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Abstract: The paper considers the problem of increasing the wear resistance of steel products. For
the first time, the technology of anodic plasma electrolytic sulfiding is proposed to increase the wear
resistance of low-carbon steel. The composition, structure, and frictional properties of modified
surface layers after sulfiding have been studied. The type and mechanism of wear are determined.
The influence of the sliding speed of the sample over the counter body on the friction and wear
resistance of the samples after processing is analyzed. The possibility of saturation of low-carbon
steel with sulfur in an electrolyte with sulfur compounds is shown. The iron sulfide FeS in the surface
layer is found. It has been established that the thickness of the sulfide zone and the relative amount
of FeS in it have a positive effect on reducing the coefficient of friction and mass wear. The greatest
decrease in the friction coefficient by 5.5 times and weight wear by 64 times occurs after sulfiding
at 500 ◦C for 10 min. It was found that the mechanism of wear of sulfided samples is fatigue wear
during dry friction and plastic contact.

Keywords: plasma electrolytic treatment; steel; sulfiding; wear resistance; friction coefficient

1. Introduction

The increase in durability and reliability of machines, technological equipment, and
tools is directly related to the increase in wear resistance [1–7]. One of the ways to reduce
the friction coefficient and improve the running-in of parts in friction pairs is the chemical–
thermal treatment of metal surfaces. There are many ways of chemical–thermal treatment
of metals and alloys. One of these methods is anodic plasma electrolytic treatment (PET).

PET is a high-speed processing method. The heating rate to the required temperature
is hundreds of degrees per second. The duration of diffusion saturation takes only a few
minutes with the possibility of quenching in the same electrolyte without reheating. An
important feature of high-speed heating is the reduction in the size of austenitic grains and
the grinding of blocks inside the grain, which increases its diffusion susceptibility. The
formation of diffusion layers is accelerated. High cooling rates make it possible to obtain
martensite of increased tetragonality [8,9].

The processes of diffusion saturation with nitrogen, carbon, and boron have been
largely studied under PET conditions. It is shown that the wear resistance of T8 steel
increases by 18 times after cathodic plasma electrolytic carburizing [10]. On the friction
tracks of untreated samples, there are scratches in the direction of the counter body sliding,
characteristic of abrasive wear, and significant flaking-off of the material. There are areas
with a high content of oxygen and zirconium, which indicates adhesion with a counter
body of ZrO2. Samples carburized in glycerin electrolyte are characterized by narrower
and less deep friction tracks with much lower oxygen and zirconium content. Fatigue
cracks have also been identified here. The conclusion is made about the transformation of
abrasive wear into oxidative and fatigue wear.
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Cathodic nitriding of S0050A steel in urea solution leads to a slight increase in the dry
friction coefficient from 0.37 for an untreated sample to 0.4 for a nitrided sample at 600 ◦C
for 5 min [11]. The friction coefficient also increases from 0.109 to 0.125 upon the application
of friction with a lubricant by a tungsten carbide ball, probably due to an increase in surface
roughness. Nevertheless, an increase in surface hardness leads to a decrease in volumetric
wear during dry friction by about 3 times. Cathodic nitriding of 34CrNiMo alloy steel in a
solution of carbamide (30%) and sodium carbonate (15%) reduces the intensity of adhesive
wear of steel by 35% with dry friction of a corundum ball compared to untreated steel [12].
A similar treatment of nitrided SACMI steel using a 25% solution of potassium carbonate
in formamide reduces weight wear by 15–20% compared to gas nitriding in dry friction
with a counter body made of hardened steel [13]. Adhesive wear is also reduced after
the cathodic nitriding of 38CrMoAl steel due to the formation of a needle-like structure
containing nitrides, fine grains of cementite, and martensite [14].

Anodic nitriding increases the wear resistance of 40Ch steel in dry friction with a
counter body made of sintered titanium carbide [15]. Wear tests of 40Ch steel under friction
with grease on a steel disc hardened to 50 HRC after anodic nitriding in a solution of
ammonia and ammonium chloride showed that wear is minimal at a temperature of 650 ◦C,
when the minimum surface roughness and the highest hardness of the nitride–martensitic
layer of 780 HV are reached [16].

The wear resistance of low-carbon steel after anodic nitrocarburizing in a solution
of ammonium nitrate, glycerin, and ammonium chloride increases by 14 times [17]. An
increase in temperature from 750 to 950 ◦C leads to a decrease in weight wear. The increase
in wear resistance is associated with a concomitant increase in the hardness of the layer
from 600 to 880 HV and a decrease in the friction coefficient from 0.15 to 0.12, despite an
increase in surface roughness from 0.46 to 0.91 µm.

