (at W =

178 ISSN 1608-1021. Prog. Phys. Met., 2025, Vol. 26, No. 1



Sulphurizing of Metal Surfaces by Electrospark-Discharge Alloying. Pt. 1

=6.8 J). In turn, the microhardness on the surface is 9000 MPa, shown in
Fig. 28, b and Table 14. In Ref. [88], it was shown that in the course of
electrospark processing the iron-based alloys, there is a significant de-
crease in the size of the substructure blocks, an increase in the density of
defects, and an increase in micro distortions in the thermally affected
zone. Such changes in the microstructure and substructure of the steel
lead to a noticeable increase in the microhardness of the white layer in
Fig. 28. Such elements of the atmosphere as nitrogen and oxygen can play
a certain role in increasing hardness. Passing under the action of electric
discharges into an active state, they can interact with the surface layers
and strengthen the material.

The availability of sulphur in the consistent substance contributes to the
sulphurizing process. Table 15 shows the change in the sulphur content by
depth from the surface of steel 20 after the ESA process at discharge en-
ergy of 6.80 J. Thus, the amount of sulphur is maximal on the surface and
it has been decreasing while it is moving away from the surface.

It should be noted that, at simultaneously saturating steel with carbon,
sulphur and aluminium by the ESA method, with a significant increase in the
discharge energy (from 0.52 to 6.8 J), there is an increase in the surface
roughness and a decrease in the continuity of the coating in Table 15. Fi-
gure 34 shows the surface profilogram of the sample after the ESA pro-
cess.

The investigation of simultaneously saturating the 38X2MIOA
(38Kh2MUA) steel with carbon, sulphur and aluminium by the ESA method
using a graphite electrode at different modes has been carried out. The
metallographic analysis has shown that the coatings obtained at W = 0.13 J

Table 15. Sulphur content in the surface layer of steel 20 at simultaneously
saturating steel with carbon, sulphur and aluminium by the ESA method [97]

Distance from the surface, pm | 20 | 40 | 60 | 80 | 100 | 120 | 140 | 160 | 180

Sulphur content, % 0.21(0.15|0.12|0.09|0.08|0.05|0.05|0.03|0.03

Table 16. Qualitative parameters of surface layers during simultaneously
saturating of 38X2MIOA (38Kh2MUA) steel with carbon, sulphur
and aluminium by the ESA method [98]

Discharge White layer White layer micro- Roughness, pm White layer
energy, J | thickness, pm hardness, MPa Ra Rz Rmax continuity, %
0.13 10 5126 0.8 2.1 6.5 60
0.52 30 5890 2.3 4.4 | 15.1 90
4.9 70 7721 8.2 18.3 | 47.3 100
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6500 | Fig. 30. Microstructures (a—c) and
5500 distribution of microhardness in the
4500 F surface layer (d) of 38X2MIOA
1 (38Kh2MUA) steel specimens after

3500 saturating with sulphur, aluminium,
2500 | and carbon by the ESA method: (a) W,
1500 ) ) ) ) ! =0.18J; (b)) W, =0.52 J; (c) W, =4.9
0 50 100 150 200 250k, pm 95 ()1 —W,=0.18J,2 —W, =0.52

d J, 3 — W, =4.9J[96]

and W = 0.52 J consist of 3 zones, as shown in Fig. 29: 1 white layer, 2)
transition zone, and 3) base metal.

However, with an increase in the discharge energy up to 4.9 J, a sub-
layer of up to 10 pm thick is formed between the white layer and the
transition zone, as shown in Fig. 30, c. In addition, as the discharge en-
ergy increases, the thickness of the white layer and its continuity also
increase in Table 16. Therefore, at W = 0.13 J and W = 4.9 J, the thick-
ness of the white layer is 10 and 70 ym, and the continuity is 60 and
100%, respectively.

Durometric studies have shown that the microhardness of the white
layer increases as the discharge energy increases. Thus, at the discharge
energy of W =0.13 J, H = 5126 MPa, and the discharge energy of W =
4.9 J, H, = 7721 MPa, as shown in Fig. 30.

