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Abstract: A surface nanocrystalline steel layer in the low alloy steel 41Cr4 was fabricated by using
mechanical-pulse treatment (MPT) with different deformation modes. The structure parameters, the
physical and mechanical properties, the wear resistance, and the surface topography parameters
of the treated steel depending on the deformation mode were investigated. A tool with a smooth
working surface was used for inducing unidirectional deformation in the top surface layer (shear),
and a tool with the oppositely directed grooves was used for generating multidirectional deformation.
The surface layer with a nanocrystalline structure formed by MPT using both of the tools was
characterised by enhanced mechanical properties and wear resistance compared with those of the
untreated or heat-treated steels. Inducing multidirectional deformation during the MPT resulted in a
decrease in the grain size and an increase in the depth and microhardness of the surface layer due to it
facilitating the generation of dislocations compared to those formed under unidirectional deformation.
The results also demonstrated that favourable surface topography parameters providing the highest
wear resistance of the steel were obtained at MPT using multidirectional deformation.

Keywords: nanocrystalline structure; white layer; surface topography; Abbott–Firestone diagram;
wear resistance; grain size

1. Introduction

Extreme operating conditions, namely the simultaneous action of mechanical loading
and wear, demand the highest performance of the materials used in many industries [1–3].
It is well known that the wear resistance of materials is highly susceptible to the microstruc-
ture and properties of the material surface [4]. Many techniques are used to obtain surfaces
with a high resistance to wear, such as mechanical processing, chemical processing, laser
processing, plasma processing, gas nitriding, ion implantation, and many others [1,3–6].
Recently, materials with a nanocrystalline structure (NCS) in the top surface layer have been
considered as promising candidates for operation in such severe conditions [7–11]. The
generation of a surface NCS enables the protection of the metal surface and significantly
enhances the overall properties.

One of the most widely used methods for the formation of an NCS is the severe plastic
deformation (SPD) methods [10–12]. They have become widespread in the production
of nanocrystalline metals and alloys due to their capability to refine the grain size of the
materials at the nanometer scale of large-scale components, which results in improved
mechanical properties. Among of these techniques, a mechanical-pulse treatment (MPT) is
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an effective way to generate nanocrystalline surface layers by high-speed friction [11,13].
The high-density dislocations near the surface resulting from SPD during the MPT is
accompanied by the simultaneous quenching and alloying of the surface metal layer; these
processes have finally resulted in the generation of an NCS. The advantage of the MPT over
the other SPD methods (hard turning, vibrational balls hardening, an ultrasonic impact
treatment, etc.) [14–25] consists of the formation of surface NCSs with high depth (up to
300 µm) and high microhardness values [11]. Moreover, alloying during the MPT plays
an essential role in the stabilization of the NCS. It was demonstrated in [26] that carbon
segregated on the subgrain boundaries in a ferrite stabilised structure had a subgrain size
of lower than 10 nm.

The degree of SPD is limited by the nucleation of dislocations and their movement.
The generation of dislocations in metals and alloys is generally associated with the Frank–
Read source. Multiple cross-sliding is a simple and effective mechanism of achieving
dislocation multiplication, which reduces the creation of a dislocation line with a great
length moving from one parallel plane to another [27]. However, nanocrystalline materials
usually show a behaviour which differs from the conventional coarse-grained materials [27],
and the possibility of realizing the Frank–Read mechanism in nanomaterials is still under
discussion [28–30]. Nevertheless, the nucleation and propagation of dislocation are very
important factors for the generation of NCS. Therefore, the mode of deformation could
influence grain refinement during SPD. Usually, the SPD is imposed on the surface layers
by unidirectional shear strain (hot rolling and sliding, etc.). To induce multidirectional
deformation during the generation of the surface NCSs using MPT, a special strengthening
tool with oppositely directed grooves (on the tool’s periphery) was developed [31]. It was
demonstrated [31] that it enables the formation of a nanostructure with a lower energy
expenditure and higher dislocation density and, therefore, with a lower grain size in the
top surface layer and a greater thickness compared with that which is generated using
unidirectional deformation. The application of a multidirectional SPD resulted in increasing
wear resistance, contact, and corrosion fatigue, and the decreasing hydrogen permeability
of the nanostructured materials [11,32–36].

