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Abstract. Thermo-deformation treatment refers to methods of surface strength-
ening using highly concentrated energy sources. In the process of processing,
the surface layers of the metal are modified, and strengthened white layers with a
nanocrystalline structure are formed. The conducted studies showed that during the
thermo-deformation treatment of the working surfaces of specimens made of steel
41Cr4 (quench-hardening and low-temperature tempering) using different tech-
nological media (mineral oil (MO), mineral oil with active additives containing
polymers (APP) and saturated aqueous solution of mineral salts based on magne-
sium and calcium chlorides (ASMC)), a strengthened white layer with a thickness
of 160 pm to 260 wm and a hardness of 7.6-8.2 GPa was formed. It is shown that
the technological medium used during thermo-deformation treatment affects the
wear resistance with reversible friction without lubrication. Thus, when using APP
and ASMC, the wear resistance of steel-bronze friction pairs increased by 3.1-3.3
times, and when using MO, by 2.1-2.5 times, compared to the non-strengthened
pair. During studies of friction pairs of “Steel 41Cr4 — Bronze CuAl10Ni5Fe4”,
“Steel 41Cr4 — Steel 30HGSA” in oscillating (reversible) friction without lubri-
cation, as well as single-direction sliding friction, strengthened white layers with
a nanocrystalline structure significantly increase their wear resistance.

Keywords: Industrial Growth - White Layer - Nanocrystalline Structure - Wear -
Process Innovation

1 Introduction

Modern engineering products operate at high speeds and cyclic loads. Their reliability
is determined by the quality of manufacturing machine parts, assembly processes, and
operating conditions [1]. The operational characteristics of machine parts depend on
the parameters of the quality of the working surfaces [2] and the surface layer [3]. The
processes of destruction of machine parts begin from their contacting surfaces [4]. In the
surface layers of the metal of machine parts [5], the crystal lattice accumulates various
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defects [6], which lead to accumulation of various defects, which lead to the initiation and
propagation of cracks [7] and the destruction of the surface layer and the part as a whole
[8]. The geometric parameters of the contacting surfaces and the physical, mechanical,
and electrochemical properties of the surface layers influence the durability of machine
parts during operation [9]. The geometric parameters of the working surfaces of the
parts depend on the conditions of their processing in the finishing operations and are
characterized by roughness, waviness, and the bearing capacity of the contacting surface
[10]. The physical and mechanical properties of the surface layers are determined by
the chemical and phase composition, structure [11], grain size of the metal structure
components, and stress state [1, 2, 12].

2 Literature Review

During operation, the contact surfaces of the machines are mostly destroyed due to
friction processes [13]. One of the effective methods of increasing the durability of
machines is the formation of a given surface so that it performs functions that differ
from the functions required for the main material. Therefore, it is necessary to provide
appropriate parameters for the working surfaces of the friction pair, as well as the quality
of the surface layer [1, 11].

A new direction, “Surface Engineering”, is used during manufacture to increase
the durability of the contacting surfaces of machine parts during operation. During
modification, it forms the specified parameters of the treated surfaces’ quality and the
metal’s surface layer [11]. During the modification of the surface layer of metal [14],
the process of strengthening [15]. The chemical and phase composition, structure, grain
size, hardness, stress state of the metal [16], and crystal lattice dimensions are changing
[17]. In this case, the section has no boundary between the strengthened surface layer and
the base metal of the part [14]. The methods of modifying the surface layer of metal are
processing methods using highly concentrated energy sources (laser [18], plasma [19],
electron beam machining [20], and friction strengthening treatment [21, 22]), as well as
intensive plastic deformation [23, 24]. In the process of these treatments, strengthened
surface layers with a nanocrystalline structure are formed [25] (the grain size of the metal
structure is less than 100 nm in at least one direction) [26], which have specific physical,
mechanical, and other properties that are significantly different from the properties of
the base metal [26, 27].

When applying surface treatment technologies using highly concentrated energy
flows in the surface layers of metal under the action of high-temperature gradients [28],
structural and phase transformations pass [18, 29]. The surface layers are heated at high
speeds to temperatures above the point of phase transformations [30]. After escaping
the source of thermal energy, the following rapid cooling of the surface layers due to
heat dissipation into the depth of the metal passes [27]. As a result, the structure [31],
phase and chemical compositions [29, 32], and physical, mechanical, and chemical
characteristics of the metal change in the surface layers [25, 26].