The discharge energy, at which the ESA process takes place, affects the
distribution of elements in the resulting coating. The analysis of Fig. 31
has shown that with an increase in the discharge energy, on the surface of
the coatings, a decrease for sulphur is observed. Probably, it is related to
burning of sulphur when a pulsed discharge occurs in the ESA process.
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Fig. 31. Distribution of elements in the Al1-C—S coating obtained by the ESA method:
(@) W,=0.13 J; (b) W, = 4.9 J [98]

Thus, the features of structure formation of A1-C-S coatings obtained
by the ESA method have been investigated. It has been shown that the
formation of the individual indentations of up to 150 ym in depth has
been observed in the surface layer. On the steel 20 specimen, the three
zones can be distinguished in the area of the crater. Those are as follows:
the first zone is a melting one. It is poorly etched. The metal of this zone
is in a liquid state during the ESA process. The second one is a transition
zone. It is adjacent to the first zone and consists of grains of a complex
shape. This is a zone of thermal influence. The third the zone is of the
original metal. It is adjacent to the first two zones and has an original
structure. There has been studied the effect of the ESA modes on the quality
parameters of the Al1-C—S system coatings. With a significant increase in
the discharge energy (from 0.52 to 6.8 J), there is an increase in the sur-
face roughness and a decrease in the continuity of the coating.
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Table 17. Qualitative parameters of sulphomolibdenized
coatings obtained by the ESA method [102]

Discharge energy, Roughness, pm | Reduced microhardness layer| Strengthened layer
J R, R, |R,,| H,MPa | h,ym | S, % |H, MPa| h, um| S, %
Steel 20
0.13 0.6 2.1| 6.1 1112 20 45 5147 20 65
0.55 1.9 3.3|14.2 1368 30 65 7150 30 75
3.4 5.5 114.7138.5 1666 40 75 10596 50 90
Steel 40
0.13 0.8 2.3| 6.5 1320 10 50 5474 25 75
0.55 2.0 3.5|14.7 1670 20 70 7832 | 40 90
3.4 5.7 [14.9|38.7 2040 30 80 10731 70 95

The microstructural analysis of the AI-C—S coatings on steel 20 has
shown that the continuity and thickness of the white layer are 50% and
60 pum, respectively (at W = 6.8 J). In turn, the microhardness on the
surface is 9000 MPa. The availability of sulphur in the consistent sub-
stance contributes to the sulphurizing process. The amount of sulphur is
maximal on the surface and has been decreasing with distance from the
surface. There was carried out investigation of the process for simultaneous-
ly saturating the 388 X2MIOA (38Kh2MUA) steel with carbon, sulphur and
aluminium by the ESA method with a graphite electrode on different
modes. The metallographic analysis has shown that the coatings obtained
at W =0.13 J and 0.52 J consist of the following 3 zones: a white layer,
a transition zone and the base metal. However, with an increase in dis-
charge energy up to 4.9 J, a sublayer with a thickness of up to 10 uym has
been formed between the white layer and the transition zone. In addition,
with an increase in the discharge energy, the thickness of the white layer,
its microhardness and continuity have been increasing. Thus, at W =0.13 J
and W = 4.9 J, the thickness of the white layer is 10 and 70 pm, H, =
=5126 MPa and HH = 7721 MPa, the continuity is 60 and 100%, respec-
tively. The x-ray microspectral analysis has showed that the sulphur content
is maximal on the surface and sharply decreases in the depth of the metal.

3.5. Analysis of the Quality of Sulphomolibdenized
Coatings Obtained by the ESA Methods

In work [102], a method for sulphomolibdenizing metal surfaces is pro-
posed. It consists in applying the special technical substance (STS) con-
taining sulphur and electrospark alloying (ESA) by a molybdenum elec-
trode at discharge energies of 0.13, 0.55, 3.4 J in Table 17.
Metallographic and durometric studies have shown that sulphomolibden-
ized coatings consist of the following 4 zones: the upper loose layer with
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Fig. 32. Microstructures (a—c) and dis-
tribution of microhardness (d) in the
surface layer of steel 20 after sulpho-

molibdenizing by the

ESA method

[100]: (a) W, = 0.13 J; (b)) W, = 0.55 J;
(c)W =840 d) 1 — W, =0.13 J,

—W—055J 3—W

3.4 J[102]

Table 18. Crystal lattice parameters and quantitative phase analysis
of sulphomolibdenized coatings on steel 40 [102]

