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Abstract: Thermo-deformation treatment refers to methods of strengthening during which strength-
ened layers with a nanocrystalline structure are formed in the surface layers by modifying the metal 
surface layer, which changes its phase and structural and chemical compositions, reduces grain size, 
and improves performance. Grinding of the metal structure was achieved by combining two meth-
ods simultaneously during this treatment: the action of a highly concentrated energy source on the 
surface layer and intense plastic deformation. The source of highly concentrated energy was gener-
ated in the contact zone of the tool-disc, which rotates at high speed during friction on the treated 
surface. Intense deformation was achieved due to the grooves on the tool’s working surface. Dy-
namic analysis of the thermo-deformation treatment process of flat surfaces of machine parts and a 
calculation scheme of the surface grinder machine’s elastic system, which is the three-mass model, 
were developed. When the groove width increased from 4 mm to 8 mm, the force amplitude in the 
contact zone increased from 10 N to 75 N. Accordingly, the thickness of the nanocrystalline layer 
increased from 190–220 µm to 250–260 µm, and its hardness increased from 9.3 GPa to 11.1 GPa. 

Keywords: friction hardening; strengthening; white layer; nanocrystalline structure; mathematical 
model 
 

1. Introduction 
The operational reliability of products is one of the most important parameters of the 

quality of machine parts and is defined by such indicators as wear resistance, corrosion 
resistance, fatigue and corrosion-fatigue strength, the strength of fits and mating parts, 
etc. [1,2]. The accuracy and quality of manufactured surfaces and the condition of the sur-
face layers of parts directly affect the performance of machines. During any type of oper-
ation, destruction begins on the surface of the part [3,4]. Increasing the durability of ma-
chine parts is achieved by forming the appropriate stereometric parameters of the ma-
chined surfaces of the parts and the properties of the metal surface layer [5,6]. The set 
parameters of the treated surfaces can be obtained using technological methods that be-
long to a new direction—surface engineering [7,8]. It allows for the carrying out of surface 
strengthening of machine parts by a method of modification of the metal’s surface layer 
[9,10]. The surface layer of the metal is strengthened by changing its structure and 
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chemical and phase composition, reducing the grain size to the nanoscale, etc., during 
modification. It should be noted that the crystal lattice remains the same, as only its di-
mensions change [11,12]. 

Modification of the surface layers of metal in machine parts can be carried out by 
technological methods using highly concentrated energy sources, namely laser [13], 
plasma [14], electron beam [15,16], frictional strengthening [17,18], and other treatments 
[19–21]. In these methods of processing under the influence of concentrated energy flows, 
small volumes of the surface layer of the metal are heated at a high rate to temperatures 
above the point of phase transformations [22,23]. After removing the heat source, the sur-
face layers of the metal are cooled at a high rate by transferring the heat to the depth of 
the part [24,25]. Strengthened nanocrystal layers with specific physical, mechanical, and 
operational properties are formed in the surface layers of the metal. 

Forming, changing the structure, and reducing the grain size of the strengthened sur-
face layer of metal are also obtained by methods of intense plastic deformation [26,27]. 
The surface layer formed during rapid heating and cooling, as well as after intense plastic 
deformation, has changed physical and mechanical characteristics, different phase states 
and chemical compositions of the metal, the presence of residual compressive stresses, 
and formed specific structures [28]. Technological methods that modify the surface layer 
of metal reduce the grain size when it is in at least one direction that is less than 100 nm 
(the process of forming the nanostructure), which is significantly smaller than the base 
material. Surface layers with nanocrystalline structures have unique physical, mechanical, 
and chemical properties that improve the performance of parts [9,11,27,29,30]. 

The developed method of thermo-deformation treatment (strengthening) of machine 
parts—which belongs to the methods of surface strengthening that use high-intensity heat 
sources—using a tool with transverse grooves on the working surface allows for the com-
bination of two parallel methods of strengthening—strengthening that uses a high-inten-
sity heat source and intensive plastic deformation [9,11,30]. The friction of the working 
surface of the tool at high speed on the processed surface forms a highly concentrated 
source of energy, and transverse grooves on its periphery provide high-intensity shock 
loads. 

Thermo-deformation treatment refers to the methods of forming hardened surface 
layers with a nanocrystalline structure on massive parts. During this treatment, the action 
of a highly concentrated heat energy flow and intense plastic deformation are simultane-
ously combined, the source of which is the high-speed friction of a metal tool-disc on the 
treated surface in the zone of mutual contact. The intensity of deformation of the metal 
surface layer is increased by increasing the width of the grooves on the tool’s working 
surface. 

The method of thermo-deformation treatment belongs to finishing operations. Dur-
ing finishing operations, it is attempted to reduce the dynamic components of the pro-
cessing procedure. In this case, the dynamic components of the process are increased to 
intensify the process of hardening (strengthening) and to improve the conditions for the 
formation of hardened (strengthened) layers. The aim of this work was the dynamic anal-
ysis of the thermo-deformation treatment process of flat surfaces of machine parts to de-
termine the magnitude of impact loads in the zone of contact of the tool with the treated 
flat surface. Thermo-deformation treatment is one of the surface strengthening methods 
that uses highly concentrated energy flows. Highly concentrated energy flow is formed 
during high-speed (60–90 m/s) friction of a tool on the treated part (sample) in the zone of 
contact. The heating rate of the contact zone reaches 4·105–5·106 K/s. The surface layers of 
the metal are heated to temperatures above the point of phase transformations (Ас3). After 
removing the heat source, the heated surface layer is cooled at a high rate (6·104–9·105 К/s) 
by transferring heat to the depth of the metal part. There is simultaneous high-speed shear 
deformation of the treated surface in the contact zone. Nanocrystalline structures (white 
layer) are formed in the surface layer of parts due to high-speed heating and cooling and 
intensive shear deformation. 
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2. Materials and Methods 
Thermo-deformation strengthening of the flat surfaces of machine parts in terms of 

the performance and kinematics of the process is similar to technological grinding meth-
ods (Figure 1a). For their performance, surface grinding machines are used with the mod-
ernization of the rotation drive unit to ensure a linear speed of 60–90 m/s at the tool pe-
riphery. A metal tool-disc is mounted instead of an abrasive wheel. The overall and 
mounting dimensions of the metal tool-disc correspond to the dimensions of the abrasive 
wheel that is used on this grinding machine. 