The wear resistance of H13 steel increases by 12 times after cathodic boriding in a
solution containing borax and sodium hydroxide [18]. Anodic boriding in an aqueous
solution containing 3% sodium tetraborate and 10% sodium hydroxide leads to an increase
in the wear resistance of medium-carbon steel by an order of magnitude [19]. Wear tests of
medium-carbon steel samples after they were borided in an aqueous solution of boric acid
(5%) and ammonium chloride (10%) showed that the friction coefficient is always lower
than that of the control sample, both with lubrication and with dry friction on a disk of
hardened steel with a hardness of 50 HRC [20]. The minimum friction coefficient, equal
to 0.13, and the greatest increase in wear resistance (16 times) is observed after boriding
at 850 ◦C, when the highest values of microhardness and boron concentration in the layer
are reached.

A positive result after cathodic PET was noted for saturation of low-carbon steel S12
with nitrogen and sulfur in a solution containing 60% urea and 5% sodium thiosulfate [21].
The treatment provides a 1.7-fold reduction in the friction coefficient and a 2-fold reduction
in the width of the friction track.

All the above results convincingly demonstrate the significant potential of PET as a
way to increase the wear resistance of steels and alloys, but the tribological picture does
not appear to be studied. It is required to vary the test conditions over a wider range.

Of the numerous characteristics of surface roughness, only the average value of the
profile irregularities Ra is usually used. However, with the same average roughness,
the smoothing height and the set of step characteristics of the rough profile can differ
significantly and affect the frictional properties in completely different ways. Therefore, a
more informative complex roughness parameter should be used.

It is known that saturation of the surface of steel workpieces with sulfur allows for
reducing the coefficient of friction and improving the wear-in of parts in friction pairs. To
date, there have been no studies of the structure and properties of PET sulfided steels and
their tribological properties under various test conditions.

Therefore, in this work, the possibility of saturation of the surface of low-carbon steel
with sulfur during anodic PET–plasma electrolytic sulfidation (PES) is studied. The wear
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mechanism of steel samples after PES is investigated when the sliding speed of the sample
along the counter body varies within wide limits. The type and mechanism of wear are
determined. The type of destruction of the friction bond during testing is revealed, the
effect of the sliding speed on the nature of the interaction of surfaces in the contact zone is
established, and the relationship of the structure of the sulfided layer and the properties of
samples with the parameters of the friction process is studied.

2. Materials and Methods
2.1. Sample Processing

PET is carried out in an electrolyzer in which a bath filled with electrolyte is the
cathode and the workpiece is the anode. When a voltage in the range of 200 to 300 V is
applied to the electrolyzer, the electrolyte boils around the anode surface to form a stable
electrically conductive vapor–gas envelope. The electrical conductivity of the vapor–gas
envelope is lower than that of the electrolyte and metal electrodes. The passage of an
electric current through the envelope produces an amount of heat in it sufficient to heat the
anode to temperatures from 500 to 1100 ◦C.

The cylindrical electrolyzer (3 in Figure 1) ensured the circulation of the solution at a
constant rate and stabilization of the temperature of the solution. The solution was pumped
through a heat exchanger into the cylindrical cathode, and then the solution flowed about
the sample anode (1 in Figure 1) and then overflowed into the pan, from where it entered
the pump.
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Figure 1. Electrolyzer scheme: 1—sample anode, 2—thermocouple, 3—cathode, 4—current supply
and sample mounting system, 5—vapor–gas envelope.

Structural low-carbon steel (0.17–0.24 C, 0.17–0.37 Si, 0.35–0.65 Mn, Ni ≤ 0.25,
S ≤ 0.04, P ≤ 0.04, Cr ≤ 0.25, Cu ≤ 0.25, As ≤ 0.08, and the rest Fe) was used for treatment.
Cylindrical samples with a diameter of 11 mm and a height of 15 mm were subjected to
PES. The flow rate of the solution was measured with a rotameter (accuracy = 2.5%). The
temperature of the solution at the outlet of the heat exchanger was measured with an
MS6501 multimeter (Precision Mastech Enterprises, Hong Kong) using a chromel–alumel
thermocouple (accuracy = 3%) and maintained at 20 ± 1 ◦C.