Thermo-deformation treatment (TDT) refers to surface treatment methods using
highly concentrated energy flows. Such a flow of energy is created by high-speed friction
(60-80 m/s) of a strengthening tool on the work surface of the workpiece. Simultaneous
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shear deformation occurs during the processing in the contact area “tool-part” [33].
The surface layers of the metal are heated to temperatures above the point of phase
transformations (Ac3) [34]. After moving, the contact zone “tool-part” takes place in
high-speed cooling of the metal surface layer. In the surface layer of machine parts,
a specific structural-stressed state of metal [35] — a white layer with a nanocrystalline
structure is formed [36].

Most studies of the durability of friction pairs, including white layers, were per-
formed during single-directional sliding [13, 35]. Studies [33, 35] have shown that the
strengthened white layers with nanocrystalline structure significantly increase the wear
resistance of friction pairs during various types of wear.

In practice, there are mechanisms in which friction pairs work in oscillating move-
ments, and the oscillating (reversible) wear-and-tear is realized [37]. An example is the
linkage and crank mechanisms, mated parts of the chain conveyors, and other surfaces
of mated parts. The course of the wear process with oscillating (reversible) friction
of a strengthened white layer with the nanocrystalline structure is unknown since the
surface layers constantly change the direction of sliding to the opposite. Therefore, this
work aims to influence the obtained strengthened nanocrystalline layers’ wear resistance
during oscillating (reversible) friction.

3 Research Methodology

Studies of wear in the oscillating (reversible) friction were carried out on the friction
and wear testing machine (UMT-1) (Fig. 1) installation according to the scheme “Plane-
Plane” (Fig. 2a). Moveable and stationary (fixed) specimens were fixed in the clamps
(Fig. 2b). The required load was applied to a fixed specimen by using a load device
and the oscillating movements were formed by the crank mechanism and the eccentric
for the moveable specimen. The study of wear resistance was carried out on specimens
made of steel 41Cr4 (quench-hardening and low-temperature tempering, HRC 52-54).
Moveable and stationary (fixed) specimens are in contact with the end (face) surfaces.
The chemical composition of the steel 41Cr4 is as follows: mass %: 0.40 C; 0.78 Mn;
0.26 Si; 1.12 Cr; 0.01 S; 0.01 P; Fe: balance. The end surface of the fixed specimen has
the shape of a circle with a diameter of 19 mm, and the moveable specimen — has the
shape of a ring, an outer diameter is 15.8 mm and an inner — of 11 mm. The area of
contact of the specimens is 100 mm?.

TDT strengthened the end contact surface of the fixed specimens. Counter-specimens
(moveable specimens) were made of bronze CuAl10Ni5SFe4 and steel 30HGSA (PL)
(quench-hardening and low-temperature tempering, HRC 38-40). The chemical com-
position of the bronze CuAl10Ni5Fe4 is as follows: mass %: 3.5-5.5 Fe; 0.3 Mn; 0.1 Si;
3.5-5.5 Ni; 0.01 P; 9.5-11 Al; 77.4-83.5Cu; 0.02 Pb; 0.3 Zn; 0.1 Sn and the chemical
composition of the steel 30HGSA (PL) is as follows: mass %: 0.28-0.34 C; 0.8—1.1 Mn;
0.9-1.2 Si; 0.8-1.1 Cr; 0.025 S; 0.025 P; 0.3 Cu; 0.3 Ni; Fe: balance. Studies of the wear
resistance of friction pairs were carried out without lubrication. For comparison, similar
non-strengthened friction pairs were investigated.

Before the test, all specimens of a friction pair were run in before stabilization of
the moment of friction and alignment of mating surfaces, which was evaluated in the
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presence of traces of friction on the area of at least 90% of the friction working surface
of each specimen.

a b
Fig. 1. The friction and wear testing machine (UMT-1) (a) and scheme of study the wear in the

oscillating (reversible) friction according to the scheme “Plane-Plane” (b): 1 — fixed specimen;
2 — moveable specimen; 3, 4 — clamps; F — the force of pressing; V. — velocity of friction.

The criterion for the amount of wear was taken from the weight loss of specimens
after a certain length of friction, which was determined by weighing on the analytical
balance with an accuracy of 0.2 mg. Also, during the experiments, the amount of linear
wear on the working surfaces of the specimens was constantly recorded using the strain
gauges, which also recorded the established friction coefficient (factor).
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Fig. 2. Specimen (a) and counter-specimen (b) for studying the wear in the oscillating (reversible)
friction according to the scheme “Plane-Plane”.