An upgraded HFS 3063 VS surface grinder from Knuth (Wasbek, Germany) was used 
to perform thermo-deformation strengthening of flat surfaces (Figure 1b). The machine’s 
spindle drive was replaced with a different one with a higher frequency and the ability to 
control speed using a DC motor and a control panel from Siemens (Munich, Germany). 
The bearings of the spindle assembly were calculated for operation at higher speeds and 
with higher loads. The tool was made of stainless steel. The external diameter Dtool of the 
tool-disc was 360 mm, and the width of the tool’s working part btool was 6–8 mm (Figure 
2). The tool was set up into a mandrel holder that was included in the kit with the surface 
grinder machine. We performed static balancing before mounting the tool-disc assembly 
with the mandrel holder on the surface grinder machine [9,30]. 

  

(a) (b) 

Figure 1. Scheme of thermo-deformation treatment of flat surfaces of machine parts (a): 1—tool, 2—
treated flat surface of a part, 3—nozzle for provision of the technological medium, 4—machine table, 
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡—linear speed; (b) HFS 3063 VS surface grinder from Knuth (Germany). 

To improve the processes of formation, a strengthened layer with a nanocrystal struc-
ture, namely increasing its thickness and microhardness and reducing the grain size of the 
structure, a tool with transverse grooves on its periphery was used during thermo-defor-
mation strengthening. There is a patent in Ukraine (No. 123883) [31] and a patent in Po-
land (No. 240972) [32] for the design of this tool. When using a tool with transverse 
grooves on its periphery, a discontinuous, highly concentrated energy flow (heating and 
cooling cycles) is formed, and a source of high-frequency deformation is formed in the 
zone of contact of the tool with the treated surface. During thermo-deformation strength-
ening with the tool with transverse grooves on its periphery, in the surface layers of the 
metal of the treated surfaces of the parts, two processes take place simultaneously: the 
action of a highly concentrated energy source and intensive shear deformation. 

On the working part, the tool has transverse grooves with the same circular pitch, 
alternating smooth parts, and a groove with the same frequency. The minimum value of 
the groove width was selected based on the condition that the tool’s working surface was 
guaranteed to completely lose contact with the sample. The tool is pressed to the sample’s 
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treated surface during thermo-deformation strengthening with a force of 500–1200 N, and 
the effect of this force in the contact zone forms a radial component of the force between 
the tool and the sample. In addition, there is a tangential component of the force between 
the tool and the sample that occurs by rotation of the tool in the contact zone, which de-
termines the value of the heat flow. When the groove is over the contact zone between the 
tool and the part at this time point, the contact zone is unloaded, and the normal and 
tangential components of the force of the tool on the part equal zero. The influence of the 
heat source is suspended. A sharp (impact) load is applied to the contact zone, followed 
by high-speed friction of the smooth part of the tool on the samples’ surfaces when the 
tool’s next working smooth surface comes into contact. The action of the source of inten-
sive thermal energy is reset in the contact zone. Thermal energy, shear deformation, and 
impact loads are impulsively applied to the contact zone. The frequency of impact loads 
is determined by the number of grooves on the working part of the tool. These processes 
form strengthened layers with a nanocrystalline structure, which have greater thickness, 
increased hardness, and more fine-grained structure compared to treatment with a tool 
that has a smooth working surface [11]. 

 
 

(a) (b) 

Figure 2. The tool with transverse grooves on its periphery: sketch (a) and tool mounted on surface 
grinder (b): 1—working smooth surface of the tool, 2—Morse taper, Dtool—external diameter, Btool—
width of the tool, btool—width of the working part of the tool, lgroove—width of the groove, n—number 
of grooves.. 

Thermo-deformation strengthening of flat surfaces according to the kinematics of the 
process is similar to the grinding of flat surfaces (Figure 3), so the friction force in the 
contact area between the tool and the part can be divided into three components: normal 
component, which acts on the radius of the tool, perpendicular to the axis of its rotation; 
tangential component, which acts tangentially to the working surface of the tool parallel 
to the workpiece surface; and transverse component, which acts parallel to the axis of ro-
tation of the tool in the direction opposite to the feed movement. Measurements of the 
components of friction forces in the contact area between the tool and the part were per-
formed using a three-component type 9121 dynamometer from Kistler (Winterthur, Swit-
zerland) (Figure 4). Experimental samples were made of steel 41Cr4 (quench-hardening 
and low-temperature tempering) with a size of 15mm × 30mm × 100 mm. The chemical 
composition of the steel is as follows: mass %: 0.40 C; 0.78 Mn; 0.26 Si; 1.12 Сr; 0.01 S; 0.01 
P; Fe: balance. A three-component dynamometer with a fixed sample was mounted on the 
magnetic plate of the surface grinder machine. 
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Figure 3. View of the sample’s surface during processing (the black surface is the already-processed 
surface). 

The Type 9121 Kistler three-component dynamometer uses a piezoelectric force com-
ponent measurement system. Due to its high natural frequencies, it can measure high-
speed processes. The piezoelectric dynamometer is connected to a multi-channel high-
quality amplifier–converter (National Instruments, USA), which has an interface for con-
nection to a computer. LabView software was used to process the results of the force com-
ponent studies. 

 
Figure 4. Three-component dynamometer type 9121 (Kistler, Switzerland): 1—tool, 2—dynamome-
ter, 3—sample, 4—machine table. 

Experimental studies were conducted to determine the normal and tangential com-
ponents of the friction force in the contact zone between the tool and the treated surface 
during thermo-deformation strengthening of the samples’ flat surfaces made of steel 
41Cr4 (quench-hardening and low-temperature tempering). A metal tool-disc made of 
stainless steel X10CrNiTi18–10 (EU) was installed on a modernized machine (HFS 3063 
VS by KNUTH). The tool’s outer diameter was 360 mm, the width of the working surface 
was 6 mm, and 24 grooves were formed on the working surface of the tool. The linear 
speed on the tool’s peripheral working part was 70 m/s, and the speed of movement of 
the grinder machine table was 4 m/min. 