Discharge energy, J Phase Lattice period @, nm | Phase content, mas.%
0.55 b.c.c. solid solution 2.8720 23.90
f.c.c. solid solution 3.6450 25.38
Martensite a =2.8740 10.98
c=2.9200
FeMo (c-phase) a=9.1280 39.74
c=4.8130
3.4 At a distance of 15 pm
b.c.c. solid solution 2.8720 46.36
f.c.c. solid solution 3.6450 6.10
Martensite a = 2.8640 30.14
c=2.9200
FeMo (o-phase) a=9.1280 12.53
c=4.8130
MoS, a=3.1212 4.87
c=12.2410
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5000 - Fig. 33. Microstructures (a-c) and dis-
tribution of microhardness (d) in the
3500 - surface layer of steel 40 after sulpho-
2000 P molibdenizing by the ESA method (a)
500 ) ) ) ) ) W,=0.13 J; (b) W, = 0.55 J; (c) W=
0 50 100 150 200 200h, ym =3.4J5(d)1—W, =0.13J,2 —W, =

d =0.55J, 3 — W, = 3.4 J[102]

Fig. 34. Results of electron microscopic studies of sulphomolibdenized coatings on steel
40 obtained by the ESA method: (a) W, = 0.13 J; (b) W, = 0.55 J; (c) W, = 3.4 J [103]

the microhardness of H, =1112-2040 MPa, the white strengthened layer
with H =5147-5474 MPa for W =0.13 J and H, = 10596-10731 MPa
for W =3.4J, the diffusion zone and the base metal, as shown in Figs. 32
and 33. When replacing the substrate made of steel 20 by the one made of
steel 40, there is an increase in microhardness, thickness of the strengthe-
ned layer, as well as in continuity seen in Table 17.

The analysis of the surface area containing the coating and a fragment
of the base metal having a pre-eutectoid structure has shown that the ob-
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Fig. 35. Maps of the distribution of chemical elements in the coating after sulpho-
molibdenizing steel 40 by the ESA method at different discharge energies: (a) W, =
=0.13 J; (b)) W, =0.55 J; (c) W, = 3.4 J [103]

tained layer has a heterogeneous composition with different concentra-
tions of elements, as shown in Fig. 34. Thus, according to the maps of the
distribution of the elements over the areas of the specimens being studied,
as seen in Fig. 35, sulphur is concentrated on the surface, and molybde-
num is distributed more evenly in the coating.

According to the result of the local energy dispersive x-ray micro-
analysis, the distribution curves for sulphur, molybdenum, and iron have
been obtained, as shown in Fig. 36. It is shown that sulphur and molyb-
denum are concentrated at a depth of up to 4 and 19 um, respectively,
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at W =0.13 J, at 5 and 25 pm at W = 0.55 J; and at 15 and 70 pm at
W, = 3.4 J, respectively. The x-ray structural analysis of the obtained
coatings confirms the results of the energy dispersion analysis seen in
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Fig. 37. Diffractograms of sulphomolibdenized coatings obtained by the ESA method
on steel 40: (a) W, = 0.55 J; (b) W, = 3.4 J [102, 104]
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Fig. 37. Thus, at low discharge energies, the phase composition of the
coatings on steel 40 is represented by a bcc solid solution with a lattice
period close to ferrite, martensite, an f.c.c. solid solution, and FeMo in-
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termetallic (o-phase). Obviously, in connection with alloying the bcc solid
solution (ferrite) with sulphur and molybdenum, non-equilibrium cooling
conditions, there is an increased lattice period, as shown in Table 18.
Under the conditions of high rates of heating and cooling of the mi-
crovolumes of the surface layers, which lead to the formation of non-
equilibrium structures, as well as, due to mixing the base material with
the material of the alloying electrode, the interaction of the liquid bath of
the alloy in the course of the ESA process with the environment such as
an atmospheric air, and also because of the intense shock waves, which
arise during the ESA and result in the thermomechanical strengthening
and other events affecting the phase formation, obviously, two alloyed
austenites have been forming in the surface layer at the alloying tempera-
ture (more than 1000 °C). One of them, the Mn martensitic point of which
is at above room temperature, undergoes a martensitic transformation
upon cooling. In this case, the martensite with the lattice parameters
a =2.8740 nm and ¢ = 2.9200 nm is formed. Because molybdenum intensi-
vely lowers the temperatures of the martensitic transformations, these proces-