After the alignment of mating (contact) surfaces of the friction pair, the drive of
friction and wear testing machine was switched on and set the required load. The load
was given in the range F = 10...100 MPa and in steps of 10 MPa. The duration of
experiments at each load was 100 cycles, and the total duration of the experiment was
1000 cycles. The load on each following range (step) was applied without interrupting
the experiment. The angular displacement of the specimen was 90° and the displacement
frequency — 5 double strokes per minute.
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The TDT of the end (face) contact surfaces of fixed specimens made of steel 41Cr4
were carried out by a modernized surface-grinding machine of the SPC-20a (Jotes,
Poland) (Fig. 3). Instead of a grinding wheel, the tool (disk) for TDT made of a stainless
steel IH18N10T (PL) was installed, as well as the modernization of the drive of the
machine’s main motion. The tool’s dimensions correspond to the grinding wheel size
used on the surface-grinding machine. The linear velocity on the periphery of the tool
was 60-70 m/s. The technological medium was fed to ensure the appropriate quality
parameters of the treated surfaces in the tool’s contact area with the part during TDT.
The media tested were: mineral oil (MO), mineral oil with active additives containing
polymers (AAP), and a saturated aqueous solution of mineral salts based on magnesium
and calcium chlorides (ASMC).

Fig. 3. Surface-grinding machine of the SPC-20a (Jotes, Poland) (a), scheme of the process of
strengthening by TDT (b): 1 — tool; 2 — specimen; 3 — nozzle to feed the technological medium;
4 — table of surface-grinding machine; Viyp1e — velocity of the displacement of the table; Vo)
— linear velocity of rotation of the tool.

The phase composition and average grain size L of the steel’s surface layer after MPT
was determined by X-Ray analysis using the diffractometer DRON-3 with a CuKa X-
Ray source (voltage of 30 kV and intensity of 20 mA), spacing of 0.05° and the exposition
of 4 s. The diffractograms were post-processed using the software CSD [38]. The X-
Ray diffraction patterns were analyzed after the Joint Committee on Powder Diffraction
Standards/American Society for Testing and Materials (JCPDS-ASTM) index [39].

The microhardness Hp was measured using the microhardness testing machine PMT-
3 at the load of 50 g on metallographic sections made from flat specimens of steel 41Cr4.
Tests were carried out by indentation of a standard 136-degree Vickers diamond pyramid
with a square base.
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4 Results and Discussion

Metallographic studies have shown that qualitative and solid strengthened surface lay-
ers with the nanocrystalline structure are formed after TDT using various technological
media on specimens made of steel 41Cr4 (quench-hardening and low-temperature tem-
pering). The thickness of the strengthened white layer was 150-160 pm, and the hardness
of the layer was 7.6 GPa, with the hardness of the main metal structure of 4.8 GPa after
TDT using the MO as a technological medium. When used AAP as a technological
medium, the thickness of the strengthened layer was more significant — 200-210 pm.
After TDT with the use of ASMC, the thickness of the strengthened layer was even
larger and was 250-260 pwm. The hardness of the strengthening layer after processing
using AAP and ASMC was almost the same and was 8.2 GPa.

X-ray studies of the obtained strengthened surface layers showed that the grain size
of their structure near the surface is 20-50 nm. The structure’s size with the layer’s
depth decreases and changes smoothly to the main structure. Accordingly, the obtained
strengthened layers can be attributed to nanocrystalline.

As noted earlier, studies on determining the wear resistance of friction pairs were
performed with single-direction sliding friction. During the reversible sliding motion
in the friction pair’s contact area, the cyclic changes in the load in the local zones of
contact of the peaks of contacting surfaces are presented. Friction without lubrication
is the severe type of interaction of contact surfaces in which their geometric parameters
and surface layer properties are shown.

Experiments have shown that strengthened white layers with nanocrystalline struc-
ture significantly increase the wear resistance of oscillating friction (reversing) without
lubrication of pair “Steel 41Cr4 (quench-hardening and low-temperature tempering) —
Bronze CuAll10Ni5Fe4” (Fig. 4). The technological media used in the process of TDT
significantly influenced the wear process. Thus, the increase in the wear resistance of the
white nanocrystalline layer obtained by TDT using the technological medium of mineral
oil reaches 2.5 times compared to non-strengthened specimens, AAP — 3.3 times, and
ASMC - 3.5 times. This also increases the wear resistance of specimens made of bronze,
which is paired with strengthened specimens made of steel. The increase in the wear
resistance of bronze specimens exceeds 1.2—1.3 times. The magnitude of the established
friction coefficient is also reduced.