The purpose of the study was to form surface nanocrystalline layers on low alloy
steel 41Cr4 by the SPD method with different modes using the MPT and to evaluate their
structure, their physical and mechanical properties, wear resistance, and their surface
topography.

2. Materials and Methods

The low alloy steel 41Cr4 was investigated. The chemical composition of the steel 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 steel in
the as-delivered state had a ferrite-pearlite microstructure.

Two series of samples with different geometry were used for the formation of the
surface NCS by MPT: cylindrical samples with a diameter of 40 mm and a length of 200 mm
and flat samples measuring 20 × 40 × 100 mm.

From the cylindrical samples, after the MPT, we cut out specimens in the form of
rings for the wear investigations; these were the specimens for metallographic analysis
and microhardness measurements. Ring specimens with the same dimensions as those in
the wear tests were manufactured and subjected to a heat treatment (quench-hardening
and low-temperature tempering at 150 ◦C) in order to compare the wear resistance of
the studied steel in the different states (heat-treated one and that with the surface NCS).
The flat specimens were used for the X-ray analysis, electron microscopy study, and
surface topography investigation. Additionally, the flat specimens with the dimensions
of 10 × 20 × 100 mm were subjected to a heat treatment (quench-hardening and low-
temperature tempering) with the purpose of performing a comparison of the surface
topography parameters.
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2.1. The Technology of MPT

This is based on high-speed friction. According to kinematics, the MPT is similar
to grinding. For its implementation, we used modernised surface or circular grinding
machines (Jotes, Krakow, Poland) (which were used for strengthening the flat or cylindrical
surfaces, respectively) and lathes with a device with an autonomous tool drive, which was
installed instead of the tool post (Figure 1). A metal tool is installed instead of a grinding
wheel. A linear speed of 60–80 m/s is required for the formation of a highly concentrated
energy source in the contact zone of the tool with the processed surface, as determined
using mathematical modelling and a simulation and confirmed experimentally [37]. For
this purpose, the modernization of the main drive of the machine spindle was carried out.
During the MPT process, the working surface of the tool is pressed to the strengthening
surface of the treated part. Consequently, a load of approx. 0.8−1.0 GPa is induced in the
contact zone, which was estimated by analysing the relationship between the applied load
and the area of the friction contact zone during the MPT [31]. Additionally, a technological
medium is applied to the processing area during the MPT.
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Figure 1. Lather (a) and the setup for the MPT of the cylindrical surface of machine parts (b): 
1—tool; 2—specimen with the cylindrical surface; 3—carriage; 4—the device with an autonomous 
tool drive. Surface grinding machine (c) and the setup for the MPT of the flat surface of machine 
parts (d): 5—tool; 6—table of the machine; 7—specimen. 

During the MPT, the treated specimen is subjected to severe thermoplastic defor-
mation with simultaneous heating treatments up to a temperature of 700–1100 °C due to 
high-speed friction, and after that, it is rapidly cooled due to the heat transferring into the 
treated specimen, the tool, and the technological medium. High temperatures activate the 
dislocation movement. The deformation rate is ~103 s−1; it characterises the rate of the 
accumulation of defects and, accordingly, the rate of structure dispersion. The MPT of 

Figure 1. Lather (a) and the setup for the MPT of the cylindrical surface of machine parts (b): 1—tool;
2—specimen with the cylindrical surface; 3—carriage; 4—the device with an autonomous tool drive.
Surface grinding machine (c) and the setup for the MPT of the flat surface of machine parts (d):
5—tool; 6—table of the machine; 7—specimen.