The samples were connected to the positive output of the power supply, and the
electrolyzer was connected to the negative output. After voltage was applied to the sys-
tem, the samples were immersed in the electrolyte to a depth equal to their height. The
voltage was measured with an LM-1 voltmeter (United Era, Poland) (accuracy ± 0.5%),
and the current was measured with an MS8221 multimeter (Precision Mastech Enterprises,
Hong Kong). The sample temperature was measured with the MS8221 multimeter using
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the M89-K1 thermocouple with an accuracy of 2% in the temperature range from 400
to 1000 ◦C. The thermocouple was placed in an axial hole in the sample and was in di-
rect contact with the sample at a point 2 mm away from its lower end. The treatment
time was 5 and 10 min, and then the samples were quenched from the treatment tem-
perature. Quenching was carried out by disconnecting the voltage, which caused the
collapse of the vapor–gas envelope and the restoration of the contact of the sample with the
cooled electrolyte.

An aqueous electrolyte of the following composition was used: 10% (wt.) ammonium
sulfate (NH4)2SO4, 10% (wt.) dimethyl sulfoxide (CH3)2SO. The treatment temperature
varied from 500 to 900 ◦C in increments of 50 ◦C. Part of the samples of the control group
was treated for 5 min at a temperature of 750 ◦C in an aqueous electrolyte of the following
composition: 10% (wt.) ammonium chloride NH4Cl, 20% (wt.) carbamide (CO(NH2))2.

2.2. Surface Characterization

Friction tests were carried out according to the “shaft–pad” scheme (Figure 2). The
cylindrical sample was mounted on a shaft driven by an electric motor. A counter body,
which was a plate 2 mm thick with a semicircular notch on one of the edges, was pressed
against the generatrix of the cylindrical sample. The counter body notch had a radius of
5 mm and tightly covered the surface of the sample. Thus, during the wear of the friction
pair, the contact area of the friction pair practically did not change. The counter body was
fixed on a movable table, and it was pressed against the sample by the piston rod of a
pneumatic cylinder. The air pressure in the cylinder determined the force with which the
counter body was pressed against the sample. The counter body, together with the cylinder
and the table, was mounted on a crank, which had the ability to rotate coaxially with the
cylindrical sample. During testing, the crank remained immobile because it was connected
to a strain gauge that restricted the movement of the crank. The strain gauge signal allowed
determining the moment of friction force. Another strain gauge was connected to a movable
table and was intended to measure the force with which the counter body was pressed
against the sample. An infrared pyrometer was used to measure the temperature on the
friction track at the exit point of the track from the contact zone of the sample and the
counter body.
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The friction machine was manufactured by Kostroma State University (patent RU
213413 U1).

The phase composition was determined using an Empyrean X-ray diffractometer
manufactured by Panalytical using Co-Kα cobalt radiation (Panalitical, Espoo, Finland).

The microhardness of the surface layer of the samples was measured using a Falcon
500 microhardness meter (Innovatest, Maastricht, The Netherlands).

A solution of nitric acid in ethyl alcohol was used to etch the surface of the metallo-
graphic specimen. Immediately afterward, a solution of the following composition was
used: sodium thiosulfate (24 g), citric acid (3 g), plumbic acetate (2.5 g), and sodium nitrite
(0.25 g) per 100 mL of distilled water. The second solution was required for the rapid
identification of the sulfide inclusions.

The TESCAN VEGA 3 scanning electron microscope (Tescan Vega3, Brno, Czech)
was used to obtain images of the surface of the treated samples. Determination of the
concentration distribution of sulfur, carbon, nitrogen, and oxygen on the modified surface
was performed by EDX analysis on the same microscope.

The characteristics of the microgeometry of the friction track surface were studied on
the TR-200 profilometer (Time Group Inc., Beijing, China).

The scratch test was carried out on a Nanovea device according to the method from
the ASTM C1624-05 standard [22]. The indenter was a diamond cone with an angle at the
top of 120◦ and a radius of rounding of the top of 100 µm. The tests were carried out with a
load linearly increasing from 0.2 to 40 N. The loading speed during the tests ranged from 1
to 3 N/min.

2.3. Calculation of the Wear Mechanism

To analyze the experimental dependences obtained, it is necessary to establish the
mechanism of friction surface destruction and the type of friction bond breaking. For this
purpose, the value of the relative penetration of the irregularities of the pressed surfaces of
the friction pair h/r (r is the radius of the irregularity, h is the depth of its penetration into
the surface of the solid) and the shear strength of molecular bonds relative to the material
yield point τ

σT
were determined. According to [19], for steels, friction bonds are broken as

a result of elastic displacement of the material at values h/r < 0.01. Plastic displacement
of the material is characterized by residual deformation of the surface after the passage of
micro-irregularities and occurs during dry friction when h/k < 0.1. Values of h/k > 0.1 lead
to micro-cutting, characterized by the formation of micro-chips.