During the study of the friction pair’s non-strengthened specimens, the friction coef-
ficient increases monotonously (Fig. 5). Study specimens have shown that with increas-
ing load to 50 MPa, the friction coefficient at this time also increases monotonously. Its
value is smaller than during the friction of non-strengthened pair. The friction coefficient
stabilizes and even slightly decreases with the subsequent load increase of more than
50 MPa. It should be noted that the study of friction pairs with strengthened specimens
by TDT with AAP and ASMC showed that the friction coefficient is less than in the
study of pair, where TDT strengthened the specimen with MO. In the studies of the
non-strengthened pair, the coefficient of friction is much higher than in friction pairs
with strengthened specimens. Thus, during studies with a unit load of 90 MPa, the fric-
tion coefficient decreased by 1.2—1.4 times compared to the non-strengthened pair. The
wear resistance during oscillating friction (reversing) without lubricating the pair with
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strengthened specimens using TDT with technological media AAP and ASMC is much
higher than in pairs with non-strengthened specimens, as shown by studies.
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Fig. 4. The magnitude of wear and established friction coefficient of oscillating friction (revers-
ing) without lubrication of the pair “Steel 41Cr4 (quench-hardening and low-temperature temper-
ing) — Bronze CuAl10Ni5Fe4” (£ = 10...100 MPa; V4 = 0.005 m/s; N = 1000 cycles): 1 —source
(base) metal; 2 — TDT with MO; 3 — TDT with AAP; 4 — TDT with ASMC.
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Fig. 5. The dependence of the established friction coefficient on the unit load of oscillating friction
(reversing) without lubrication of the pair “Steel 41Cr4 (quench-hardening and low-temperature
tempering) — Bronze CuAllONiSFe4” (V4 = 0.005 m/s; N = 1000 cycles): 1 — source (base)
metal; 2 — TDT with MO; 3 — TDT with AAP; 4 — TDT with ASMC.

A similar situation is also observed in the case of oscillating friction (reversing) with-
out lubrication when testing specimens made of steel 30HGSA (PL) (quench-hardening
and medium-temperature tempering). In this case, strengthening of steel 41Cr4 (speci-
mens made of steel 30HGSA (PL) were not strengthened, the working surface was only
polished) also significantly increases the wear resistance of the friction pair (Fig. 6). So,
for example, TDT with MO as a technological medium increases wear resistance by 2.1
times compared to non-strengthened pair, AAP — by 3.1 times, and using ASMC - by
3.3 times.
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Fig. 6. The magnitude of wear of oscillating friction (reversing) without lubrication of the pair
“Steel 41Cr4 (quench-hardening and low-temperature tempering) — Steel 30HGSA (PL)” (Vir =
0.005 m/s; N = 1000 cycles): 1 — source (base) metal; 2 — TDT with MO; 3 — TDT with AAP;
4 — TDT with ASMC.

The friction coefficient increases monotonically with an increase in the unit load
during the wear process of the non-strengthened pair. At the same time, the friction
coefficient decreases during the wear process of the friction pair with the specimens after
the TDT (Fig. 7). The friction coefficient is much lower after the TDT of specimens using
APP and ASMC as a technological medium than the same treatment using MO. Thus,
the friction coefficient decreased by almost 1.3 times compared to the non-strengthened
pair at a unit load of 100 MPa.
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Fig. 7. The dependence of the established friction coefficient on the unit load of oscillating friction
(reversing) without lubrication of the pair “Steel 41Cr4 (quench-hardening and low-temperature
tempering) — Steel 30HGSA (PL)” (V- = 0.005 m/s; N = 1000 cycles): 1 - source (base) metal;
2 — TDT with MO; 3 — TDT with AAP; 4 — TDT with ASMC.
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Strengthened surface layers significantly increase the wear resistance of contacting
surfaces in oscillating friction. For example, paper [40] shows that applying chrome
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coatings to the working surfaces of plunger pairs of jet pumps operating in oil wells
significantly increased their wear resistance. These parts of the pairs operate under
oscillating friction. The thickness of the coatings was 250 pm and 350 pwm and the
hardness was 8.1 GPa and 11.8 GPa, respectively. The thickness and hardness of the
strengthened chromium layers are similar to the parameters of the strengthened layers
described in this paper.

5 Conclusions

During TDT with MO, AAP, and ASMC in the surface layers of specimens made of
steel 41Cr4 (quench-hardening and low-temperature tempering), the high-quality, uni-
form, strengthened white layers with nanocrystalline structure are formed. Thus, when
using AAP and ASMC, the wear resistance of the friction pair “Steel 41Cr4 — Bronze
CuAl10Ni5SFe4” increased by 3.1-3.3 times, and with the use of MO —2.1...2.5 times,
compared to non-strengthened pair. During studies of friction pairs “Steel — Bronze”
and “Steel — Steel” with reversible friction without lubrication and single-directional
sliding, strengthened white layers with nanocrystalline structure significantly increased
their wear resistance. It is advisable to strengthen by using the TDT only one part more
technological of friction pair.
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