During the MPT, the treated specimen is subjected to severe thermoplastic deformation
with simultaneous heating treatments up to a temperature of 700–1100 ◦C due to high-
speed friction, and after that, it is rapidly cooled due to the heat transferring into the
treated specimen, the tool, and the technological medium. High temperatures activate the
dislocation movement. The deformation rate is ~103 s−1; it characterises the rate of the
accumulation of defects and, accordingly, the rate of structure dispersion. The MPT of
steels resulted in the formation of the surface layer with a gradient NCS with a grain size of
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12–60 nm at the top, structural-phase transformations, and saturation by the components
of the technological media due to their destruction during the MPT [11,13].

Two different strengthening tools were used for the MPT (Figure 2): one with the
smooth working surface (Figure 2a) and one with the oppositely directed grooves placed
at an angle of 45◦ to a vector of rotation of the tool (Figure 2b). The tool diameter was
250 mm, and the width of the working surface was 6 mm. The width of the groove on
the work surface of the tool was 4 mm (Figure 2b). The working parts of the tools were
made of medium carbon steel C45. The tool with the oppositely directed grooves on
the working part provides the optimal system of fragmentation of the structure in three
mutually orthogonal planes of sliding compression and shear in two directions (the velocity
vector of the tool and the axis of its rotation, respectively). This means that there is an
additional direction of deformation of the treated surface layer, which is perpendicular
to the velocity vector of the tool, compared to the tool with the smooth working surface.
The parallel movement of the sliding planes in the axial direction of the tool improves
the dislocation generation and structure dispersion at the nanoscale and decreases the
expenditure of energy for MPT.

Coatings 2023, 13, x FOR PEER REVIEW 4 of 15 
 

 

steels resulted in the formation of the surface layer with a gradient NCS with a grain size 
of 12–60 nm at the top, structural-phase transformations, and saturation by the compo-
nents of the technological media due to their destruction during the MPT [11,13]. 

Two different strengthening tools were used for the MPT (Figure 2): one with the 
smooth working surface (Figure 2a) and one with the oppositely directed grooves placed 
at an angle of 45° to a vector of rotation of the tool (Figure 2b). The tool diameter was 250 
mm, and the width of the working surface was 6 mm. The width of the groove on the 
work surface of the tool was 4 mm (Figure 2b). The working parts of the tools were made 
of medium carbon steel C45. The tool with the oppositely directed grooves on the 
working part provides the optimal system of fragmentation of the structure in three 
mutually orthogonal planes of sliding compression and shear in two directions (the ve-
locity vector of the tool and the axis of its rotation, respectively). This means that there is 
an additional direction of deformation of the treated surface layer, which is perpendicu-
lar to the velocity vector of the tool, compared to the tool with the smooth working sur-
face. The parallel movement of the sliding planes in the axial direction of the tool im-
proves the dislocation generation and structure dispersion at the nanoscale and decreases 
the expenditure of energy for MPT. 

  
(a) (b) 

Figure 2. Scheme of MPT of flat specimens by using the strengthening tools with the smooth 
working surface (a) and with the oppositely directed grooves on the working surface (b): 1—tool; 
2—specimen; 3—table of surface grinding machine; 4—nozzle for delivery of technological me-
dium; working cross-sections (I, III) and directions of shear deformation (II, IV) of strengthening 
tools with the smooth working surface (I, II) and with the oppositely directed grooves on the 
working surface (III, IV). Vtool is linear speed of the strengthening tool, Vtable is speed of the machine tool's 
table and f is a transverse feed of the strengthening tool. 