The mathematical model used for calculations is based on the values of parameters
determined experimentally on friction tracks using a profilometer. Thus, the resulting
model relations obtained are close to those that actually take place.

Modeling of the sample surface irregularities by bodies of double curvature gives the
following expression for the average radius of a single micro-irregularity [23]:

r =
9R2

aS2
m

128
(
5, 5Ra − Rp

)3 , (1)

where Ra is the arithmetical average roughness; Rp is the smoothing height or the distance
from the line of protrusions to the center line within the base length l. The line of protrusions
is drawn through the top of the highest irregularity parallel to the center line; Sm is the mean
spacing between peaks. The numerical values of the values Ra, Rp, and Sm are obtained
by direct measurements with a profilometer on the friction tracks of the sample and the
counter body. The values of the radii of micro-irregularities (1) were averaged on the basis
of 30 profilograms.

Next, we find the depth of the penetration of a single micro-irregularity into the
surface of the counter body. To do this, we need an analytical expression for the curve
of the support surface or a function of the material distribution over the height of the
rough layer.



Metals 2022, 12, 1641 6 of 21

Let us define this function as:

η = tm

(
z

Rp

)ν

= b
(

z
Rmax

)ν

= bεν
max =

Ar

Ac
=

Pc

Pr
, (2)

where z is the profile section level measured from the ledge line, Rmax is the maximum
height of profile irregularities, εmax = z/Rmax is relative profile asperity, ν and b are
parameters of the distribution function (2), Pr is the average real pressure at the friction
contact, Ar is the actual contact area, Pc is the contour pressure, and Ac is the contour
contact area.

Values of the parameters v and b are a result of friction track profilogram process-
ing [24]:

ν = 2tm

(
Rp

Ra

)
− 1, (3)

b = tm

(
Rmax

Rp

)ν

, (4)

where tm is the relative length of the profile at the center line level.

tm =

n
∑
1

∆li

l
, (5)

where l is the base length and
n
∑
1

∆li is the sum of the lengths of the segments cut off by the

center line in the profile.
The parameter tm is determined by direct measurements of the profilometer on the

friction tracks of both the test sample and the counter body.
Expressions (2)–(4) are used for the case of contact of a rough surface with a

smooth one.
The surfaces of the sample and the counter body are similar in hardness and, in ad-

dition, have a roughness of the same order; therefore, we apply the equivalent Demkin
material distribution function reflecting the microgeometry of both surfaces, having per-
formed calculations similar to [25].

The distribution function of the material over the height of the rough layer on the
friction tracks of the sample is designated as η1, and that of the counter body is designated
as η2. Similarly, all parameters related to the surface of the sample will be numbered with
index 1, and those related to the surface of the counter body will be numbered with index 2.

η1(z1) = b1

(
z1

Rmax1

)ν1

, (6)

η2(z2) = b2

(
z2

Rmax2

)ν2

. (7)

The material distribution function is formed by combining the distribution laws of the
sample material (index 1) and the counter body (index 2) using the Kragelsky method.

η =
b1b2

Rν1
max1Rν2

max2
·
(

1 − ν2ν1

(ν2 + 1)
+

ν2ν1(ν1 − 1)
2(ν2 + 2)

− ν2ν1(ν1 − 1)(ν1 − 2)
6(ν2 + 3)

+
ν2ν1(ν1 − 1)(ν1 − 2)(ν1 − 3)

24(ν2 + 4)

)
·(Rmax1 + Rmax2)

ν1+ν2 ·
(

h
Rmax1 + Rmax2

)ν1+ν2

=
b1b2

Rν1
max1Rν2

max2
·
(

1 − ν2ν1

(ν2 + 1)
+

ν2ν1(ν1 − 1)
2(ν2 + 2)

− ν2ν1(ν1 − 1)(ν1 − 2)
6(ν2 + 3)

+
ν2ν1(ν1 − 1)(ν1 − 2)(ν1 − 3)

24(ν2 + 4)

)
·(Rmax1 + Rmax2)

ν1+ν2 ·εν1+ν2 = b1,2·εν1+ν2
max ,

(8)
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where the designation is entered,

ε =
h

Rmax1 + Rmax2
. (9)

Equation (8) is an expression of the reference curve of some rough surface equivalent
to the considered two rough surfaces of the counter body and the sample.