Table 19. Crystal lattice parameters and quantitative phase analysis
of sulphomolibdenized coatings on steel 20 [102]

Discharge energy, Phase Lattice period Phase content,
J a, nm mas. %
0.13 b.c.c. solid solution 2.8720 39.43
Martensite a = 2.8640 18.92
c=2.9200
FeMo (c-phase) a=9.1280 25.50
c=4.8130
f.c.c. solid solution a = 3.6450 16.15
0.55 b.c.c. solid solution 2.8720 34.92
f.c.c. solid solution 3.6450 13.72
Martensite a = 2.8640 30.46
c=2.9200
FeMo (c-phase) a=9.1280 17.14
c=4.8130
MosS, a=3.1212 3.77
c=12.2400
3.4 At a distance of 15 pm
b.c.c. solid solution 2.8800 59.86
Martensite a = 2.8640 25.46
c=2.9200
FeMo (c-phase) a=9.1280 9.56
c=4.8130
MoS, a=3.1212 5.12
c=12.2400
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ses do not occur until the end, that is, until they are completed. Therefore,
some amount of the residual austenite, namely, a solid solution of f.c.c.,
remains untransformed in the coating, as shown in Table 18. In addition
to the solid solutions, in the surface layer, there are formed up to 40% of
FeMo intermetallics, which contributes to a noticeable increase in the mi-
crohardness of the surface layer after the ESA process at W = 0.55 J (at
W, =0.18 J, H, = 5474 MPa; at W = 0.55 J, H = 7832 MPa, Table 17.

Sulphomolibdenizing steel 40 by the ESA method at W = 3.4 J leads
to an increase in the amount of the martensitic phase up to 30%, as com-
pared to 11% at W = 0.55 J, decrease for austenite (f.c.c. phase) from
25% to 6%, as well as to 5% of molybdenum disulphide. It should be
noted that with increasing the discharge energy, there has been increasing
the surface roughness, which makes it impossible to obtain reliable results
from the x-ray structural analysis. Therefore, the diffractograms of the
surface were processed after cleaning the surface with sandpaper up to 15
pm. After replacing the substrate made of steel 40 with the one made of
steel 20, a smaller amount of f.c.c. phase, namely the residual austenite,
is found in the S-Mo coating at the same discharge energy, as shown in
Fig. 38. Molybdenum disulphide is formed already at discharge energy of
W,=0.55d (3.77%), and W = 3.4 J; about 8% of it appears on the sur-
face and about 5% of the same, at a depth of up to 15 pm in Table 19.

Thus, the process of sulphomolibdenizing the metal surfaces, which
consists of applying a consistent substance containing sulphur and electro-
spark alloying thereof with a molybdenum electrode at discharge energies
of 0.13, 0.55, and 3.4 J was investigated. Metallographic and durometric
studies have shown that the sulphomolibdenized coatings consist of 4
zones: the upper loose layer having a microhardness of H, = 1112-
2040 MPa, a white strengthened layer having H, = 5147-5474 MPa for
W,=0,13 J and H, = 10596-10731 MPa for W = 3.4 J, a diffusion zone
and a base metal. At replacing the substrate made of steel 20 by the one
made of steel 40, there is an increase in the microhardness, the thickness
of the strengthened layer, as well as in the continuity.

The electron microscopic studies of the obtained coatings have shown
that the obtained layer has a heterogeneous composition with different
concentrations of elements. According to the maps of the distribution of
elements over the area of the specimens being studied, sulphur is concen-
trated on the surface; molybdenum is distributed more evenly in the coat-
ing. The energy dispersive analysis has shown that sulphur and molyb-
denum are concentrated at a depth of up to 4 and 19 um, respectively, at
W,=0.13 J; up to 5 and 25 pm at W, = 0.55 J; up to 15 and 70 nm at
W, =3, 4 J, respectively.

The x-ray structural analysis of the obtained coatings confirms the
results of energy dispersion analysis. At low discharge energies, the phase
composition of the coatings on steel 40 is represented by a bcc solid solu-

ISSN 1608-1021. Usp. Fiz. Met., 2025, Vol. 26, No. 1 189



V.B. Tarelnyk, O.P. Haponova, N.V. Tarelnykl, and Ye.V. Konoplianchenko

tion with a lattice period close to ferrite, by martensite, an f.c.c. solid
solution, and FeMo intermetallic (c-phase).