Mathematical model. 
Notation and units: 𝜔𝜔—angular velocity of the tool’s rotation, s-1 ; 𝑥𝑥1,𝑦𝑦1—displace-

ments of the spindle headstock in the horizontal and vertical planes, m; 𝑥𝑥2,𝑦𝑦2 —
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displacements of the tool in the horizontal and vertical planes, m; 𝑥𝑥3,𝑦𝑦3—displacements 
of the machine table in the horizontal and vertical planes ; 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡—external diameter of the 
tool, m; 𝑛𝑛—the number of grooves or working smooth surfaces of the tool; 𝐹𝐹𝑟𝑟𝑟𝑟—the force 
of friction between the treated surface of the tool’s working smooth surface and the sam-
ple, N; 𝑚𝑚1—the spindle head’s mass, kg; 𝑚𝑚2—the tool’s mass, kg; 𝑚𝑚3—the parts’ (work-
piece’s) mass, kg; 𝑐𝑐1 and 𝑐𝑐2—stiffness between the column guideways and the machine 
headstock in the horizontal and vertical planes, N/m; 𝑐𝑐3 and 𝑐𝑐4—stiffness of the machine 
spindle supports in the horizontal and vertical planes, N/m; 𝑐𝑐5 and 𝑐𝑐6—stiffness of the 
machine table in the horizontal and vertical planes, N/m; 𝑐𝑐7—contact stiffness between 
the part and the tool, N/m; 𝜇𝜇1 and 𝜇𝜇2—damping coefficient between the column guide-
ways and the machine headstock in the horizontal and vertical planes, Ns/m; 𝜇𝜇3  and 
𝜇𝜇4—damping coefficient of the machine spindle supports in the horizontal and vertical 
planes, Ns/m; 𝜇𝜇5 and 𝜇𝜇6—damping coefficient of the machine table in the horizontal and 
vertical planes, Ns/m; 𝜇𝜇7 —damping coefficient between the tool and sample (internal 
damping), Ns/m. 

The first stage of dynamic analysis of the thermo-deformation treatment process of 
the flat surfaces of machine parts is to develop a calculation scheme of the machine’s elas-
tic system and describe it as a three-mass model. To do this, the surface grinder machine 
was divided into a number of units, each one of which represents a separate mass (Figure 
5). It is very important to define the part or unit that will be selected as a part with a 
conditionally infinite mass relative to which the movements of the other masses are deter-
mined. The bed of the surface grinder machine to which all the other masses (the weight 
of the spindle head, the weight of the tool, and the weight of the machine table with the 
part) are “attached” was accepted as a part with conditionally unlimited mass. Elastic and 
damping bonds describe the relationship between individual masses. 

The pressing force of the tool to the sample was proposed to be defined in an implicit 
form, i.e., to set through the relative movement (Δy) of the spindle head in the direction 
of the surface grinder machine’s table in this mathematical model. Having set a certain 
amount of displacement Δy, the pressing force is generated by the composition of the stiff-
ness of all the elements in the machine’s oscillatory circuit. Most machines cannot measure 
the components of the forces that occur during the treatment process. Nevertheless, they 
all have a limb or optical ruler that can be used to determine tool movement, which served 
as this choice’s main idea. The normal component of the force that occurs during pro-
cessing has been pre-determined by experimental studies [29]. 

The generalized coordinates 𝑞𝑞𝑖𝑖,𝑗𝑗 (where the number of masses is 𝑖𝑖 = 1, 2, 3 and the 
number of coordinates is 𝑗𝑗 = 1, 2) in our case will be: 
- for the spindle head with the mass 𝑚𝑚1: 𝑞𝑞11 = 𝑥𝑥1; 𝑞𝑞12 = 𝑦𝑦1. 
- for the tools with the mass 𝑚𝑚2: 𝑞𝑞21 = 𝑥𝑥2; 𝑞𝑞22 = 𝑦𝑦2. 
- for the parts (workpiece) with the mass 𝑚𝑚3: 𝑞𝑞31 = 𝑥𝑥3; 𝑞𝑞32 = 𝑦𝑦3. 
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Figure 5. Calculation scheme of the grinder machine. 

The motion of the system can be described by differential equations built based on 
Euler–Lagrange equations [33–36]: 

𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑞𝑖𝑖,𝑗𝑗

� −
𝜕𝜕𝜕𝜕
𝜕𝜕𝑞𝑞𝑖𝑖,𝑗𝑗

+
𝜕𝜕V
𝜕𝜕𝑞𝑞𝑖𝑖,𝑗𝑗

+
𝜕𝜕D
𝜕𝜕𝑞𝑞𝑖𝑖,𝑗𝑗

= 𝑄𝑄𝑞𝑞𝑖𝑖 , (1) 

where 𝜕𝜕 is the kinetic energy of the system; V is the potential energy of the system; D is 
the energy dissipation function in the system (Rayleigh dissipation function); and 𝑄𝑄𝑞𝑞𝑖𝑖,𝑗𝑗 
are the generalized forces that refer to the corresponding generalized coordinates 𝑥𝑥𝑖𝑖 and 
𝑦𝑦𝑖𝑖. 

We should accept the following assumptions when forming a mathematical model: 
we assume that the law of change of rigidity in the elastic elements of the system does not 
go beyond linearity, and it corresponds to Hooke’s law. This is justified, provided that 
there are small deviations of the spring from the equilibrium position; we will consider 
the mechanical system of the machine as one consisting of absolutely rigid bodies con-
nected by ideal holonomic ties and elastic elements of strictly defined rigidity. Into the 
dynamic model, we will introduce coefficients of viscous friction that are proportional to 
the speed of movement of the moving sliders along the corresponding guide axes and that 
reflect the energy dissipation in the corresponding elastic elements of the system in the 
form of dampers [33,34,36,37]. 