Expression (8) is structurally similar to expression (2) if we assume that the distribution
parameter ν1,2 of the equivalent reference curve is the sum of the parameters of the sample
ν1 and the counter body ν2:

ν1,2 = ν1 + ν2. (10)

The maximum height of the irregularities of the equivalent profile Rmax1,2 is deter-
mined by the sum of the maximum heights of the irregularities of the sample and the
counter body:

Rmax1,2 = Rmax1 + Rmax2. (11)

The expression is used as the smoothing height Rp1,2 of the equivalent reference curve:

Rp1,2 = Rp1 + Rp2. (12)

Expression (2) for z = h for the parameters of the distribution of the equivalent curve
has the following form:

η = b1,2

(
h

Rmax1 + Rmax2

)ν1+ν2

=
Pc

Pr
. (13)

Then the absolute convergence of the surfaces will be equal to

h = (Rmax1 + Rmax2)

(
Pc

b1,2Pr

) 1
ν1+ν2

, (14)

where the coefficient b1,2 is given by the expression

b1,2 =
b1b2(Rmax1 + Rmax2)

ν1+ν2

Rν1
max1Rν2

max2
·
(

1 − ν2ν1

(ν2 + 1)
+

ν2ν1(ν1 − 1)
2(ν2 + 2)

−ν2ν1(ν1 − 1)(ν1 − 2)
6(ν2 + 3)

+
ν2ν1(ν1 − 1)(ν1 − 2)(ν1 − 3)

24(ν2 + 4)

)
.

(15)

To calculate the actual pressure at the tops of the micro-irregularities Pr, in
Expression (14) we define the type of contact: elastic or plastic.

Deformations of rubbing surfaces will be elastic if the applied load and the force
of molecular interaction do not lead to stresses in the surface layer exceeding the yield
strength of the steel sample.

Plastic contact is realized when the contact stresses at the friction unit exceed the
yield strength of the sample material, which leads to the penetration of the rough surface
irregularities of a harder body into a surface with less hardness.

The Williamson–Greenwood criterion, also called the plasticity index, has become the
most widespread [26,27].

Kp =
Θ

HB

√
Rp

r
, (16)

where Θ is the reduced modulus of elasticity:

Θ =

(
1 − µ2

1
E1

+
1 − µ2

2
E2

)
, (17)
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where µ2
i and Ei are Poisson’s coefficients and elastic moduli of interacting bodies.

The dimensionless parameter Kp describes the deformation properties of a rough
surface. If the value of this parameter is much less than 1, then the deformations of
irregularities in contact with a flat surface will be completely elastic, if the value exceeds 1,
then the deformations will be predominantly plastic.

In the case under consideration, the plasticity index is greater than 6 in the entire range
of changes in the sliding velocities of the sample along the counter body; therefore, the
contact is plastic. In the case of plastic deformation, we assume the stress on the contact
to be equal to the hardness, according to [27]: pr ≈ HB. The applied load N sets the
contour pressure.

Thus, the expression for absolute penetration will take the following form:

h = (Rmax1 + Rmax2)

(
N

b1,2HB

) 1
ν1+ν2

. (18)

The relative penetration of the irregularities of the friction surfaces is defined as the
ratio of the absolute penetration (28) to the average radius of the micro-irregularities (1):

h
r1,2

=
(Rmax1 + Rmax2)

r1,2
·
(

N
b1,2·HB

) 1
ν1+ν2

, (19)

where r1,2 is the reduced radius, determined according to [24]:

r1,2 =
r1r2

r1 + r2
. (20)

In addition, to characterize the operational properties of the surface, we calculate the
dimensionless Kragelsky criterion:

∆ =
Rmax

rb
1
ν

. (21)

The complex (21) is the most complete roughness evaluation including not only
geometric but also statistical characteristics of the distribution of irregularities in height, as
well as the average radius of micro-irregularities. The physical essence of the parameter ∆
is to determine the bearing capacity of the roughness profile.

3. Results
3.1. Temperature–Voltage and Current–Voltage Characteristics of PES

Figures 3 and 4 show the temperature–voltage and current–voltage characteristics of
PES in an electrolyte with the addition of dimethyl sulfoxide. The temperature increases
with increasing voltage due to an increase in the input power and reaches a maximum of
900 ◦C at a voltage of 220 V. The maximum on the temperature–voltage curve determines
the maximum achievable treatment temperature in this electrolyte for the samples with
a surface area of 260 mm2. The current decreases with increasing voltage due to an
increase in the thickness of the vapor–gas envelope with increasing voltage, which is typical
for PET.

