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Abstract: The authors developed and investigated a mathematical model of the movement of the excavating parts of 

drilling machines used in construction and mining. The block method of setting resistance to movement of excavating 

parts is used. Dependencies on loading, external forces and drilling speed are obtained which determine machine 

efficiency. The specific energy intensity of the process was optimized. The article regards rotary drilling machines. 

 

Keywords: excavating part, cutting resistance, transportation resistance, clay solution, supply force, torque moment, 

bore bit, specific energy intensity. 

 
1. Introduction 

The main idea of the study is the possibility of obtaining the laws of motion of drilling machines by means of 

crossing loads in two sets: the functioning environment and the constructions of the transporter. At the same time, it is 

not necessary to model the operation of each machine separately. 

The purpose of the study is to obtain dependencies describing the speed of supply (productivity) of the 

excavating part in various working conditions, and scientific novelty is determined by obtaining these dependencies. 

A large number of drilling machines are used in construction and mining: the "wall in the ground" method; bored 

piles; anchoring of slopes; blast hole drilling. The acquisition of new machines is very expensive, the modernization of 

their excavating parts is relevant. 

To do this, we need to obtain dependencies on which we can base the calculation method. 

Ground destruction (cutting) by the excavating part of the drilling machine can occur in a dry bottom or under a 
layer of clay mortar (keeping the walls of the well from breaking), transportation of the destroyed ground is carried out 

by an auger, elevator, shovel, screw, airlift, ground pump (Figure 1). 

 
 

Fig. 1. - Classification of resistance forces of excavating parts 
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The hypothetical model of the excavating pert is generally influenced by the following set of forces: gravity 

force mg, supply force Q, torque moment Мt, cutting resistance Мres, supply resistance Qс, motion resistance and 

transporter speed Рtr, motion resistance in the clay mortar Qcl and Мcl, expulsive force Рexp, friction force of the 

excavatig part rod against the clay mortar Рfr [1]. 

The force scheme is shown in Figure 2. 

 

 

  

                                  

 

 

 

 

 

 

 

 

        

                                                                              

                                                         

                                           

 

 

 

 

 
Fig.2. - General scheme of forces acting on the excavating part 

 of the drilling machine 

 
Resistance forces are determined [2] through specific forces of supply A and rotation B of bore bit; coefficient 

kр, which takes into account the hydrodynamic component of motion resistance of the excavating part in the clay 

mortar; coefficient  αz of correction value of specific forces A and B in liquid environment of drilling. All these 

parameters are determined theoretically and confirmed experimentally in the work of the professor Kadyrov A.S. [3, 4]. 

The general system of equations in the directions of motion Z and φ  has the form: 

  

{
𝑚𝑧̈ = 𝑄 − 𝑄𝑟𝑒𝑠 − 𝑄𝑐𝑙 − Р𝑒𝑥𝑝 − Р𝑓𝑟 − Р𝑡𝑟 + 𝑚𝑔

𝐽𝜙̈ = 𝑀𝑡 − М𝑟𝑒𝑠 − М𝑐𝑙 − М𝑓𝑟
,                                                    (1) 

 

or disclosing the force expression taking into account the above factors: 

 

  {
𝑚𝑧̈ = 𝑄 − А𝛼𝑧𝑍 − 𝑘в𝑍 − 𝑘𝛿𝑍 − Ртр + 𝑚𝑔

𝐽𝜙̈ = 𝑀𝑡 − 𝐵𝛼𝑧𝑍𝑅 − 𝑘𝑝𝜔2 − М𝑓𝑟

,  (2) 

 

where h - cutting depth per rotation; 

kb and kδ - coefficients, respectively, which determine the expulsive friction force per one meter of the length of 

the excavating part; 

m - weight of the excavating part; 

𝑧̈- linear acceleration of the excavating part motion; 
J - moment of inertial forces from the rotating excavating part; 

𝜑̈ - angular acceleration of the excavating part motion. 

The force Qcl of the vertical component of the rotation of the bore bit in the clay mortar is not taken into account 

due to its smallness. 
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The resistance force to transporting may depend on the depth of drilling Z or be constant: 

for airlift and ground pump: Рtr=kvfZ, Mfr = const;  

for shovel and screw: Рtr= const, Mfr = const. 

 In the suggested dependencies, the coefficient kvf takes into account the change in vertical force on the 

excavating part depending on the depth of drilling. 

The control of the movement of the excavating part is carried out by changing the supply force, and therefore  

= const. 

By integrating the equation of the system we obtain: 

for the case Рtr=kvfZ, Mfr = const  

 

 {𝑉 = 2√
(𝑄+𝑚𝑔)𝑍−(𝐴𝛼𝑧ℎ+𝑘𝑏+𝑘𝛿+𝑘𝑣𝑓)𝑍2)

𝑚
;

𝑀𝑡 = 𝐵𝛼𝑧𝑍 ∙ 𝑅 + М𝑓𝑟 .
  (3) 

 

In the second case Ртр= const, Mтр = const: 

 

 {𝑉 = 2√
(𝑄+𝑚𝑔−Р𝑡𝑟)𝑍−(𝐴𝛼𝑧ℎ+𝑘𝑏+𝑘𝛿)𝑍2)

𝑚
;

𝑀кр = 𝐵𝛼𝑧𝑍 ∙ 𝑅 + М𝑓𝑟 .
    (4) 

 

When transportation of ground by screw transporter or elevator the values kb and kδ  are equal to 0 and 

dependencies have the form: 

 

  {𝑉 = 2√
(𝑄+𝑚𝑔+Р𝑡𝑟)𝑍+𝐴𝛼𝑧ℎ𝑍2

𝑚
;

𝑀кр = 𝐵𝛼𝑧𝑍 ∙ 𝑅 + М𝑓𝑟 .
  (5) 

 

At the stage of mathematical modeling of the earth-moving equipment operation mode, the following parameters 

are considered as optimal criteria: minimum energy consumption Еcons; maximum permissible values of supply force Q 
and rotation speed of the excavating part; maximum drilling per tool or minimum wear; maximum efficiency, resistivity 

of different patterns, etc. 