At replacing the substrate made of steel 40 with the one made of steel
20, a smaller amount of f.c.c. phase, namely the residual austenite, is
found in the sulphomolibdenized coating at the same discharge energies.
Molybdenum disulphide is formed already at discharge energy of W =
=0.55 J (3.77%), and at W = 3.4 J, about 8% of it is found on the sur-
face, and about 5% of the same is at a depth of up to 15 um.

4. Conclusions

(i) Technologies for saturating metal surfaces with sulphur to provide
them with tribological properties are here considered. Based on the results
of a literature and patent search, an analysis of methods for sulphurizing
by electrospark alloying is represented. It is shown that the process for
saturating with sulphur can be implemented using STS containing sul-
phur. When the surface of steel 20 is saturated with sulphur by the ESA
method using STS at the discharge energy W = 0.55 J, the concentration
of sulphur on the surface is 0.53 to 0.60% . As the penetration increases,
the concentration of sulphur has been gradually decreasing, and at a dis-
tance of 75 um, it is about 0.06% . Therefore, the ESA method with the
application of the STS can be used to process the friction pairs to elimi-
nate seizure thereof.

(ii) The analysis of the quality parameters of the sulphocarburized
coatings obtained by the energy-efficient and environmentally friendly
ESA method with the use of the STS was carried out. According to the
results of the analysis of the topography of the surface layer after sulpho-
carburizing by the ESA method, there has been established the uniform
character of the shape of the formed elements of the surface micro-rough-
ness. A significant increase in the micro-roughness amount on the surface
of the specimens is observed with an increase in the discharge energy up
toW, =3.4J.In this case, the surface roughness is R, = 2.5 pm. The me-
tallographic and durometric analyses have shown that the treated surface
consists of such layers as a co-called soft layer, a strengthened layer and
a base metal. At increasing the discharge energy, the thickness, micro-
hardness, and continuity of the coating have been increasing. The avail-
ability of sulphur in the STS promotes the sulphurizing process. As the
discharge energy increases from 0.13 to 3.4 J at ESA processing steel 20,
the amount of sulphur on the surface of the coating has been decreasing,
but the thickness of the sulphurized layer has been increasing. The results
of the micro-x-ray spectral analysis of the coatings indicate that the sur-
face layers at a depth of 10 to 40 ym, depending on the energy parameters
of the process, are saturated with sulphur. The sulphur concentration at
this distance is about 0.4% . This zone is a layer of reduced microhardness.
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A strengthened layer is formed under this layer. It is characterized by
high carbon content and a high microhardness. The thickness of the
strengthened layer depends on the energy parameters of the ESA process
and is of 15 to 40 pm.

(iii) The analysis of the qualitative parameters of the sulphoalumi-
nized coatings obtained by the EIL method with the use of the STS was
carried out. The study of the surface profiles of the specimens after the
ESA process and the roughness parameters of the surfaces being studied
has shown that with an increase in W, as well as in the carbon content in
the steel, the parameters R,, R,, R, have been increasing. The metallo-
graphic and durometric analyses of the obtained coatings on steel 20 indi-
cate that the three zones can be distinguished on the microstructures.
Those are as follows: the near-surface zone, namely, a non-continuous
loose layer of 10 to 100 pm thick and of a microhardness of 1368 to 2073
MPa, a white strengthened layer of 20 to 40 nm thick and of a microhard-
ness of 4094 to 5157 MPa, a diffusion zone and a base metal having a
ferrite—pearlite structure. At increasing W, the parameters of the layer,
that is thickness, microhardness of the upper and white layers, as well as
their continuity, have been increasing. At replacing the substrate mate-
rial by steel 40 while sulphoaluminizing process, the hardness of both the
upper layer (1670 and 2240 MPa at W = 0.13 and 3.4 J, respectively) and
the strengthened layer (5147 and 10380 MPa at W = 0.13 and 3 .4 J, re-
spectively) have been increasing. The local micro-x-ray spectral analysis of
the sulphoaluminized coatings has shown that the largest amount of sul-
phur is in the surface layer, which characterizes this layer as a layer of
the decreased microhardness. In this case, sulphur is distributed over a
depth of up to 10 microns. The diffusion zone of aluminium is of 30 to 80
pm, depending on the energy parameters of the ESA process. The highest
aluminium content is typical for areas of the coating located at a distance
of 7 to 15 pm from the surface. The near-surface soft layer is enriched
with sulphur and strengthened with aluminium. The phase composition of
sulphoaluminized coatings depends on the energy parameters of the ESA
process, as well as on the carbon content in the base material. The FeAl
intermetallic is formed in the surface layer. With an increase in w,, there
an intermetallic FeAl, is formed. In addition, a bcc solid solution is found
in steel 20. In steel 40, at W = 0.13 J and at W = 0.55 J, an f.c.c. solid
solution is created, and at W = 3.4 J, there is a bcc solid solution.