Thus, using the ratio of the forces’ virtual work ∑𝛿𝛿𝛿𝛿(𝐹𝐹𝑘𝑘) that acts on each element 
to the increment of a certain generalized coordinate 𝛿𝛿𝑞𝑞𝑖𝑖,𝑗𝑗 for the corresponding masses, 
the generalized force can be determined from the next equation: 

𝑄𝑄𝑖𝑖,𝑗𝑗 =
𝛿𝛿𝛿𝛿𝑖𝑖,𝑗𝑗
𝛿𝛿𝑞𝑞𝑖𝑖,𝑗𝑗

. (2) 

Therefore, for the spindle head, the generalized force will look as follows: 

𝑄𝑄𝑥𝑥1 = 0, 

𝑄𝑄𝑦𝑦1 =
𝑁𝑁 ∙ 𝛿𝛿𝑦𝑦1
𝛿𝛿𝑦𝑦1

= 𝑁𝑁. 
(3) 

For the tool: 
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𝑄𝑄𝑥𝑥2 = 𝑓𝑓
(𝑁𝑁 − 𝑁𝑁23) ∙ 𝛿𝛿𝑥𝑥2

𝛿𝛿𝑥𝑥2
= 𝑓𝑓(𝑁𝑁 −𝑁𝑁23),    

𝑄𝑄𝑦𝑦2 =
𝑁𝑁23 ∙ 𝛿𝛿𝑦𝑦2
𝛿𝛿𝑦𝑦2

= 𝑁𝑁23. 
(4) 

For the part: 

𝑄𝑄𝑥𝑥3 = 𝑓𝑓
(𝑁𝑁 − 𝑁𝑁23) ∙ 𝛿𝛿𝑥𝑥3

𝛿𝛿𝑥𝑥3
= 𝑓𝑓(𝑁𝑁 −𝑁𝑁23);    𝑄𝑄𝑦𝑦3 =

𝑁𝑁23 ∙ 𝛿𝛿𝑦𝑦3
𝛿𝛿𝑦𝑦3

= 𝑁𝑁23. (5) 

where 𝑓𝑓 is the friction coefficient between the tool and the sample and 𝑁𝑁 is the tool’s 
force of the normal pressure to the sample, which is formed due to the displacement 𝑦𝑦0 
of the spindle head in the direction of the sample (depth of cut during the technological 
operation of grinding), i.e.,: 

𝑁𝑁 = 𝑐𝑐𝑦𝑦∗ ∙ 𝑦𝑦0, (6) 

where 𝑦𝑦0 is the displacement of the spindle head in the direction of the sample when the 
tool’s working smooth surface is in contact with the treated surface of the part, i.e., by 
means of this displacement, the mutual pressing force is formed; 𝑐𝑐𝑦𝑦∗  is the reduced stiff-
ness of the system in the vertical plane: 

1
𝑐𝑐𝑦𝑦∗

=
1

𝑐𝑐1 + 𝑐𝑐3
+

1
𝑐𝑐5 + 𝑐𝑐7

. (7) 

The formation of the pressing force, as described above, happens by moving the spin-
dle head (lowering) in the direction of the part through the transmission from the screw 
and the nut to the value 𝑦𝑦0. It is assumed to be constant during processing (i.e., displace-
ment, which is controlled by the machine limb and forms the pressing force between the 
tool’s working smooth surface and the treated surface of the part) [9,11,30]. Due to the 
geometry of the tool (alternating the tool’s working smooth surface with the groove), there 
is a decrease in the pressing force between the tool and the part by the amount of displace-
ment 𝑦𝑦23. 

𝑦𝑦23 =

⎩
⎪
⎨

⎪
⎧ 0,   𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝜔𝜔𝑑𝑑 = (0 …𝜑𝜑𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡ℎ) +

2𝜋𝜋
𝑛𝑛
∙ 𝑚𝑚

(𝑅𝑅 − 𝑅𝑅 ∙ cos𝜔𝜔𝑑𝑑),   𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝜔𝜔𝑑𝑑 = �𝜑𝜑𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡ℎ …
𝜑𝜑𝑔𝑔𝑟𝑟𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔

2 � +
2𝜋𝜋
𝑛𝑛
∙ 𝑚𝑚

(𝑅𝑅 − 𝑅𝑅 ∙ cos𝜔𝜔𝑑𝑑) − �𝑅𝑅 − 𝑅𝑅 ∙ cos �
𝜑𝜑𝑠𝑠𝑔𝑔𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟 − 𝜑𝜑𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡ℎ

2 �� ,   𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝜔𝜔𝑑𝑑 = �
𝜑𝜑𝑔𝑔𝑟𝑟𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔

2
…𝜑𝜑𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡ℎ� +

2𝜋𝜋
𝑛𝑛
∙ 𝑚𝑚

  

𝑚𝑚 = 0, 1, 2 … (𝑛𝑛 − 1) 

(8) 

where R is the diameter of the tool 𝑅𝑅 = 𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡/2 and n is the number of smooth parts of 
the tool. 

The normal force changes in accordance with the condition of contact of the tool’s 
periphery with the sample’s treated surface, i.e., the contact of the tool’s working smooth 
part with the sample’s treated surface, as well as the position of the tool’s groove above 
the sample’s treated surface, form the analytical dependences of the generalized forces 
𝑄𝑄𝑖𝑖, as follows: 

𝑄𝑄𝑦𝑦1 = 𝑁𝑁;     𝑄𝑄𝑦𝑦2 = 𝑁𝑁23; 
𝑄𝑄𝑥𝑥1 = 0;    𝑄𝑄𝑥𝑥2 = 𝐹𝐹𝑓𝑓𝑟𝑟 = 𝑓𝑓 ∙ (𝑁𝑁 −𝑁𝑁23);  
�𝑄𝑄𝑦𝑦2� = �−𝑄𝑄𝑦𝑦3�;     �𝑄𝑄𝑥𝑥2� = �−𝑄𝑄𝑥𝑥3�. 