The specific energy intensity Еsp of the process is the parameter that is also known, it is often used to compare 

the energy efficiency of machines. 

When choosing a particular criterion of optimality, we proceed from the economic considerations of the 

existence of an extreme in this criterion from the mode parameters, as well as from the possibility of technical 

implementation of the control system with the chosen criterion of optimality. To justify the criterion of optimum of the 

drilling process by the excavating part, functional dependencies between the above parameters (where possible) will be 

determined. It is convenient to establish functional relationships between parameters using the value of specific energy 

intensity of the process, which is the ratio of total power 0 and drilling efficiency Edr [5]: 

 

𝐸𝑑𝑟 =
𝑁0

𝑃𝑑
,                                                                        (6) 

 
where  N0 – the total power; 

            Edr  - drilling efficiency 

The total power is determined by the following formula: 

            

𝑁0 = 𝑀𝑡𝜔 + 𝑄𝑉,                                                                  (7) 

 Drilling efficiency:  

 

𝑃𝑑 = 𝑗𝑉,                   (8)  

 

where j - proportionality coefficient between the drilling efficiency and the drilling speed. 

Then: 
 

 

𝐸𝑑𝑟 =
М𝑡𝜔+𝑄𝑉

𝑗𝑉
=

М𝑡𝜔

𝑗𝑉
+

𝑄

𝑗
. (9) 

 
Parameters used as criteria for optimality of drilling process or controlled values can be determined on the value 

of specific energy intensity. In this regard, specific energy intensity is a general calculated criterion for the optimality of 

the drilling process. 

The specific energy intensity Еsp has the structure that corresponds to the operations of the drilling process. 
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As a rule, specific energy intensity is used in the quantitative analysis of the operation process of machines and 

mechanisms. No analytical study of specific energy intensity was carried out with subsequent determination of optimal 

parameters. The relationship of specific energy intensity with the parameters of the drilling process allows determining 

their optimal values in analytical way. 

All these considerations made it possible to accept the specific energy intensity as a criterion for the optimality 

of the operation mode of drilling and milling machines at this stage of the study. 

 
2. Results and discussion 

As a result of the study of the obtained mathematical models, it is possible to determine the dependencies 

connecting the supply speed, supply forces, drilling depth, resistance to motion in the clay mortar, resistance to 
transportation of ground and its cutting. 

Also, the results of research made it possible to design the excavating parts of earth-moving machines that use 

the "wall in the ground" method in construction. 

One of such excavating parts is mounted drilling equipment ОПН-1.50 for both trenches and boreholes (Figure 

1). 

The drilling equipment ОПН-1.50 is mounted excavating part to ЭО-5122А  excavator. Its components are 

executive element 1, column 2, polyspastic system 3, control system 4 (Fig. 3) [6]. 

 

 
1 - executive element; 2 - column; 3 - polyspastic system; 4 - control system 

 
Fig. 3. – Mounted drilling equipment 

Executive element ОПН-1.50 equipment consists of cutting bit 1, spacer 2, handle 3, planetary reducer 4, 

hydraulic motor 5, hydraulic cylinder 6 (Fig. 4). 
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1 - crown; 2 - spacer; 3 - handle; 4 - planetary reduction gear box; 5 - hydraulic motor 

 
Fig. 4. - Executive element of ОPN-1.50 equipment 

 
The cutting crown of the executive element of the drilling equipment is borrowed from GPK drilling combine. It 

is equipped with cutters of РКС type. Planetary reduction gear is arranged in cutter column concavity. A flange is 

welded at the base of the cutting column, which is attached to a rotating part of the planetary reduction gear. 

The novelty of equipment OPN-1.50 lies in the fact that when extension of rod with hydraulic cylinder the bit 

deviates from vertical thereby increasing diameter of the well. This makes it possible to have one machine for drilling 

wells of different diameters. 

Ground development during drilling by translational movement of the excavating part is carried out by 

appropriate ground-breaking heads. Ground-breaking head is connected with flange of the bracket, which is connecting 

element of the excavating part to the handle of excavator. The structural parameters of the bracket satisfy the condition 
of interchangeability of mountable equipment. 

 

3. Conclusion 

The block scheme of resistance forces to the motion of excavating parts of earth-moving machines has been 

developed, including blocks for resistance to cutting and transportation of grounds. The blocks for dry face cutting 

resistance include auger, shovel, screw, elevator; in terms of cutting resistance under clay solution - auger, ladle, screw, 

elevator, airlift, ground pump. The intersection of multiple sets of resistance forces determined the possibility of 

developing four mathematical models of the motion of excavating parts of drilling and milling machines. 

As a result of the study of the obtained mathematical models, dependencies are determined that relate the supply 

speed, supply intensity, drilling depth, resistance to motion in the clay mortar, resistance to transportation of ground and 

its cutting. 

The optimal parameters of the mode are determined according to the criterion specific energy intensity, which is 
the ratio of total power to drilling efficiency. 
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Abstract. In this work, the hardening of grain crusher hammers was carried out using low-energy irradiation in a nitrogen 

atmosphere. Based on the use of ion-plasma nitriding, it can be concluded that additional bombardment with gas ions makes 

it possible to radically change the structure of the condensate by means of its surface hardening. 

 

Keywords: hardening, irradiation, nitriding, surface. 