(iv) The special features of structure formation of Al-C-S coatings
obtained by the ESA method with the use of STS were investigated. With
a significant increase in the discharge energy (from 0.52 to 6.8 J), there
is an increase in surface roughness and a decrease in the continuity of the
coating. Microstructural analysis of Al-C—S coatings on steel 20 showed
that the continuity and thickness of the white layer is 50% and 60 pm,
respectively (at W = 6.8 J). In turn, the microhardness on the surface is
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9000 MPa. The presence of sulphur in the STS contributes to the sulphu-
rizing process: the amount of sulphur is maximal on the surface and it has
been decreasing with distance from the surface.

(v). There has been an investigation of the process of sulphomolibdeni-
zing the metal surfaces with the use of the STS in the course of the ESA.
The metallographic and durometric studies have shown that the sulphomo-
libdenized coatings consist of 4 zones. Those are as follows: the upper
loose layer with the microhardness of H . = 1112-2040 MPa, the white
strengthened layer with H = 5147-5474 MPa for W = 0.13 J and H =
= 10596-10731 MPa for W = 3.4 J, the diffusion zone, and the base
metal. At replacing the substrate made of steel 20 by the substrate of steel
40, there is an increase in microhardness, the thickness of the strengthe-
ned layer, as well as in the continuity. Electron microscopic studies of the
obtained coatings have shown that the obtained layer has a heterogeneous
composition with different concentrations of elements. According to the
maps of the distribution of the elements over the areas of the specimens
being studied, sulphur is concentrated on the surface; molybdenum is dis-
tributed more evenly in the coating. The energy dispersive analysis has
shown that sulphur and molybdenum are concentrated at a depth of up to
4 and 19 pm, respectively, at W =0.13 J; up to 5 and 25 pm at W = 0.55 J;
up to 15 and 70 nm at W = 3, 4 J, respectively. The x-ray structural
analysis of the obtained coatings confirms the results of energy disper-
sion analysis.

At low discharge energies, the phase composition of coatings on steel
40 is represented by a bcc solid solution, with a lattice period similar to
ferrite, martensite, f.c.c. solid solution and FeMo intermetallic (c phase).

At replacing the substrate made of steel 40 by the one made of steel
20, a smaller amount of f.c.c. phase, namely, residual austenite has been
found in the sulphomolibdenized coating at the same discharge energy.
Molybdenum disulphide is formed already at a discharge energy of W =
= 0.55 J (3.77%), and at W = 3.4 J, about 8% thereof is found on the
surface, and about 5% of the same is found at a depth of up to 15 pm.
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research project ‘Development of environmentally safe technologies for
surface modification of power plant equipment parts using combined
methods based on electrospark alloying’ (State Reg. No. 0124U000539),
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CYJIb®IOYBAHHS METAJIEBUX ITIOBEPXOHbD EJIEKTPOICKPOBIM JIEI YBAHHSIM.
Y. 1: CTpyKTypHO-(pa30BUMA CTAH CipKOBMICHUX IIOKPHUTTIB Ha KOHCTPYKIIHHUX CTATAX