3.2. Structure, Elemental Composition, and Phase Composition of the Surface Layer after PES

EDX analysis shows the enrichment of the surface layer of the samples with sulfur,
carbon, nitrogen, and oxygen at all treatment temperatures (Figure 5). The carbon content in
the surface layer decreases as the treatment temperature increases due to the decarburizing
process. The electrolyte with ammonium sulfate creates conditions for the diffusion of
nitrogen into the surface layer. The sulfur content is maximum at a treatment temperature
of 500 ◦C and gradually decreases with increasing PES temperature. According to X-ray
diffraction data, the surface layer contains iron oxides and sulfides (Figure 6).
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The oxygen content increases with increasing treatment temperature from 16.9 at.%
at 500 ◦C up to 40.1 at.% at 900 ◦C (Figure 5), but it is not enough for the formation of a
continuous oxide layer (Figure 7).
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Figure 7. SEM images of the steel surfaces after PES at 700 ◦C.

A mechanical mixture of iron and Fe3O4 oxides is formed on the steel surface, with
inclusions of FeO due to the processes of high-temperature oxidation of iron in water vapor
and electrochemical oxidation in the process of charge transfer by electrolyte anions [28].
The outer layer contains pores (Figure 7), which facilitate the diffusion of sulfur, carbon,
and nitrogen into the material, in addition to the existing vacancies [29].

Metallographic analysis of the surface layer shows the formation of two zones (Figure 8).
The zone enriched in iron sulfides has the greatest thickness of about 0.2 mm after treatment
at 500–600 ◦C. As the temperature rises, the thickness of this zone decreases to 0.06 mm after
saturation at 850–900 ◦C. Zone I after treatment at temperatures of 600–900 ◦C is followed
by a hardened zone as a result of the formation of hardening martensite. The value of
microhardness increases with an increase in the treatment temperature (Figure 9).
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3.3. Friction and Wear Characteristics 
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3.3. Friction and Wear Characteristics

The calculation of the relative penetration values shows that friction bonds are broken
due to plastic displacement of the material during plastic flow around the deforming
protrusion (Table 1). A roller of deformable material is formed in front of the protrusion,
and the material is pushed aside at the edges. The friction surfaces are characterized by
residual deformation after the passage of the micro-irregularities. With this type of stress
state, low-cycle frictional fatigue occurs in the surface layer of the sample.

Table 1. Relative penetration at different treatment temperatures and times.

T (◦C) 500 550 600 650 700 750 800 850 900

5 min treatment

h/r 0.048 0.046 0.051 0.050 0.052 0.066 0.072 0.074 0.089

10 min treatment

h/r 0.042 0.050 0.048 0.052 0.058 0.062 0.071 0.068 0.079

During plastic contact, the force expended on the surface layer deformation is due
to the resistance of the material of the deformable sample to plastic displacement and the
formation of a friction track. Friction tracks with traces of plastic deformation of sulfided
samples are shown in Figure 10.
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during dry friction and plastic contact. 

According to Figures 12 and 13, in the first few minutes of friction, the running-in of 
the friction pair occurs. A new relief is formed on the friction tracks, which is characteristic 
of the given specific loading conditions and the sliding speed of the sample over the 
counter body. Under these conditions, the changes in the friction coefficient and the 
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Figure 10. SEM image of wear tracks of the surface sulfided at 500 ◦C for 5 min. The friction distance
is 1 km, the sliding speed is 1.555 m/s, and the load is 10 N.

The scratch test under a load linearly increasing from 0.2 to 40 N was carried out for
samples sulfided at temperatures of 550, 650, 750, and 850 ◦C. On each sample, two tests
were carried out, one directly on the friction track after 1 km of tests, and the other on a
modified surface that was not subjected to tribological tests. The destruction of the modified
layer on the surface without a friction track is accompanied by plastic deformation, chips,
and cracks of the oxide layer on the surface. On the friction paths of all samples, only areas
of plastic deformation are observed (Figure 11).
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Thus, the wear mechanism of samples sulfided at all temperatures is fatigue wear
during dry friction and plastic contact.

According to Figures 12 and 13, in the first few minutes of friction, the running-in of
the friction pair occurs. A new relief is formed on the friction tracks, which is characteristic
of the given specific loading conditions and the sliding speed of the sample over the counter
body. Under these conditions, the changes in the friction coefficient and the average bulk
temperature in the surface layer of the sample over the time of the tribological test are
small. As can be seen in Figure 13, after sulfiding, there is a greater decrease in the friction
coefficient than after nitrocarburizing the same steel.
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at different temperatures for 5 min and for an untreated sample. The friction distance is 1 km, the
sliding speed is 1.555 m/s, and the load is 10 N.
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Figure 13. The dependence of the friction coefficient on the friction distance for samples sulfided at
750 ◦C for 5 min, an untreated sample, and a sample nitrocarburized at 750 ◦C for 5 min. The friction
distance is 1 km, the sliding speed is 1.555 m/s, and the load is 10 N.