(9) 

where 𝑁𝑁23 is the force that reduces the force of the normal pressure of the tool to the part, 
which is formed due to the displacement 𝑦𝑦23, caused by alternating changes of the smooth 
part and the groove during rotation of the tool: 

𝑁𝑁23 = 𝑐𝑐𝑦𝑦∗ ∙ 𝑦𝑦23, (10) 
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Additionally, it is necessary to describe the case when the groove on the periphery of 
the tool is narrow and allows for the stopping of the heat flow but does not allow the tool 
to freely get out of contact with the part (Figure 6). Therefore, the minimum value of the 
pressing force is determined by the dependence: 

𝐼𝐼𝑓𝑓 𝑦𝑦0 < Δ𝑅𝑅, 

𝑑𝑑ℎ𝑒𝑒𝑛𝑛 |𝑁𝑁𝑠𝑠𝑖𝑖𝑚𝑚| = 𝑐𝑐𝑦𝑦∗ ∙ (𝑦𝑦0 − Δ𝑅𝑅) 𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝜔𝜔𝑑𝑑 = (𝜑𝜑𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡ℎ …𝜑𝜑𝑠𝑠𝑔𝑔𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟) +
2𝜋𝜋
𝑛𝑛
∙ 𝑚𝑚  

Δ𝑅𝑅 = 𝑅𝑅 − 𝑅𝑅′ = 𝑅𝑅 − 𝑅𝑅 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 �
𝜑𝜑𝑠𝑠𝑔𝑔𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟 − 𝜑𝜑𝑔𝑔𝑟𝑟𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔

2 �. 

(11) 

 
Figure 6. Contact of the tool in the contact area (groove above the sample’s treated surface): R—
radius of the tool, R′—value from the center of the tool normal to the processing sample when the 
groove is symmetrical on the processing zone, Δ𝑅𝑅— difference between R and R′, and 𝜑𝜑𝑔𝑔𝑟𝑟𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔—
size of the groove. 

To start writing the left part of the Euler–Lagrange equations, we need to find the 
derivatives of the expression of kinetic energy T: 

For the spindle head: 

𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑞11

=
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑥1

= 𝑚𝑚1�̇�𝑥1;      
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑞12

=
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑦1

= 𝑚𝑚1�̇�𝑦1;  

𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑥1

� = 𝑚𝑚1�̈�𝑥1;      
𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑦1

� = 𝑚𝑚1�̈�𝑦1. 
(12) 

For the tool: 

𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑞21

=
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑥2

= 𝑚𝑚2�̇�𝑥2;     
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑞22

=
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑦2

= 𝑚𝑚2�̇�𝑦2;  

𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑥2

� = 𝑚𝑚2�̈�𝑥2;       
𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑦2

� = 𝑚𝑚2�̈�𝑦2. 
(13) 

For the part: 

𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑞31

=
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑥3

= 𝑚𝑚3�̇�𝑥3;      
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑞32

=
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑦3

= 𝑚𝑚3�̇�𝑦3;  

𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑥3

� = 𝑚𝑚3�̈�𝑥3;     
𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝜕𝜕𝜕𝜕
𝜕𝜕�̇�𝑦3

� = 𝑚𝑚3�̈�𝑦3. 
(14) 

And 

𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

= 0;   
𝜕𝜕𝜕𝜕
𝜕𝜕𝑦𝑦𝑖𝑖

= 0. (15) 

The elastic elements accumulate the potential energy V in the system, and the follow-
ing dependence is used to find it: 

V =
𝑐𝑐1 ∙ 𝑦𝑦12

2
+
𝑐𝑐3(𝑦𝑦1 − 𝑦𝑦2)2

2
+
𝑐𝑐7(𝑦𝑦2 − 𝑦𝑦3)2

2
+
𝑐𝑐5 ∙ 𝑦𝑦32

2
+
𝑐𝑐2 ∙ 𝑥𝑥12

2
+
𝑐𝑐4(𝑥𝑥1 − 𝑥𝑥2)2

2
+
𝑐𝑐6 ∙ 𝑥𝑥32

2
. (16) 

The next elements on the left part of the Euler–Lagrange equations are the derivatives 
of the expression of potential energy: 
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For the spindle head: 

𝜕𝜕V
𝜕𝜕𝑥𝑥1

= 𝑐𝑐2𝑥𝑥1 + 𝑐𝑐4𝑥𝑥1 − 𝑐𝑐4𝑥𝑥2;    
𝜕𝜕V
𝜕𝜕𝑦𝑦1

= 𝑐𝑐1𝑦𝑦1 + 𝑐𝑐3𝑦𝑦1 − 𝑐𝑐3𝑦𝑦2. (17) 

For the tool: 

𝜕𝜕V
𝜕𝜕𝑥𝑥2

= −𝑐𝑐4𝑥𝑥1 + 𝑐𝑐4𝑥𝑥2;     
𝜕𝜕V
𝜕𝜕𝑦𝑦2

= −𝑐𝑐3𝑦𝑦1 + 𝑐𝑐3𝑦𝑦2 + 𝑐𝑐7𝑦𝑦2 − 𝑐𝑐7𝑦𝑦3. (18) 

For the part: 

𝜕𝜕V
𝜕𝜕𝑥𝑥3

= 𝑐𝑐6𝑥𝑥3;    
𝜕𝜕V
𝜕𝜕𝑦𝑦3

= −𝑐𝑐7𝑦𝑦2 + 𝑐𝑐7𝑦𝑦3 + 𝑐𝑐5𝑦𝑦3. (19) 

We assume that the energy dissipation is directly proportional to the velocity, so the 
dissipative function D for the system is calculated using the following expression: 

D =
𝜇𝜇1 ∙ �̇�𝑦12

2
+
𝜇𝜇3(�̇�𝑦1 − �̇�𝑦2)2

2
+
𝜇𝜇7(�̇�𝑦2 − �̇�𝑦3)2

2
+
𝜇𝜇5 ∙ �̇�𝑦32

2
+
𝜇𝜇2 ∙ �̇�𝑥12

2
+
𝜇𝜇4(�̇�𝑥1 − �̇�𝑥2)2

2
+
𝜇𝜇6 ∙ �̇�𝑥32

2
. (20) 

The last elements on the left part of the Euler–Lagrange equations are the derivatives 
of the expression of the dissipative function: 