The MPT of the specimens’ cylindrical surfaces was carried out using a modernised 
lathe. The piece of equipment with an autonomous drive of the strengthening tool was 

Figure 2. Scheme of MPT of flat specimens by using the strengthening tools with the smooth working
surface (a) and with the oppositely directed grooves on the working surface (b): 1—tool; 2—specimen;
3—table of surface grinding machine; 4—nozzle for delivery of technological medium; working
cross-sections (I, III) and directions of shear deformation (II, IV) of strengthening tools with the
smooth working surface (I, II) and with the oppositely directed grooves on the working surface
(III, IV). Vtool is linear speed of the strengthening tool, Vtable is speed of the machine tool’s table and f is a
transverse feed of the strengthening tool.

The MPT of the specimens’ cylindrical surfaces was carried out using a modernised
lathe. The piece of equipment with an autonomous drive of the strengthening tool was
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installed instead of the tool post, which provided a linear velocity of 60 m/s on the
periphery of the tool. The surfaces of the flat specimens were subjected to the MPT using a
modernised surface grinding machine. Instead of a grinding wheel, a metal tool disc was
installed on the machine.

Mineral oil with the additive of low-molecular polyethylene for additional carburiz-
ing [11] during the MPT was used as a technological medium.

2.2. Test Methods

The phase composition and average grain size L of the steel’s surface layer after the
MPT were determined by X-ray analysis using the diffractometer DRON-3 (Research and
Production Association “Burevestnik”, Leningrad, USSR) of with a CuKα X-ray source (a
voltage of 30 kV, and an intensity of 20 mA), a spacing of 0.05◦, and the exposition of 4 s.
The diffractograms were post-processed using the software CSD (version 8.6) [38]. The
X-ray diffraction patterns were analysed using the Joint Committee on Powder Diffraction
Standards/American Society for Testing and Materials (JCPDS-ASTM) index [39].

The structure was investigated using an optical microscope Neophot-21 (Carl-Zeiss,
Jena, Germany), and the microstructure was investigated using an EVO 40 XP scanning
electron microscope (Carl-Zeiss, Jena, Germany).

The microhardness Hµ was measured using the microhardness testing machine PMT-3
(LOMO, Leningrad, USSR) at a load of 50 g on the metallographic sections made from the
flat specimens of steel 41Cr4. The Vickers hardness tests were carried out using a standard
136-degree pyramidal diamond indenter.

Microhardness was determined by Formula (1):

Hµ = 1854·P/d2, (1)

where P is the load; d is the diagonal of the square indent.
The wear behaviour of the specimens was evaluated by a sliding wear test using the

friction and wear testing machine (Test Instrument Factory, Ivanovo, USSR) according to
the insert-on-ring scheme (Figure 3). The wear tests were performed at a sliding speed
of 1 m/s with normal loads of 1 MPa. Before the beginning of the tests, the friction pairs
were run in to stabilise the friction moment and to fit the connecting surfaces, which was
estimated by the presence of friction marks on an area of at least 90% of the working friction
surface of each specimen. The duration of the friction pair tests was 6 h, which corresponds
to the running distance of 17 × 103 m. Wear resistance was estimated by the weight loss.
Before weighing them, the rings and inserts were washed using alcohol and dried. The
weight loss of the specimens was determined by weighing them before and after the wear
tests using an analytical weight with an accuracy of 0.2 mg.
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The investigated ring specimens (diameter—40 mm; width—10 mm) were made of
steel 41Cr4. The insert specimens were made of grey cast iron GJL-200 in the form of a
segment, with a width of 10 mm, and the contact area was 200 mm2. In the tribological
systems without lubrication, quench-hardened steel is often coupled with cast iron due
to its antifriction properties. The fixed insert specimen was connected to the differential
sensor of the dynamometer, and it recorded the friction between the pair. The coefficient
of friction was determined as the ratio between the friction force and the normal force.
Thermocouples with a diameter of 0.2 mm were mounted to the insert specimen. The
signals from the thermocouple recorded the temperature above the friction area at a depth
of 0.2–0.3 mm.