 

1. Introduction 

The process of preparing compound feed is associated with a number of operations for the processing of raw 

ingredients. The quality of compound feed is influenced by the mode of crushing of raw materials. This is the most 

energy-consuming and labor-intensive operation, regulated by the requirements of GOST and zootechnical 

recommendations, and according to average statistical data it is about 60% of the total labor costs in the procurement 
and preparation of feed [1]. When grinding compound feed, it is necessary to achieve a uniform composition of 

granules of crushed raw materials, which affects its quality. 

In the feed industry and farms, the main grinding machine is the hammer crusher. It is simple in design and does 

not impose high requirements for operation (Fig. 1), but when grinding the feed components in it, a product is obtained 

in which there are under-ground particles and a significant content of dust-like fraction. Despite its simplicity, the 

hammer crusher does not fully meet the increased modern requirements for energy efficiency and quality of finished 

products obtained in the grinding process [2-4] (see theses [1-4] and the bibliography therein). 

 

 
 

Fig. 1. - Hammer crusher 

 

Basically, hammer crushers are applied to materials with a small to medium safety margin. The hammer mill 

does not process sticky or viscous materials. For all its advantages, hammer crushers have a number of disadvantages: 

1. High wear rate of crushing hammers (crushing abrasives increases the likelihood of premature wear). 

2. Wear of grates when processing substances with a moisture content of more than 15 percent. 

3. In case of accidental loading of materials that are not completely crushed into the apparatus, damage to the 

main components and assemblies of the hammer crusher is possible. 

To extend the life of the crusher hammers, they need to be hardened. A huge number of works are devoted to 

this, among which we mention some of them [5, 6]. The Aknar factory uses crusher hammers made of st-3 steel. The 

hardening of these steels is carried out mainly by the nitriding method [7, 8]. Analysis of modern literature has shown 

that ion nitriding is one of the most common methods of surface hardening of parts and tools, the use of which in 
industrialized countries is constantly expanding instead of various methods of chemical-thermal treatment of tools, 

which is environmentally harmful. 
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2. Experimental technique 

A plasma source "PINK" with a combined heated and hollow cathode [9], developed at the Laboratory of Plasma 

Emission Electronics (LELP), ISE SB RAS, was used as a gas plasma source (Fig. 2). The "PINK" plasma generator is 

located on the upper flange of the NNV-6.6I1 chamber. The "PINK" gas plasma source is a plasma source based on a 

non-self-sustaining arc discharge with a combined heated and hollow cathode. On the flange 6 are mounted two water-

cooled electric leads 3 for feeding the direct-heated cathode 2. A cylindrical shield electrode 1 with a diameter of 90 

mm and a length of 350 mm is fixed on the vacuum side of the flange 6. The cathode is made of tungsten wire 125 mm 

long and 1.5 mm thick. The filament is powered by a transformer with variable (50 Hz) voltage regulation across its 
primary winding. The discharge is powered from a voltage source, which includes a three-phase transformer and a 

rectifier. The plasma source is isolated from the installation housing and is at floating potential. Gas is supplied to the 

gas plasma source through the gas inlet on the flange 6 from the gas inlet system, which includes two RRG-10 gas flow 

rate regulators. 

 
                                          a)                                                                                 b)                                   

 
1 - cathode cavity; 2 - heated tungsten cathode; 3 - electric input; 4 - stabilizing coil; 5 - focusing coil;  

6 - water-cooled flange; 7 - insulator; 8 - water-cooled housing.  
 

Fig. 2. - Appearance (a) and schematic diagram (b) of the plasma source "PINK"  

 

The PINK gas plasma source [9, 10] works according to the following principle. After gas supply, pressure 

stabilization in the chamber and creation of a longitudinal magnetic field with magnetic induction B = 0.1–3 mT in the 

working volume of the plasma generator, the cathode is heated and voltage is applied to the electrodes of the discharge 

system. The electrons emitted by the hot cathode are accelerated towards the additional electrode, which at the moment 

of discharge ignition acts as an auxiliary anode, and ionize the gas in the cathode cavity, thereby provoking the ignition 

of the discharge in the gap between the heated cathode and the ignition electrode. In this case, the hollow cathode is 

filled with plasma, which propagates into the vacuum chamber. This leads to switching the combustion of the discharge 
to the main anode (inner walls of the vacuum chamber), i.e. the main non-self-sustaining arc discharge is ignited. Under 

the influence of an external magnetic field, the trajectory of electrons emitted from the heated cathode is bent. The 

movement of electrons occurs in a cylindrical spiral, which increases their path to the anode, thereby increasing the 

efficiency of gas ionization. 

By varying the filament current, and hence the emission of electrons from the hot cathode, one can easily control 

the discharge current from tens to hundreds of amperes at a combustion voltage of several tens of volts. Such a 

discharge is classified as a non-self-sustaining hot-cathode arc discharge without a cathode spot. This arc discharge will 

make it possible to generate low-temperature plasma in volumes (≥0.1 m3) with a concentration of ne ~ 109–1011 cm-3 

and a uniformity of ± 15% of the average value. 

The technological mode of the nitriding process of the crusher hammers is presented below. 

Preliminary preparation: 

1. Degreasing of hammers with Nefras C2-80/120 (Fig. 3a). 
2. Cleaning and polishing in the bath of the EPP-40 electrolytic-plasma polishing unit (Fig. 3b), with the 

following parameters: the composition of the polishing solution is a 5% aqueous solution of ammonium sulfate; 

solution temperature - 850 ºC; cathode-anode voltage 300 V, current 40 A; processing time 5 min. 

3. After unloading from the EPP-40 bath, the hammers are washed with running water and treated with steam 

using a steam jet device UPS 4.3-geyser (Fig. 3c). 