For the spindle head: 

𝜕𝜕D
𝜕𝜕𝑥𝑥1

= 𝜇𝜇2�̇�𝑥1 + 𝜇𝜇4�̇�𝑥1 − 𝜇𝜇4�̇�𝑥2;    
𝜕𝜕D
𝜕𝜕𝑦𝑦1

= 𝜇𝜇1�̇�𝑦1 + 𝜇𝜇3�̇�𝑦1 − 𝜇𝜇3�̇�𝑦2. (21) 

For the tool: 

𝜕𝜕D
𝜕𝜕𝑥𝑥2

= −𝜇𝜇4�̇�𝑥1 + 𝜇𝜇4�̇�𝑥2;   
𝜕𝜕D
𝜕𝜕𝑦𝑦2

= −𝜇𝜇3�̇�𝑦1 + 𝜇𝜇3�̇�𝑦2 + 𝜇𝜇7�̇�𝑦2 − 𝜇𝜇7�̇�𝑦3. (22) 

For the part: 

𝜕𝜕D
𝜕𝜕𝑦𝑦3

= −𝜇𝜇7�̇�𝑦2 + 𝜇𝜇7�̇�𝑦3 + 𝜇𝜇5�̇�𝑦3;            
𝜕𝜕D
𝜕𝜕𝑥𝑥3

= 𝜇𝜇6�̇�𝑥3. (23) 

Now, the dynamics of a surface grinder machine’s mechanical system can be de-
scribed by the following mathematical model: 

⎩
⎪⎪
⎨

⎪⎪
⎧

𝑚𝑚1�̈�𝑥1 + 𝑐𝑐2𝑥𝑥1 + 𝑐𝑐4𝑥𝑥1 − 𝑐𝑐4𝑥𝑥2 + 𝜇𝜇2�̇�𝑥1 + 𝜇𝜇4�̇�𝑥1 − 𝜇𝜇4�̇�𝑥2 = 𝑄𝑄𝑥𝑥1
𝑚𝑚2�̈�𝑥2 − 𝑐𝑐4𝑥𝑥1 + 𝑐𝑐4𝑥𝑥2 − 𝜇𝜇4�̇�𝑥1 + 𝜇𝜇4�̇�𝑥2 = 𝑄𝑄𝑥𝑥2

𝑚𝑚3�̈�𝑥3 + 𝑐𝑐6𝑥𝑥3 + 𝜇𝜇6�̇�𝑥3 = −𝑄𝑄𝑥𝑥3
𝑚𝑚1�̈�𝑦1 + 𝑐𝑐1𝑦𝑦1 + 𝑐𝑐3𝑦𝑦1 − 𝑐𝑐3𝑦𝑦2 + 𝜇𝜇1�̇�𝑦1 + 𝜇𝜇3�̇�𝑦1 − 𝜇𝜇3�̇�𝑦2 = 𝑄𝑄𝑦𝑦1

𝑚𝑚2�̈�𝑦2 − 𝑐𝑐3𝑦𝑦1 + 𝑐𝑐3𝑦𝑦2 + 𝑐𝑐7𝑦𝑦2 − 𝑐𝑐7𝑦𝑦3 − 𝜇𝜇3�̇�𝑦1 + 𝜇𝜇3�̇�𝑦2 + 𝜇𝜇7�̇�𝑦2 − 𝜇𝜇7�̇�𝑦3 = 𝑄𝑄𝑦𝑦2
𝑚𝑚3�̈�𝑦3 − 𝑐𝑐7𝑦𝑦2 + 𝑐𝑐7𝑦𝑦3 + 𝑐𝑐5𝑦𝑦3 − 𝜇𝜇7�̇�𝑦2 + 𝜇𝜇7�̇�𝑦3 + 𝜇𝜇5�̇�𝑦3 = −𝑄𝑄𝑦𝑦3

 (24) 

We assume that at the initial moment of the simulation, the tool is in contact with the 
sample with a smooth working part; then, the pressure at the initial moment of the simu-
lation will be equal: 

𝐹𝐹0 = 𝑦𝑦0 ∙ 𝑐𝑐𝑦𝑦∗ . (25) 

Initial conditions: 

�̇�𝑥𝑖𝑖|𝑡𝑡=0 = 0,    �̇�𝑦𝑖𝑖|𝑡𝑡=0 = 0, 
𝑥𝑥1|𝑡𝑡=0 = 0,    𝑥𝑥2|𝑡𝑡=0 = 0,    𝑥𝑥3|𝑡𝑡=0 = 0. 

𝑦𝑦1|𝑡𝑡=0 =
𝐹𝐹0

𝑐𝑐1 + 𝑐𝑐3
, 𝑦𝑦2|𝑡𝑡=0 =

𝐹𝐹0
𝑐𝑐1 + 𝑐𝑐3 + 𝑐𝑐7

, 𝑦𝑦3|𝑡𝑡=0 =
𝐹𝐹0

𝑐𝑐1 + 𝑐𝑐3 + 𝑐𝑐5 + 𝑐𝑐7
. 

(26) 

Modeling of the interaction of the tool’s working smooth part with the sample is car-
ried out using the contact stiffness and damping of the energy of local elastic–plastic de-
formation. For this reason, it is necessary to introduce an additional condition of checking 
the mutual contact between the tool’s working smooth part and the sample’s treated 
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surface. In other words, if the tool moves in the opposite direction to the sample, contact 
stiffness and damping will be lost: 

𝐼𝐼𝑓𝑓 𝑦𝑦3 − 𝑦𝑦2 < 0, 𝑑𝑑ℎ𝑒𝑒𝑛𝑛 с7 = 0, 𝜇𝜇7 = 0. (27) 

3. Results 
We started the simulation from no-load running (I-stage); next was the gradual con-

tact of the tool’s working smooth surface with the sample’s treated surface (from the start-
ing point of the tool’s working smooth surface) in two segments (II-stage) (by segments, 
we mean the tool’s working smooth part and the one groove); and then, the full value of 
the force of the tool pressure to the part was formed (III-stage). The rotation of the tool 
happens clockwise with an angular velocity (the speed of the movement of the table with 
the sample is significantly lower, and in the simulation, we neglected it; the linear speed 
of rotation of the tool was 60-70 m/s, and the speed of the table of the grinder machine was 
2-4 m/min). 