The working surfaces of the rings were strengthened using the MPT; the working
surfaces of the inserts were non-strengthened, and they were only ground to a surface
roughness of 0.6 µm. The non-strengthened friction pairs were used for comparison; the
working surfaces of the rings were ground after quench hardening and low-temperature
tempering to a surface roughness of 0.6 µm. The wear resistance of the rings after the MPT
was compared with that after the heat treatment. The ring specimens after the MPT were
not subjected to any additional treatments.

The surface topography and roughness of the specimens after the MPT were studied
using a three-dimensional profilometer Talyscan 150 (Taylor Hobson Precision, Leicester,
UK). The analysis of the obtained results was carried out using the software Digital Surf
Mountains Lab Premium (version 8.2) according to ISO 25178-26:2012 [40].

3. Results and Discussion

Metallographic studies have shown that the nanostructured surface layer in the form
of a white non-etching zone (so-called white layer) is generated during the MPT of the steel
41Cr4 using both of the tools (Figure 4). The thickness of the strengthened layer is ~160 µm
after the treatment using the tool with the smooth working surface, and it increases up to
approx. 240 µm after the treatment using the tool with the oppositely directed grooves
(Figure 4a,b).

The microhardness of the strengthened layers obtained during the MPT using tools
with different shapes of the working surface is a little different, and it is 8.58–9.13 GPa
(Figure 5). However, it is significantly higher than that of the base metal structure, which
is equal to 1.7 Gpa. The increasing microhardness of the surface top layer of steel 41Cr4
after the MPT using the tool with the oppositely directed grooves (Figure 5, curve 2) is a
result of the generation of multidirectional deformation during the treatment, facilitating
the nucleation of dislocations and, consequently, structure fragmentation. Simplifying the
dislocations’ generation provides an increment in the depth of the treated layer with the
NCS. The formation of the NCS is significantly accelerated during the MPT, since pressure,
temperature, and speed of the deformation are greatly higher compared with those of
other methods of surface nanostructurization (hard turning, shot peening, and ultrasonic
treatments, etc.) [10,11,15,19].

The XRD of the surfaces of steel 41Cr4 after the MPT using the different tools has
been examined (Figure 6) to analyze the phase composition. The martensite structure and
the martensite-austenite structure were determined by a X-ray structural analysis of the
surface layer after the MPT using the tool with the smooth working surface and that with
the oppositely directed grooves on the working surface, respectively. Traces of the γ-phase
were detected in the XRD pattern of the specimen after the MPT using the tool with the
smooth working surface. However, its content increased to a mass of 3.2% after the MPT
when we were using the tool with the oppositely directed grooves on the working surface.
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Data of X-ray analysis of the α-phase of the surface NCS layer of the studied steel after
the MPT using the different tools are presented in Table 1. The high imperfection of the
obtained nanostructure using the tool with the oppositely directed grooves on the working
surface (Table 1) decreases the stacking fault energy and suppresses the return process. The
structure of the surface layers is highly fragmented, especially after processing using the
tool with the oppositely directed grooves on the working surface.

Table 1. X-ray parameters 1 of the α-phase of the surface NCS layer of steel 41Cr4 after the MPT
using the different tools.

MPT B(110) B(310) L, nm ε, % $·1013,
cm−2 a, nm

Tool with the
smooth working

surface
0.682 1.552 10.7 ±

0.8 0.077 0.48 0.28654

Tool with the
oppositely

directed grooves
0.873 1.807 8.6 ± 0.6 0.086 0.65 0.28642

1 In Table 1, B(110) and B(310) are the physical broadening of maximums (110) and (310) of α-phase, respectively;
L—the average size of the coherent-scattering region, nm; ε—the lattice relative deformation, %; = $—the
dislocation density, cm−2; a—the parameter of the unit cell (lattice), nm.