4. After steam-jet cleaning, the hammers are wiped with coarse calico moistened with alcohol and placed in an 

oven for drying and preheating to 1500 ºC. 
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a) 

 
b) 

 
c) 

 
Fig. 3. - Degreasing of hammers with Nefras S2-80/120 (a), polishing in the bath of the EPP-40 unit 

(b), steam jet device UPS 4.3-geyser (c) 

 

Ion-plasma nitriding process: 

1. Prepared hammers are installed in the vacuum chamber of the NNV 6.6-I1 installation (Fig. 4 a) using special 

equipment in the center of the rotating table (Fig. 4 b). 

2. Forevacuum pumping of the installation chamber is carried out to a pressure of 1Pa (time is about 15 min.). 

3. Further evacuation of the chamber is carried out by a high-vacuum diffusion pump up to a pressure of 5*10-3 

Pa. (time 20-25 min.). 

4. Then, argon is injected into the chamber through the gas leak and with the help of the BUEN electromagnetic 
leak control unit the pressure in the chamber is maintained at 2*10-1 Pa. 

 

 
a) 

 
b) 

 
Fig. 4. - Vacuum chamber of the NNV 6.6-I1 installation (a), special equipment in the center 

of the rotating table (b) 

 

5. To carry out the process of ionic cleaning and heating, a plasma source with a heated PINK cathode is 

switched on, a heating current of 120 A and an ion current of 5 A are set. 

6. The reference voltage block turns on and the bias voltage of -1000 V is applied to the parts. To eliminate the 

formation of micro arcs on parts, the reference voltage unit operates in a pulsed mode with a frequency of 25 kHz and a 

duty cycle of 80 %. 

7. The table rotation drive is switched on and the rotation speed is set to 5 rpm. 
8. Within 5-7 minutes, the PINK ion current is gradually brought to 45-50 A, while the heating of the hammers 

is monitored using a Smotrich 7 pyrometer focused on the part through the viewing window of the chamber. 

9. When the temperature reaches 450 ºС (time 20-25 min.), Nitrogen of special purity is admitted into the 

chamber through a parallel gas main, with the help of an RRG-10 flow meter (nitrogen flow rate is set at 2 l /min.), The 

pressure is maintained at the level of 1.8-2.2*10-1 Pa. Thus, the regime of ion-plasma nitriding of parts in an argon-

nitrogen gas mixture is established. Further, throughout the entire process, the temperature of the products is monitored, 

if necessary, adjusting the PINC current and the reference voltage. The nitriding process lasts 3 hours, after which the 

products are allowed to cool in a vacuum chamber for an hour and unloaded. 

The results of measurements of the microhardness of the hammer surface using an HV-1000 microhardness 

tester with a load on the indenter of 1 kg gave the following results: before nitriding about 154,4 HV, after about 449 

HV (Fig. 5). 
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а) 

 
b) 

 
Fig. 5.  - Microhardness of the surface of hammers before (a) and after (b) nitriding 

 

Thus, by increasing the surface hardness of the hammers, the service interval of the hammer crusher can be 

significantly extended. 

 

3. Discussion of experimental results 

PINK Assistance shows that the structure of the coating can be changed using ion bombardment. In fig. 6 shows 

an image of a TiN coating after exposure to nitrogen. 
 

 
 

Fig. 6. - Electron microscopic image of TiN coating after hammer ion bombardment 

 

One of the promising methods of assisting the coating synthesis process is low-energy ion irradiation [11-13], 

during which there is no significant change in the coating/substrate system, but it becomes possible to regulate the 

structural-phase and elemental composition of coatings and their properties. 

It was shown in [13] that the simultaneous irradiation of titanium with nitrogen ions, first, excludes the formation 

of high-energy nano- and submicrocrystalline substructures with a high curvature of the crystal lattice and a high 

density of partial disclinations in grain boundaries and associated high local stresses, and - second, it stimulates the 

epitaxial mechanism of the formation of the nitride phase on the γ-austenite substrate, and third, it leads to an increase 

in the plasticity of the nitride coating (from 3 to 6 %). 

Plasma assistance can be used in vacuum-arc deposition of coatings, which is one of the stages of complex 

processing of steels [14-16], including preliminary ionic nitriding of the surface and subsequent application of a TiN 
coating in a single technological cycle. Such a combined treatment of steel 40X allows the formation of a nitride (γ′-

Fe4N) in the surface layer and provides a gradient decrease in hardness along the depth of the sample. This provides an 

increase in the adhesion of the TiN coating to the steel substrate and a significant increase in the wear resistance of the 

obtained composition. 

In [16], experiments on the deposition of TiN coatings by a vacuum-arc plasma-assisted method are shown at a 

gas plasma generator current of 10–12 A and an arc evaporator current of 50–100 A, in which the effect of negative bias 

voltage on the formation of ion-plasma coatings was studied. the value was 15, 200, 600, and 1000 V. It was found that 

during plasma-assisted coating deposition, the bias voltage applied to the sample is of decisive importance in changing 

the structure and phase state during the formation of the layer. Studies have shown that at small negative values of the 

displacement stress, a lamellar structure with a high level of elastic stress fields is formed. An increase in the bias leads 

to the formation of a nanosized polycrystalline structure in the wafers as a result of splitting into separate disoriented 

crystallites. The optimal bias voltage turns out to be Ucm = –200 V. It is assumed that the modification of the structure 
and properties of TiN deposited under vacuum-arc sputtering of titanium under irradiation with low-energy nitrogen 

ions is due to the development of relaxation processes due to ion mixing, generation of point defects, and an increase in 

the diffusion mobility of adatoms on growing surface. 
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The results of measurements of the microhardness of the hammer surface using an HV-1000 microhardness 

tester with a load on the indenter of 1 kg gave the following results: before nitriding about 150 HV, after nitriding about 