PosrsigHyTo Ta mpoaHasi30BaHO METOAUW IOBEePXHeEBOro HacuueHHA CynbdypoMmM MeTase-
BUX IIOBEPXOHD [JIA HAJAHHA iM cHeniaJbHUX TPUOOTeXHIUHUX BjacTuBocTeii. OCHOBHY
yBary s3ocepeisKeHO Ha TeXHOJIOTifAX, II[0 'PYHTYIOThCA Ha METOMi eJIeKTPOiCKPOBOTO Jie-
ryBauuda (ELJI). ITokasano, 1o npoiec HacuueHHA CyabdypoM MOKHA peasiidyBaTu, BU-
KOpHCTOByIOUM crermiaabai HacuuyBaiabHi cepemoBumia (CHC), mo mictars Cyashyp.
PosrasaayTo cmocobu dopMyBaHHS Cyab(}iZoBaHOTO, Cyab(OIIEMEHTOBAHOTO, CYJIbdoa-
airoBamoro, Al-C—S, cyabdomoai6meHoBOr0 MOKPUTTIB Ha cTajasax 3a momomoroon CHC
meronoMm EIJI. Hasemeno pesysbratu posmoziny Cynbdypy B HOBEePXHEBOMY IIapi Iif
yac cyabdinyBanua EIJI meraneBum enextpomom 3 Bukopucranuam CHC. Ilokasano,
mo Koumenrparis Cyabdhypy Ha moBepxHi cranoBuTh 6au3bKo 0,53—0,60 % i mocTyro-
BO 3MEHINyeTbca Braub migkmaaxu. HocaimkeHo Tomorpadiro o6pobiieHol moBepxHi, ii
CTPYKTYPY IIicjid cyabdolieMeHTaIlii cTaJeBuX TOBEPXOHDb Ipad)iTOBUM €JIeKTPOAOM 3 BU-
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kopucrauaam CHC, 1o micturs Cynndyp. BeraHoBIeHO, 10 MOKPUTTA CKJIALAETHCA 3
KinbKOX 1mapiB: HacuueHoro CyabdypoMm «M’AKOTO», HacuueHoro KapboHoMm 3MiIlHEHOTO
1 OCHOBHOTO MeTaJsy. 3i 3pOoCTaHHAM eHeprii pos3psany 30iJbITyIOTHCS TOBIMUHA, MiKpO-
TBEpIiCTh i cyminbHicTs moKpuTTsa. IIpoananizoBaHo aKicHi mapamerpu cyJsabgoasaiToBa-
HUX IIOKPUTTIB, ofmep:kaHux metomoM EIJI anomMiHieBUM eJIeKTPOIOM 3 BUKOPUCTAHHAM
CHC. Ha MiKpOCTPYKTypax BUABJAIOTHCS TPpu 30HU: 36arauenuit CyabdypoM IpHUIO-
BEPXHEBUI HECYLiMbHUI MyxKuil map 3aBToBmKu y 10—-100 MKM i MikpoTBepzicTio y
1368-2073 MIla, «6inuit» sminueHnui map 3aBToBmKu y 20—40 MKM i MikpoTBepaicTio
y 4094-5157 MIla iz Bmicrom Aumiominiio, audysiiiHa 30HaA Ta MaTepiaa HigKJIagKH.
®DazoBuit cKJIaL Cyab(OaTiTOBAHUX IMOKPUTTIB 3aJ€KUTh BiJl €HePreTUYHUX ITapaMeTpiB
EIJI. ¥V noepxHeBoMy mmapi yrBoprooioThca inTepmeraminu FeAl i FeAl,. Hocrim:xeno
CTPYKTYPHO-()A30BUI CTAH i BJIACTUBOCTI CYJIb(POMOJIIOAEHOBUX ITOKPUTTIB, OJEPKAHUX
metonom EIJI mosi6menoBum esnextpomom 3 Bukopucramuam CHC. IlpumoBepxHeBUit
nyxkuit map, Hacuuenuit Cyabdypom, mictuth 10 8 % aucyabdiny Momibmeny, 1o
yrBopuBcA B pesdynbrari EIJI. Ilix mum mapom micturbea Hacuuenuit Mosri6neHoM 3mirr-
HeHUU 1map MikporBepaicTio y 10596—-10731 MIla. Merogu cynabhigyBaHHA Ha OCHOBi
EIJI 3 Bukopucranuam CHC 3amponmoHOBaHO BUKOPUCTOBYBATU SAK JelleBi i edeKTUBHI
croco0u TOBEPXHEBOTO MOAuU(BiIKyBaHHS ITOBEPXOHBL TEPTsA AJS yCYHEHHS 3aimaHHA Ta
3MeHIIIeHHsA KoedillieHTiB TepTH.

Karouosi croBa: cynbdingyBanHA, eJIeKTPOiCKPOBE JIET'yBaHHSA, IOKPUTTH, MiKPDOCTPYKTY-
pa, TpuOOTEeXHiUHI BJIACTHUBOCTI.
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