The cumulative value of the grain size L of α-phase determined by X-ray analysis
at the penetration of the X-ray beam at ~18 µm from the surface was 10.7 nm after the
MPT using the first tool and 8.6 nm after the MPT using the second one (see Table 1). The
difference in the average grain sizes observed for the steel treated using different tools can
be explained by the higher degree of plastic deformation during the MPT using the tool
with the oppositely directed grooves, which was confirmed by a higher dislocation density
= $ (0.65 cm−2) and lattice relative deformation ε (0.086%) (see Table 1).

The formation of a nanostructure in the strengthened layer using the MPT was con-
firmed by the TEM images of steel C45 in this paper [13] (Figure 7). The results are presented
as dark field images (Figure 7a,c) and diffraction patterns (Figure 7b,d) at the depths of
5 µm and 10 µm. The parallel colonies of grains with a size of less than 10 nm (Figure 7a)
and a curved grain boundary (Figure 7c) were revealed. The grains were significantly
distorted due to the SPD. Possibly, this was a consequence of great stresses appearing
inside the grains and the accumulation of a great number of dislocations on the grains’
boundaries. The diffraction halo (Figure 7b) revealed at the depth of 5 µm indicates the
presence of a strongly fragmented NCS, which is nearly amorphous. Fuzzy diffraction
rings (Figure 7d) at the depth of 10 µm point to the formation of an NCS, the presence of
diffraction reflexes indicate the high disorientation of grain and reflex coalescences, and
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these are reflected in the middle and low disorientations of the part of the grains. Such
diffraction patterns are typical of NCSs.
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Figure 7. Electron microscope images (a,c) and diffraction patterns (b,d) of steel C45 after the MPT
made at depths of 5 (a,b) and 10 µm (c,d).

The average weight losses of the investigated friction pair, Steel 41Cr4 and Cast iron
GJL-200, during the wear tests have been presented in Figure 8a, and the average friction
coefficients and temperature in the friction zone are shown in Figure 8b.
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Figure 8. Wear resistance of the friction pair, Steel 41Cr4 and Cast-iron GJL-200, (the weight loss of
specimen’ friction pair (V = 0.9 m/s, P = 1 MPa, t = 6 h) (a); temperature and friction coefficient in the
friction zone (b)): non-strengthened one (1) after the MPT using the tool with the smooth working
surface (2) and with the oppositely directed grooves on the working surface (3).

Conducting the MPT using both of the tools significantly increased the wear resistance
of the friction pairs. Thus, the wear resistance of the ring specimens made of steel 41Cr4
and strengthened using the tool with the oppositely directed grooves on the working
surface was increased by 2.4 times compared to that of the non-strengthened pair. The ring
specimen, the contact surfaces of which were strengthened using the tool with the smooth
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working surface, was characterised by a slightly smaller increase in the wear resistance (by
2.1 times).

After analysing the wear resistance of the insert specimens made of grey cast iron, it
should be emphasised that their contact surfaces were not subjected to the MPT. However,
their wear resistance in the friction pair with the strengthened ring specimens was also
increased. Thus, the weight losses of the insert specimens that worked in a pair with the ring
specimens, which were strengthened by the MPTs using tools with smooth working surfaces
and with the oppositely directed grooves on the working surface, were decreased by 2.6
and 3 times, respectively (Figure 8a). The friction coefficient of the pair and the temperature
in the sliding zone also decreased (Figure 8b). The increase in the wear resistance of friction
pairs after the MPT and the decrease in friction coefficients and temperature in the sliding
zone can be explained by the formation of a strengthened surface layer with the NCS.
Grinding the structure of the strengthened layer to the nanoscale, changing the phase and
chemical composition [11], stress state, and increasing the microhardness, etc., contributed
to the enhancement of the operational characteristics and, in this case, the wear resistance of
the friction pairs [41,42]. High-quality, continuous secondary structures were formed on the
contact surfaces of the strengthened layers with the NCS during friction, as demonstrated
in [43], which lead to decreases in the temperature and in the coefficient of friction in the
sliding zone and to an increase in the wear resistance of the friction pair as a whole.