450 HV, after spraying TiN about 900 HV. 

 

4. Conclusion 

Ionic nitriding (3 hours) using a plasma source "PINK" with a combined heated and hollow cathode instead of 

chemical-thermal treatment of crusher hammers (10-14 hours) increases their service life by 3 times. This leads to an 

increase in the energy efficiency of crushers and an increase in the resource of grain grinding. Spraying hammers with a 
titanium nitride coating leads to a 6-fold hardening of the hammers, but the cost of TiN coating is much higher than ion 

nitriding and can be used in some cases. 
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Abstract. The article deals with the problems of establishing dependencies for determining the functional geometric 

parameters of a piston pair of axial-piston hydraulic machines.The hydraulic drive is increasingly used in all sectors of 

the national economy, including in various branches of mechanical engineering. The widespread introduction of 

hydraulic transmissions is caused by their advantages over other types of transmissions: a wide range of stepless speed 

control of working bodies, low inertia, low specific weight per unit of power, high efficiency, the ability to perceive 

significant loads. One of the main elements of the hydraulic drive is a pump, the reliability and durability of which 
largely depends on the performance of the entire hydraulic drive. 
 
Keywords: hydraulic drive, axial piston machine, liquid leakage, piston pair, functional accuracy. 

 
1. Introduction 

The hydraulic drive is increasingly used in all sectors of the national economy, including in various branches of 
mechanical engineering. The widespread introduction of hydraulic transmissions is caused by their advantages over 
other types of transmissions: a wide range of stepless speed control of working bodies, low inertia, low specific weight 
per unit of power, high efficiency, and the ability to perceive significant loads. One of the main elements of the 
hydraulic drive is a pump, the reliability and durability of which largely depends on the performance of the entire 
hydraulic drive. 

At present, volumetric hydraulic machines, including piston pumps and, above all, axial - piston pumps, are 
widely used in mechanical engineering. Axial-piston pumps are compact, high energy consumption per unit weight and 
simple design. Their widest distribution was facilitated by such qualities as high characteristics in terms of mass and 
overall dimensions, insignificant power losses and a small amount of the moment of inertia of the rotating masses. 

One of the ways to improve the performance of piston machines is to determine the optimal gaps in the friction 
pairs, in particular, between the pistons and the holes in the cylinder block. The size of the design gap between the 
piston and the housing is chosen from two mutually contradictory requirements: ensuring a minimum amount of 
friction, small leaks and high efficiency. 

Fluid leaks through the gap between the piston and the cylinder, along with leaks through the distribution 
system, the spherical piston joint and the hydrostatic shoe, refer to direct external leaks. They depend on the magnitude 
of the discharge pressure, affect the feed rate and in different types of axial-piston hydraulic machines have a different 
role on their characteristics. The amount of liquid leakage through the gaps depends on the temperature of the liquid, is 
inversely proportional to its viscosity and is directly proportional to the value of the pressure drop. 

The smallest gap value depends on the coefficient of linear expansion of the cylinder block and piston materials, 
the operating temperature range, the manufacturing accuracy of the mating surfaces, and the working fluid. However, 
reducing the gap can lead to jamming of the pistons in the holes of the cylinder block when changing the operating 
temperature of the hydraulic drive. 

Thus, temperature changes in the dimensions of the mated parts are essential for the operation of the pump 
pistons: strong heating of the pistons with small gaps can cause a sharp decrease in the gaps and jamming; a significant 
increase in the gaps causes a sharp increase in fluid leakage and deterioration of the hydraulic drive. In addition, the 
situation is complicated by the fact that the piston is heated more than the cylinder, and they are often made of different 
materials with different linear expansion coefficients. The use of various materials is explained by the desire to reduce 
the amount of wear of the friction pair. In connection with the above, the definition of optimal gaps is an ambiguous and 
contradictory problem, the solution of which is devoted to this work. 

2. Results and discussion 
Improving the quality of hydraulic machines can be achieved not only by improving their designs, using new 

technological processes and materials, but also by using the principles of functional interchangeability. Functional 
interchangeability helps to obtain stable values of the output parameters of the machines. 

In modern technologies of dimensional processing, the transition from dimensional standardization to functional 
standardization is carried out for the performance of certain functions by the product, depending on the accuracy of the 
functional parameters. To perform the service purpose of the product in a working state, the functional boundaries of 
the parameters are determined, the difference between which determines the functional tolerance. The accuracy is 
normalized according to the value of this tolerance, followed by its distribution from the upper level (product) to the 
final part of the lower level. 

In mechanical engineering, the modern concept of accuracy is considered in four aspects: functional, design, 
technological and metrological. Accordingly, there are functional, design and technological tolerances. Functional 
tolerances are set based on the reliable operation of the machine in accordance with the functional limits of the 
parameters. 
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The functional tolerance T_f is equal to the difference between the largest L_f ^ max and the smallest L_f^min 

permissible parameter values, determined taking into account the permissible change in the operating parameters of the 

machine, i.e., the permissible functional deviations. The functional tolerance T_f includes the operational T_ec and the 

design T_c tolerances. The operational tolerance characterizes the margin of accuracy that ensures the preservation of 

the required functional properties of the product during operation. The design tolerance takes into account the 

manufacturing errors of parts, joints, and the product as a whole. 

The design aspect of accuracy is associated with the implementation of the functional aspect, i.e., with the 

determination of the accuracy of the geometric shapes of parts and their relative position. So, in this case, the hydraulic 
circuit is a functional aspect, the hydraulic drive that implements this scheme is a design aspect. Design tolerances are 

also related to the functional (service) purpose of the machine and its working conditions. They are installed on the 

basis of an analysis of the operation of the machine, taking into account the costs of its manufacture and subsequent 

operation. 