Modeling of the dynamic processes of the technological operation of thermo-defor-
mation strengthening of flat surfaces was performed using MATLAB-Simulink software, 
and the differential equations were solved using the Runge–Kutta method. The process 
simulation was performed using a tool with transverse grooves, which with the same cir-
cular pitch alternated with the smooth surface in turn. 

The process of the technological operation of thermo-deformation strengthening of 
flat parts is similar to the technological operation of flat grinding by kinematics and is 
performed on a surface grinder. The tool alternately comes into contact with the processed 
part; after passing the strengthening surface, it comes out of contact with it. Therefore, in 
the simulation of the load on the part in this model when the tool comes into contact, the 
pressure should be given by a variable that increases from zero to the operating value. 
That is, for ease of testing the process, we set the following procedure for forming the 
pressure of the tool to the part: the first stage was no-load running (idling); with a lack of 
pressure when rotating the first segment, the tool was outside the workpiece (tool’s 
smooth surface and groove, i.e., 𝜋𝜋 4⁄ ); the second stage was a linear increase in the pres-
sure to its specified value during the rotation of the next three segments, the contact of the 
tool with the part (from 𝜋𝜋 4⁄  to 2𝜋𝜋); in the third stage, the working pressure, i.e., all the 
other rotations of the tool, was taken as that which set a constant pressure equal to 𝐹𝐹 =
500 N (Figure 7). Additionally, the initial conditions for the movement of all masses in the 
vertical direction will be zero, i.e., the right-hand side of Equation (24) will be zero. 

Numerical solutions of displacements were made for the following parameters: num-
ber of grooves 𝑛𝑛 = 16, groove width 𝑙𝑙𝑔𝑔𝑟𝑟𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔 = 4 mm; the force of the pressure of the tool 
to the sample 𝐹𝐹 = 500 N; the tool’s external diameter 𝐷𝐷 = 260 mm; and the angular spin-
dle speed 𝜔𝜔 = 500 s−1. The displacements in the vertical direction 𝑦𝑦1,𝑦𝑦2,𝑦𝑦3 of the corre-
sponding mass will be stable and of the same frequency after the value 𝑦𝑦0 is equal to the 
working displacement (Figure 8), i.e., the full working value of the pressure will be formed 
(full contact of the tool with the processed surface of the part); the velocity of displacement 
of the tool in the vertical direction is shown in Figure 9. 



J. Manuf. Mater. Process. 2023, 7, 101 12 of 19 
 

 

 
Figure 7. Simulation of pressure by moving the spindle head of the surface grinder machine and the 
geometry of the tool (The dashed line only shows the location of the smooth parts of the tool (the y-
axis has a representative scale)). 

Displacement of the tool in the horizontal direction (Figure 10a) was caused by fric-
tion force, which depends on the pressure of the tool to the part and is variable during the 
strengthening process. The velocity of displacement of the tool in the horizontal direction 
is shown in Figure 10b. An important parameter in the study is the reaction that occurs in 
the contact zone during the processing, which is presented in Figure 11. Modeling of the 
process of thermo-deformation strengthening of flat parts was performed at several 
groove widths and pressures (Figures 12 and 13). 

  

(a) (b) 

 

(c) 
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Figure 8. Displacement in the vertical plane: (a) spindle headstock; (b) spindle with tool; (c) table 
with part. 

It is known that the formation of nanocrystalline structures in the surface layers is 
particularly influenced by high-frequency deformations of low-amplitude values. When 
analyzing the obtained numerical solution of system displacements using different values 
of pressure and groove width, it can be argued that the value of the groove width has a 
significant effect on the reaction amplitude taking place in the processing area between 
the tool and the workpiece. For example, when using a tool with a groove in which the 
groove width is 4 mm, the pressure is 750 N, and the number of grooves on the periphery 
of the tool is equal to 8 pcs, the reaction amplitude is equal to 10 N. With a groove width 
of 8 mm, the difference between the maximum and minimum values of the reaction am-
plitude is 7.5 times higher and is 75 N (Figure 14). However, as the number of grooves on 
the periphery of the tool increases, the difference between the maximum and minimum 
values of the amplitude of the reaction decreases. For example, with the same pressure of 
the tool to the part with the number of grooves equal to 24 pcs and a groove width of 4 
mm, the amplitude difference will be equal to 5 N, and with a groove width of 8 mm, the 
amplitude difference will be 38 N. It should also be noted that the value of the difference 
between the maximum and minimum values of the amplitude of the reaction is the same 
when using the same width of tool at different pressures. That is, if the amount of dis-
placement of the tool to the part that forms the clamping force is greater than the value 
∆𝑅𝑅 (see Figure 6), the difference between the maximum and minimum values of the reac-
tion amplitude will be the same at different clamping forces, but the groove width will be 
the same. 

 
Figure 9. Velocity of displacement of the tool in the vertical plane. 

  

(a) (b) 

Figure 10. Displacement (a) and velocity (b) of the tool in the horizontal plane. 
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An important factor for the formation of nanocrystal layers is the frequency of impact 
of the tool with the part. It has been shown that as the number of grooves increases, the 
frequency of impacts in the treatment area increases significantly. Thus, when the number 
of grooves is equal to eight, the frequency of impact of the tool on the part is equal to 750 
Hz, and when the quantity of grooves is equal to 32, the frequency of impact of the tool 
on the part is equal to 2.5 kHz (Figure 15). 

 
Figure 11. Amount of force between the tool and the sample. 

   
(a) (b) (b) 

Figure 12. The amplitude of the force of the tool with a groove width of 4 mm on the part in the 
contact zone: (a) pressure of 750 N; (b) pressure of 1000 N; (c) pressure of 1250 N (█—minimum 
value of force; ◆—maximum value of force). 
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Figure 13. The amplitude of the force of the tool with a groove width of 8 mm on the part in the 
contact zone: (a) pressure of 750 N, (b) pressure of 1000 N, and (c) pressure of 1250 N (█—minimum 
value of force; ◆—maximum value of force). 
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Figure 14. Force amplitude of the reaction of the tool to the part: (a) groove width: 4 mm; (b) groove 
width: 8 mm. 