Metals 2022, 12, 1641 14 of 21

Variation of the temperature and duration of sulfiding showed that the greatest de-
crease in the friction coefficient occurs at the minimum treatment temperature (Figure 14).
Increasing the duration of PES from 5 to 10 min also helps to reduce the friction coefficient.
The greatest decrease (by 5.5 times) in the average value over the last 100 m of the friction
coefficient occurs after sulfiding at 500 ◦C for 10 min compared to the untreated sample.
An increase in the friction distance to 2 km leads to an increase in the friction coefficient by
1.05–1.25 times.
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temperature at different treatment times. The friction distance is 1 and 2 km, the sliding speed is
1.555 m/s, and the load is 10 N.

Similar dependences are observed with the weight wear of samples (Figure 15).
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The smallest weight wear is observed after PES at 500 ◦C for 10 min, which is 64 times
lower than that of the untreated sample. It is also shown that the mass wear of sulfided
samples is 6.2 times lower than that of nitrocarburized samples (Figure 16), which is clearly
reflected in the profile of friction tracks (Figure 17).
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of testing, the increase in the Kragelsky–Kombalov criterion for higher treatment 
temperatures is more intense than that after 2 km. In the first case, ∆ grows according to a 
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Figure 17. Profile of the friction tracks on samples sulfided at 500 and 750 ◦C for 5 min and on an
untreated sample. The friction distance is 1 km, the sliding speed is 1.555 m/s, and the load is 10 N.

An increase in the treatment temperature leads to an increase in the Kragelsky–Kombalov
criterion ∆ on the friction tracks at any treatment time (Figure 18). After 1 km of testing, the
increase in the Kragelsky–Kombalov criterion for higher treatment temperatures is more
intense than that after 2 km. In the first case, ∆ grows according to a parabolic law; after
2 km of testing, the growth becomes linear. Longer saturation provides a decrease in ∆ both
after 1 and after 2 km of friction.
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Figure 18. Dependence of the Kragelsky–Kombalov criterion ∆ on the treatment temperature at
different treatment times. The friction distance is 1 and 2 km, the sliding speed is 1.555 m/s, and the
load is 10 N.

Temperature measurement in the tribological contact zone showed that an increase in
the treatment temperature leads to an increase in this friction parameter (Figure 19).
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Figure 19. Dependence of the temperature in the tribological contact zone on the friction distance for
samples sulfided at different temperatures. The sliding speed is 1.555 m/s; the load is 10 N.

An increase in the sliding speed of the sample along the counter body from 0.52 to
10.36 m/s leads to a decrease in the relative penetration of irregularities (Figure 20), the
friction coefficient (Figure 21), the complex roughness criterion ∆ (Figure 22), and weight
wear (Figure 23).
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Figure 20. Dependence of relative approach on the sliding speed. The friction distance is 1 km; the
load is 10 N.
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4. Discussion

From the obtained characteristics of sample heating in electrolysis plasma, it follows
that treatment in a solution of ammonium sulfate and dimethyl sulfoxide has typical
temperature–voltage and current–voltage characteristics for anodic plasma electrolytic
treatment, which makes it possible to vary the treatment temperature by voltage regulation.

The result of heating and holding steel specimens at temperatures that ensure diffusion
processes is the formation of a modified surface layer. This layer consists of a mixture
of iron oxides as a result of high-temperature oxidation, iron sulfide as a result of sulfur
diffusion, and a solid solution of nitrogen and carbon forming quench martensite as a result
of nitrogen diffusion. Nitrogen diffusion provides strengthening of the modified layer,
and the value of microhardness is determined by the hardening temperature (hardening
was carried out from the diffusion saturation temperature), as well as the concentration of
nitrogen and carbon.

The diffusion of sulfur can be associated with the emission of sulfate ions on the
anode sample, as well as the adsorption of dimethyl sulfoxide molecules, followed by the
decomposition of chemical compounds to the atomic state. Nitrogen diffuses into steel in
atomic form after adsorption on the sample surface of ammonia molecules formed during
the hydrolysis of ammonium ions.

The larger radius of the sulfur atom compared to the atoms of the other diffusants
does not allow sulfur to diffuse to a greater depth. This leads to competition between
sulfur and oxygen in the near-surface layer for interaction with iron and the formation of
chemical compounds with it. The result of this is the prevalence of sulfur diffusion at low
temperatures, when high-temperature oxidation proceeds less intensively.