The tolerances for intermediate dimensions that arise during the technological process are called technological. 

They are associated with the resulting errors and have many values in accordance with the construction of a specific 

technical process for manufacturing parts. 

The metrological aspect of accuracy is associated with the solution of the problem of the maximum 

approximation of the estimated value of the parameter to its actual value. This requires continuous improvement of 

methods and controls up to the nano-dimensional level. 

Figure 1 shows the layout of the tolerances for a single surface (size) of the part, based on the functional aspect 

of accuracy. 

  
 

Fig. 1 - Layout of the tolerance fields of the covered part 
 

The design tolerance Тс  characterizes the accuracy of the nominal size of the part and is equal to the difference 

between the largest Dmax and the smallest Dmin dimensions of the part in accordance with the design drawing, i.e. this 

is the reference value of the accuracy of the part size. The design tolerance includes errors in the manufacture of parts, 

and in the case of a mating surface, in addition, it takes into account errors in the assembly of joints, their adjustment, 

and also compensates for other errors. Design tolerances also correspond to the functional (service) purpose of the 

surface of the part, the purpose of the part itself and the conditions of its operation. They are installed on the basis of an 
analysis of the operation of the machine, taking into account the costs of its manufacture and subsequent operation. This 

also takes into account the technological performance of the machine, the connection and the part itself, i.e., the cost-

effectiveness of achieving a given accuracy in the manufacturing process of the part is analyzed. In this sense, there is a 

relative relationship between design tolerances and technological tolerances. 

The operational tolerance Т𝑜  ensures the preservation of the required functional properties in the conditions of 

possible changes occurring in the machine during operation, and therefore is associated with changes in the accuracy of 

parts and connections. For example, it can take into account the temperature deformations of parts, surface wear, etc. In 

general, the phenomena underlying the formation of the operational tolerance have a different effect on its value, both 

in absolute value and in direction. 

For the parts covered, the maximum functional size 𝐷𝑓
𝑚𝑎𝑥 is equal to the maximum design size Dmax. The 

minimum functional 𝐷𝑓
𝑚𝑖𝑛 corresponds to the minimum operational size 𝐷𝑜

𝑚𝑖𝑛. 

When the size exceeds the limits of 𝐷𝑜
𝑚𝑖𝑛., the corresponding part (connection) enters a state in which the product 

is not able to perform the specified functions, while maintaining the values of the specified parameters within the limits 

set by the regulatory and technical documentation, i.e., it loses its operability. 

Figure 2 shows the layout of the tolerances of the piston pair of the axial-piston hydraulic machine. The 

functional tolerance of each element of the pair is equal to the sum of the design Т𝑐 and operational Т𝑜 tolerances: 

 

 Tf = Тc +Тo = Тc +Тt +Тр                           (1) 

 

where Тt is the tolerance for the temperature deformation of the element: Тр is the tolerance for the deformation of the 

element as a result of the pressure drop. 
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Fig. 2. - The layout of the tolerances of the piston pair of the axial-piston hydraulic machine 
 

The initial gap 𝜀0 in the piston pair is determined in the non-working state of the hydraulic machine. It is formed 

by the constructive accuracy of the coupling and can take values from  𝜀0
𝑚𝑖𝑛 to

 
𝜀0

𝑚𝑎𝑥within the design tolerances. 

Functional gaps 𝜀𝑓 are formed during the operation of the hydraulic machine. As a result of temperature deformation, 

depending on the material of the elements of the piston pair, the minimum functional gap 𝜀𝑓
𝑚𝑖𝑛can be either greater or 

less than the initial structural gap 𝜀𝑓
𝑚𝑖𝑛. The increase in the gap due to the pressure drop should be taken into account at 

high working fluid pressures in the hydraulic system, up to 100 MPa or more. 

Thus, the radial clearance in the piston pair of an axial-piston hydraulic machine, taking into account changes in 

pressure and temperature, can be determined by the formula: 

 

 𝜀 = 𝜀0 + 𝜀t + 𝜀p                                         (2) 

 
where 𝜀0 is the design gap, based on the design accuracy of the coupling;  

           𝜀p and 𝜀t is the change in the gap as a function of the temperature and pressure of the working fluid, 

respectively. 
The change in the gap due to the heating of the elements of the piston pair can be determined by the formula: 

 

𝜀t  = d (tк  − t0 ) − (tп  − t0 )                                                            (3) 

 
where d is the diameter of the piston;  

 and  are the coefficients of thermal expansion of the material of the housing (sleeve) and the piston;  

 tc   and  tп are the average temperatures of the housing and the piston; t0 is the initial initial temperature at which 

the design gap was obtained according to the design tolerances Т𝑐
 𝑐 and Т𝑐

 𝑝. 

Since there are difficulties in determining the average temperatures tc and  tp, the calculation of the gap change 

𝜀t can be carried out using a simplified formula: 

 

𝜀t  = dt                                                                                  (4) 

 

where  = к + п the difference between the coefficients of linear expansion of the materials of the mating parts of 

the body (к) and piston (п) values, which are an average temperature of +20 °C;  

            t = t  − t0  the difference between the temperature of the material related parts (tк = tп = t, slow heating or 

cooling) and the original (initial) temperature. 