The contact interaction of the parts’ surfaces determines the actual contact area, con-
tact stiffness, the magnitude of local stresses, the conditions for the formation of the oil
film (in the presence of the oil lubrication), and other factors that affect the operational
characteristics of the machine parts. Figure 9 shows a view of the surface topography of
the specimens after the MPT using the tools with different working parts. The analysis
of the topographies of the treated surfaces showed that they depend on the shape of the
working surfaces of the tool. After the MPT, the roughness of the specimens with the
smooth working surface was 0.49 µm, and that of the specimens after the MPT with the
oppositely directed grooves on the working surface was 0.37 µm.
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Figure 9. Topography of the treated surface after the MPT using the tool with the smooth working
surface (a) and with the oppositely directed grooves on the working surface (b).

The shear deformation of the treated surface metal occurred only in the direction of
the rotation of the tool with the smooth working surface. The quality parameters of the
treated surface formed due to the friction caused by the tool in one direction along the
contact surface of the part. The waviness of the surface is different in the longitudinal and
transverse directions, as shown in Figure 10. In the transverse direction (perpendicular
to the direction of the treatment), the height of the peaks is approx. 7 µm, and it has a
pitch of about 2 mm, which is equal to the magnitude of the cross feed of the tool. In the
longitudinal direction, the waviness was not accurately measured. The height of the profile
is also about 9 µm, and the pitch is indefinite (Figures 9 and 10).
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In the case of the MPT using the tool with the oppositely directed grooves on the
working surface, the shear deformation of the metal on the treated surface layer occurs not
only in the direction of the tool’s rotation, but also in the direction perpendicular to the
slope of the groove with an opposite sign. An additional oscillating deformation is due
to the action of the oppositely directed grooves. The formation of the quality parameters
of the treated surface is due to the friction of the smooth part of the tool and the opposite
movement of the inclined groove on the contact surface of the workpiece. Based on the
features of topography defined in [44], the results of the analysis of the topographies of
the treated surfaces (see Figure 9) show that the location of the peaks is more uniform
for the surface after the MPT with the tool with the oppositely directed grooves on the
working surface than it is after the treatment using another tool. The surface waviness in
the transverse direction is more pronounced than it is in the longitudinal one (Figure 10).
In the transverse direction (perpendicular to the direction of treatment), the wave height
is about 5 µm. In this case, the pitch is variable, and it is approx. 1.5 mm. It is smaller
than the magnitude of the transverse feed applied in the MPT is. The pitch of waviness
was not accurately measured in the longitudinal direction. The formation of the quality
parameters of the treated surface during strengthening using the tool with the oppositely
directed grooves on the working surface is due to the complex deformation of the contact
zone of the tool and specimen. The metal in the contact area deforms in a direction that
coincides with the direction of the tool rotation and in the perpendicular direction as well.

One of the important parameters of the quality of the treated surface, which is de-
termined by the stereometric parameters, is its bearing capacity. The bearing area curve
(Abbott–Firestone curve) characterises the behaviour of the surface under the friction pro-
cess. It determines the real area of the surface, which is at different depths of the distorted
(deformed) profile, and the volume that occupies the material of the metal and void. There
are three characteristic areas on the surface-bearing capacity curve: the first one is the area
of the peaks with a large height that wears during the running in of the connected surfaces
of the friction pair, while the second one is the area of peaks with a medium height, which
is the basis of the profile and determines the load-bearing capacity of the surface, affecting
the durability of the test surface in the friction process and the amount of permissible
wear of the pair as a whole, and the third one is the area of the depression, the depth of
which characterises the ability to keep the lubricant on the surface. The evaluation of the
running-in process and the wear of the contact surfaces of the friction pair can be performed
using the Abbott–Firestone diagram. The representative Abbott–Firestone diagram for the
friction pair is presented in Figure 11. The area and volume of the depression (lubricant
‘pockets’) where the lubricant resides is a very important factor in the friction process, and
it is evaluated using the bearing curve.
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Table 2 presents the data on the bearing capacity of the friction pair, Steel 41Cr4 and
Cast-iron GJL-200, after the MPT using the tools with different working parts and without
the treatment. The functional parameters, namely the height of the peaks Spk on the
bearing capacity curve, the magnitude of the slope of the curve Sk, and the depth of the
depressions Svk, were determined from the Abbott–Firestone diagrams.