The formation of a modified layer, which consists of oxides and sulfides of iron in the
near-surface layer and a hardened substrate, determines the wear mechanism as fatigue
wear during dry friction and plastic contact under the conditions of tribological tests. A
favorable effect of iron sulfides on reducing the coefficient of friction and weight wear is
shown, both with varying PES conditions (with a decrease in treatment temperature and
an increase in treatment time) and when compared with nitrocarburizing of the same steel
grade under similar treatment conditions.

A comprehensive assessment of the quality of the surface layer is given by the
Kragelsky–Kombalov criterion ∆. According to the molecular mechanical theory of wear
under plastic deformations in the zones of actual contact, the molecular component of
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the coefficient of external friction does not depend on the microtopography of surfaces.
The deformation component increases with the increase in the complex ∆. Thus, the total
coefficient of external friction increases with increasing criterion ∆. Large values of the
Kragelsky–Kombalov criterion were obtained on samples sulfided at higher temperatures
(Figure 18), and the friction coefficient, in accordance with the molecular mechanical theory
of wear, should increase, which is shown in Figures 12 and 14.

Comparison of Figures 12–14 with Figures 15–17 shows that with increasing treatment
temperature, the friction coefficient increases, as does weight wear, and the profiles of the
friction tracks become deeper.

Increasing the treatment temperature leads to a significant increase in hardness. The
thickness of the layer enriched with iron sulfides, the relative amount of sulfides in the layer,
and the sulfur content in the surface, on the contrary, decrease with increasing treatment
temperature. The results obtained show that the leading parameter for increasing the wear
resistance and frictional properties of low-carbon steel under the studied conditions of
tribological tests is not the hardness of the modified layer, but the thickness of the sulfide
zone and the relative amount of FeS in it. The sulfide-enriched layer improves surface
properties and acts as a permanent lubricant during friction. Moreover, Figure 18 clearly
shows that the lower the treatment temperature, the lower the ∆ and, consequently, the
higher the bearing capacity of the roughness on the friction tracks.

An increase in the treatment temperature leads to the heating of the sample in the
tribological contact zone. Under plastic deformations in the zone of tribological contact, a
stronger influence on the value of the total diffusion coefficient is exerted by its deformation
component, rather than the molecular one. An increase in temperature in the tribological
unit leads to an increase in the relative penetration, and hence the deformation component
of the diffusion coefficient and the entire friction coefficient as a whole (Figures 12 and 14).
In addition, an increase in temperature at actual contact spots contributes to the collapse
of irregularities, and, consequently, to an increase in the area of their contact with the
counter body and an increase in viscous resistance to deformation, which also increases the
coefficient of friction.

In plastic contact, the rate of sliding of the sample over the counter body affects the
friction through the rate of propagation of plastic deformation. With an increase in the
sliding speed of the sample along the counter body, plastic deformation does not have time
to spread to a significant depth and is localized in a smaller near-surface volume, and the
relative penetration of irregularities and the size and number of friction bonds decrease. As
a result, both the molecular and deformation components of the friction coefficient decrease;
consequently, the friction coefficient as a whole decreases (Figure 21). An increase in the
sliding speed of the sample over the counter body reduces the adhesion strength of friction
bonds, leading to a decrease in the height of the deformed bead and smoothing of the
friction surface. As a result, the complex roughness criterion ∆ decreases with increasing
sliding speed (Figure 22), and the smaller it is, the higher the bearing capacity of roughness;
therefore, mass wear decreases with increasing sliding speed of the sample over the counter
body (Figure 23).

5. Conclusions

1. The principal possibility of saturating low-carbon steel with sulfur in an electrolyte
based on ammonium sulfate and dimethyl sulfoxide with the formation of iron sulfide
FeS in the surface layer is shown. The maximum sulfur content in the surface layer
is reached at a treatment temperature of 500 ◦C, when the intensity of competing
high-temperature oxidation is low.

2. It has been established that the dominant factor in reducing the friction coefficient
and weight wear is the thickness of the sulfide zone and the relative amount of FeS
in it, and not the microhardness of the diffusion layer. The greatest decrease in the
friction coefficient by 5.5 times and weight wear by 64 times occurs after sulfiding at
500 ◦C for 10 min.
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3. It was revealed that the mechanism of wear of sulfided samples is fatigue wear during
dry friction and plastic contact. Using the example of varying the sliding speed, it is
shown that a decrease in the friction coefficient with an increase in the sliding speed is
provided by the localization of plastic deformation in a smaller near-surface volume,
and a decrease in weight wear is due to an increase in the bearing capacity of the
surface roughness.
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