The change in the gap in the piston pair from the action of the pressure of the working fluid can be determined 

similarly to the definition of the gap of a cylindrical slot: 

 

∆𝜀𝑝 =  
𝑝𝑟

𝐸𝑘
(𝜇𝑘 +  

𝑅2+𝑟2

𝑅2−𝑟2
) +

𝑝𝑟

𝐸п
(1 − 𝜇п)                                                        (5) 

 

where 𝑝 - is the pressure of the working fluid;  

          r and R are respectively, the outer radii of the piston and the housing (sleeve) of the hydraulic machine;  

           Ek and 𝐸п are the elastic modulus and Poisson's coefficients of the material of the housing (sleeve) and the 

piston, respectively. 
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Substituting (4) and (5) into formula (2), we obtain an expression for determining the functional gap of the piston 

pair: 

 

𝜀 = 𝜀0 + 2𝑟∆𝛼∆𝑡 +
𝑝𝑟

𝐸𝑘
(𝜇𝑘 +  

𝑅2+𝑟2

𝑅2−𝑟2
) +

𝑝𝑟

𝐸п
(1 − 𝜇п)                                             (6) 

 

Then the canonical formula for determining the specific leaks per unit width of the gap will take the form: 

 

𝑄` =
∆𝑝𝜀3

12𝜇𝑙
                                                                            (7) 

where Q is the volume of liquid flow;  

p is the pressure drop;  

 is the absolute viscosity of the liquid; l is the length of the gap (the working part of the piston): 

 

𝑄 =
𝜋∆𝑝𝜀3𝑑

12𝜇𝑙
                                                                                (8) 

 
The calculation of the tolerances for the main geometric parameters in expression (8) can be performed in accordance 

with the method that assumes that, if between the output parameters of a compound y and its dimensions x1, x2 , , xn  there 

is an analytical dependence of the form y =  f (x1 , x2 ,  , xn ),  and it, differentiable to n-th order for all argument values  

x1 , x2 ,  , xn  in between z1 ± 1, z2 ± 2 , …, zn ± n, where z1 , z2 , , zn – the partial values of the arguments 

corresponding to the characteristics under consideration, then the tolerance for the value y is determined from the 

expression: 

 
𝜗 =

𝜇

𝜌
                                                                              (9) 

where 𝜗 – kinematic coefficient of viscosity;  

    – dynamic viscosity index;  

 

𝛿𝑦 =  √(
𝑑𝑓

𝑑𝑥1

)
𝑥

1
=𝑧

1

2

+  𝛿1𝑘1
2 + (

𝑑𝑓

𝑑𝑥2

)
𝑥

2
=𝑧

2

2

+  𝛿1𝑘1
2 + ⋯ + (

𝑑𝑓

𝑑𝑥𝑛

)
𝑥

𝑛
=𝑧

𝑛

2

+  𝛿𝑛𝑘𝑛
2       (10) 

 
where 1 , 2 , , n – appropriate tolerances for values x1 , x2 , , xn ;   

                k1, k2 , , kn – scattering coefficients whose values are determined by the laws of the distribution of quantities 

x1 , x2 , , xn . 

We define the partial derivatives of the expression for fluid leaks by functional geometric parameters. 

By the diameter of the piston: 

 
𝜕𝑄

𝜕𝑑
=

𝜋∆𝑝𝜀3

12𝜇𝑙
                                                                (11) 

 

By the gap in the piston pair: 

 
𝜕𝑄

𝜕𝜀
=

𝜋∆𝑝𝜀3𝑑

4𝜇𝑙
                                                                (12) 

 

Along the length of the working part of the piston: 

 
𝜕𝑄

𝜕𝑙
=

𝜋∆𝑝𝜀3𝑑

12𝜇𝑙2                                                                 (13) 

 

Then, using the equation and counting k1 = k2 = = kn = 1, in the general case, we can write: 

 

𝛿𝑄 =  √(
𝜕𝑄

𝜕𝑑
)

2

𝛿2𝑑 + (
𝜕𝑄

𝜕𝜀
)

2

𝛿2𝜀+ (
𝜕𝑄

𝜕𝑙
)

2

𝛿2𝑙                                  (14) 

 

From equation (13) for  = l = 0, using the equation (10), we obtain: 
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𝛿𝑑 =
12𝜇𝑙𝛿𝑄

𝜋∆𝑝𝜀3                                                                 (15) 

When d = l = 0 using the equality (12): 

 

𝛿𝑑 =
4𝜇𝑙𝛿𝑄

𝜋∆𝑝𝜀3𝑑
                                                                (16) 

When d =  = 0 using the equality (13): 

 

𝛿𝑙 =
12𝜇𝑙2𝛿𝑄

𝜋∆𝑝𝜀3𝑑
                                                                (17) 

 
Thus, the obtained expressions (15) - (17) allow us to determine the tolerances for the main functional geometric 

parameters of the piston pair. 
 

3. Conclusion   

Based on the principles of functional interchangeability, based on functional tolerances, an expression is 

established for determining the radial clearance in the piston pair of an axial - piston machine. The presented expression 

is obtained taking into account the initial design tolerance and operational tolerances for changing the gap depending on 

the temperature in the joint and the pressure of the working fluid. Expressions for determining the tolerances for the 
main functional geometric parameters of the piston pair are derived from the equation for accounting for fluid leaks. 

The application of the principles of functional interchangeability in the design and manufacture of the main 

elements of the piston pair will allow a reasonable approach to the assignment of tolerances for the main geometric 

parameters, to assess the correctness of the assignment of tolerances, to identify the technological possibilities of 

interchangeability and increase the stability of the connection. 
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Abstract: This article provides recommendations for selection of cutting tools parameters when machining of shaped 
parts made of alloy steel. The factors that have an effect on machining of shaped parts made of alloy steel are 

considered. A dependency graph of a Pz component force against the number of a milling cutter’s revolutions was 

drawn. An experimental form of a milling cutter’s sharpening for machining of alloy steel is presented. 