Experimental studies have shown that during thermo-deformation strengthening of 
flat surfaces of samples made of steel 41Cr4, the tangential and normal components of the 
friction force in the tool–sample contact zone have a wave-like character (Figure 16). The 
amplitude of the change in the components of the friction force is 0.15–0.25 of the magni-
tude of the force. The highest value is reached by the normal component of the friction 
force in the tool–part contact zone. The processing modes significantly affect the value, 
especially the amount of vertical tension. It determines the amount of pressing of the tool 
to the processed surface of the part. The nature of the change in the tangential component 
of the force, which occurs in the contact zone of the tool with the processed surface of the 
samples, is similar to that of the normal component and corresponds to the change in the 
geometry of the working surface of the tool. The amount of loading and unloading of a 
unit area of contact of the tool with the processed surface depends on the processing 
modes (linear speed on the periphery of the tool and speed of movement of the machine 
table) and the number of grooves. Accordingly, the movement of the tool along the pro-
cessed surface is interrupted. Due to the specified processes, we obtained a wave-like char-
acter of changes in the components of the friction force during thermo-deformation 
strengthening. 
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Figure 15. The frequency of the mutual displacement of the part and the tool in the area of their 
contact. 

 
Figure 16. Normal (Py) and tangential (Px) components of the forces that occur during the strength-
ening of flat surfaces. 

The formation of strengthened layers with a nanocrystalline structure is intensified 
by increasing the intensity of deformation of the contact zone on the treated surface by a 
tool with transverse grooves on its periphery. The metal of the surface layer is cyclically 
loaded and unloaded, as well as heated and cooled, during the alternate passage of the 
smooth surface and the groove along the surface of the tool’s contact zone with the sam-
ple. The contact zone of the tool with the processed surface during thermo-deformation 
strengthening is heated to temperatures close to the melting point [24]. At such high tem-
peratures, the metal softens, and its plasticity increases. After the groove passes over the 
contact zone, the next smooth surface comes into contact and creates a shock load on the 
contact zone. Such processes intensify the deformation of the surface layer of the metal to 
a greater depth, contribute to grain grinding, and form a strengthened layer to a greater 
depth. 

The thickness of the strengthened layer and its hardness obtained during thermo-
deformation strengthening of flat samples made from steel 41Cr4 (quench-hardening and 
low-temperature tempering) significantly affect the shape of the working surface of the 
tool, as shown by conducted metallographic studies. Thus, during thermo-deformation 
strengthening with a tool with a smooth working surface, the thickness of the hardened 
layer was 140–160 microns, and the hardness was 8.6 GPa (with a hardness of the base 
metal of 5.6 GPa) (Figure 17). During thermo-deformation strengthening with a tool with 
transverse grooves on its working part, the thickness of the hardened layer and its hard-
ness increase. When processing with a tool with 24 transverse grooves with a width of 3–
4 mm, the thickness of the layer increased to 190–220 µm, and the hardness increased to 
9.3 Gpa. When the width of the transverse grooves increased to 8–9 mm, the thickness of 
the layer increased to 250–260 µm, and the hardness increased to 11.1 Gpa. A further in-
crease in the width of the grooves led to a certain decrease in the thickness of the strength-
ened layer. The use of a tool with transverse grooves leads to an intensification of the 
plastic deformation of the surface layer of the metal during thermo-deformation strength-
ening, which also leads to a decrease in grain size, which increases by about 10 nm near 
the surface. The grain size of the strengthened layers obtained by strengthening with a 
tool with a smooth part is much larger and is 60–80 nm. The resulting strengthened layers 
are nanocrystalline. The metallographic structure of steel 41Cr4 is shown in Figure 18. 
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Figure 17. Microhardness of steel after thermo-deformation treatment 41Cr4: 1—length of grooves: 
4 mm; 2—length of grooves: 8 mm. 

 
Figure 18. Structure of steel 41Cr4 after thermo-deformation treatment (length of grooves: 8 mm). 

The conducted experimental studies confirm our theoretical calculations. 

4. Conclusions 
Thermo-deformation strengthening of the surface layers of parts using a tool with 

transverse grooves on its working peripheral surface combines two methods of forming a 
strengthened layer with a nanocrystalline structure—the action of a high-intensity heat 
source and intense plastic deformation. 

Intensive plastic deformation of the metal of the surface layer of the sample is 
achieved by alternately passing the smooth tool surface and the groove through the con-
tact zone of the tool and the sample, during which time the contact zone is cyclically 
loaded and unloaded. 

The design scheme of the elastic system of a surface grinding machine was developed 
to study the dynamic processes that take place during thermo-deformation strengthening 
of flat surfaces of samples in the contact zone between the tool and the treated surface. 
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When the width of the groove increases, the difference between the maximum and 
minimum amount of the amplitude of the reaction force, which occurs in the contact zone 
between the tool and the processed surface, increases. Thus, when using a tool with eight 
grooves with a width of 4 mm on its working surface (pressing force 750 N), the difference 
between the amounts of the force amplitude was equal to 10 N. When the groove width 
was 8 mm, the difference in the force amplitude increased by 7.5 times and was 75 N. With 
an increase in the force of pressing the tool to the processed surface with the same width 
of the groove, it did not affect the magnitude of the change in the amplitude of the force 
in the contact zone. 

Experimental studies have shown that during the thermal deformation treatment 
(strengthening) of samples made of steel 41Cr4, the thickness and microhardness of the 
strengthened layer increase with the increase in the groove width on the working part of 
the tool. For example, with a groove width of 3–4 mm, the thickness of the strengthened 
layer was 190–220 µm, and its microhardness was 9.3 GPa. With an increase in the groove 
width of 9 mm, the thickness and microhardness of the layer increased to 250–260 µm and 
11.1 GPa, respectively. 
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