Table 2. Bearing capacity data of the friction pair, Steel 41Cr4 and Cast-iron GJL-200.

MPT Sk, µm Spk, µm Svk, µm Sr1, % Sr2, %

Without 6.05 1.36 1.55 5.64 91.1
Tool with the smooth working

surface 4.55 2.68 0.773 13.6 94.9

Tool with the oppositely directed
grooves 3.19 1.64 1.07 12.6 91.8

The parameter of the bearing capacity curve Sk, which determines the slope of the
curve, is the smallest one after the MPT using the tool with the oppositely directed grooves
on the working surface among the studied friction pairs. This parameter determines the
stabilised period of the friction pair. When the value of the slope is smaller, the durability
of this surface is greater, which was confirmed experimentally by the wear tests. The slope
of the curve at a smaller angle shows that the real surface of the contact surface is greater,
respectively, which will resulted in a lower unit load in the friction zone. Under these
conditions, the temperature of the contact surfaces of the friction pair decreased and the
intensity of wear of the contact parts was reduced, which increased the durability of the
friction pair.

The location of the peaks on the strengthened surface of the specimens after the MPT
using the tool with the oppositely directed grooves on the working surface is uniform
compared to that for the surface that was strengthening using the tool with the smooth
working surface. The slope of the middle section of the bearing capacity curve (Abbott–
Firestone diagram), which determines the durability of the friction pair, is the smallest one
(Sk = 3.19 µm) after the MPT using the tool with the oppositely directed grooves on the
working surface. After strengthening it using the tool with the smooth working surface, the
slope is higher, and it is Sk = 4.55 µm. For the non-strengthened (which were ground after
quench hardening and low-temperature tempering) specimens, the slope of the bearing
capacity curve is the highest one, and it is Sk = 6.05 µm, which is consistent with the results
of the wear resistance studies.

4. Conclusions

The influence of unidirectional and multidirectional SPDs on the formation and prop-
erties of the nanocrystalline surface layer on low alloy steel 41Cr4 were studied in this
work.
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The parameters of the surface NCS (grain size, phase composition, depth of the treated
layer, microhardness, wear resistance, topography, and bearing capacity) depended on the
deformation mode during the MPT.

The multidirectional SPD of the treated surface layer of specimens made of steel
41Cr4 by the MPT using the tool with the oppositely directed grooves on the working
surface facilitates the generation of dislocations and the dispersion of the structure, which
contribute to an increase in the depth, microhardness, and to a decrease in the grain size
of the formed NCS compared to that of the unidirectional SPD (using the tool with the
smooth working surface).

The wear resistance of the nanocrystalline surface of steel 41Cr4 in the friction pair
with cast iron GJL-200 is considerably higher than that of the heat-treated one. The highest
wear resistance of the nanocrystalline surface of steel 41Cr4 is observed after the MPT using
the tool with the oppositely directed grooves on the working surface (it is 2.4 times higher
compared to that of the non-strengthened pair). It was also associated with the formation
of favourable surface topography and parameters of the bearing capacity curve.

The multidirectional SPD should be considered as a more effective mechanism for
surface NCS formation compared with the unidirectional one (simple shear) because
it produces an increase in the working capacity of the friction pairs due to the higher
microhardness and thickness of the strengthened surface layer, as well as a more favourable
surface topography.
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