Recommendations were made to increase a tool’s life which will increase machining accuracy and productivity.  
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1. Introduction 

 

The products of modern mechanical engineering are characterized by the complication of the design of parts, the 
inclusion of free-form surfaces in them. This is directly reflected in the production of tooling, dies, molds, foundry 

models and similar products. When processing such parts, large volumes of cut layers are removed, associated with 

obtaining complex spatial shapes, as a result of which there is a decrease in the durability of an expensive tool, 

therefore, a decrease in the productivity of the processing process. Improving the wear resistance of cutting tools is one 

of the important tasks of mechanical engineering technology. 

High-performance machining of shaped surfaces is a complex technological challenge. Particular difficulties are 

caused by the processing of precise shaped surfaces, since the access of particles of the working medium to various 

elements of the surface and the corresponding intensity of processing depend on the configuration of the processed 

parts. In blind pockets, holes, grooves and depressions, processing is slower and requires more careful selection of the 

size and shape of the particles of the working medium. 

The processing of shaped surfaces differs from the processing of flat and other simple surfaces by a pronounced 
nonstationarity, the level of which has a significant impact on the choice of modes of the technological process of 

processing and equipment. Therefore, the choice of technology and equipment should be preceded by a thorough 

analysis of the patterns inherent in the process of processing shaped surfaces. 

In this case it is important to select of optimal parameters for a cutting tool when it comes to machining shaped 

parts made of alloy steel. 

 

 

2. Results and discussion 

Studies [1] show that the process of machining shaped parts made of alloy steel results in wear because of 

chipping of carbide inserts in combination with abrasive and adhesive wear. In this context, the task is to find the 

optimal geometry of a milling cutter blade which will reduce wear and prevent chipping, and, therefore, to manufacture 

a tool with a life of its work – one part.  
The shape of a blade has a great impact on a tool life. References [1, 2] have recommendations for choosing an 

optimal shape of a blade, depending on a number of factors, but the study is not complete and requires additional 

research, as well as defining internal logical connections, at least qualitative. Thus, it is essential to research and 

identify key design features of a milling cutter for machining shaped parts made of alloy steel. 

Resultant R of these forces is the cutting force on a milling cutter tooth. The cutting force R does not remain 

constant throughout an arc of contact between a milling cutter tooth and a workpiece, neither in value nor in direction. 

As we mentioned above, when a milling cutter rotates, the cut section continuously changes from zero to the maximum 

value which results in continuous changes in the cutting force. In addition, due to the rotation of a milling cutter, the 

direction of the force R will also change continuously against constant directions characteristic of a milling machine, 

for example, against the plane of a machine table.   

The cutting force R consist of horizontal Ps and vertical Pv. The circumferential force Рг is applied to calculate the 
mechanism of the main movement of a machine and the power spent on cutting. Radial force Ру causes deformation of 

machine parts and bending of a milling mandrel. The horizontal force Ps, the feed force, is applied to calculate the 

machine feeding mechanism and clamping parts of a mechanism [4]. The vertical force Pv pushes a milling cutter away 

from a processing workpiece.  

Among all values of the resultant and its components, which they assume throughout an arc of contact, the most 

important are the maximum values of the circumferential force Рzmax, the feed force Ps max and the vertical force Руmах, 

which are essential when calculating the strength of machine parts, and the average value of the circumferential force 
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Рzср used to determine capacity consumed for cutting power. The circumferential force (Н) impacting on one tooth can 

be defined as:  

                                                         𝑃𝑧 = 𝑝𝑓  (1) 

 

where 𝑝 – specific pressure, Н/mm2; 

𝑓  – cross-sectional area of a cut taken by a given tooth. Specific pressure depends on thickness of a cut: the 

greater thickness, the lower specific pressure, and is defined by the formula: 

 

                                                         𝑝 = 𝐶𝑝𝑎𝑦  (2) 

 

where 𝐶𝑝 – coefficient for processing conditions; 

𝑎𝑦  –value depending on the processed material, dulling of a tool and lubricant  

 

Then the component of the cutting force 𝑃𝑧 will be defined as: 

 

                                      𝑃𝑧 = 𝑝𝑓 = 𝐶𝑝𝑎𝑦𝑎𝑏 = 𝐶𝑝𝑎𝑦+1𝑏 = 𝐶𝑝𝑎  (3) 

 

where 𝑥 = 1 + 𝑦 = 0,6 − 0,8 

Then: 

 

                                                      𝑃𝑧 = 𝐶𝑝𝑏𝑆𝑧
𝑥 sin𝑥 𝜑  (4) 

 

where 𝑏 – cutting width, mm; 

𝑎  – cut thickness, mm. 

𝑆𝑧  – feed, mm/tooth. 

𝜑  –  instant contact angle, ° 

 
The circumferential force has the maximum value at the moment the tooth is detached from the processed 

material:  

 

                                                      𝑃𝑧𝑚𝑎𝑥 = 𝐶𝑝𝐵𝑆𝑧
𝑥 sin𝑥 𝜃                                                   (5) 

 

where 𝐵 – milling width, mm; 

           𝜃  –  milling cutter’s angle of contact with a workpiece, °. 

 

If several teeth are in operation at the same time, for example 1 and 2, then cumulative circumferential force will 

be defined as: 

 

                                             𝑃𝑧𝑐𝑦м = 𝐶𝑝𝑏𝑆𝑧
𝑥(sin𝑥 𝜑1 + sin𝑥 𝜑2)  (6) 

 

The given expression for  𝑃𝑧𝑐𝑦м will also correspond to the maximum value of the circumferential cumulative force 

𝑃𝑧𝑚𝑎𝑥 because it corresponds to the moment of the next tooth is detached from the processed material [5,6]. The 

circumferential force creates a resistance moment against cutting and bends a mandrel:   

 

                                                                  𝑀 =
𝑃𝑧𝐷

2
  (7) 

 

where 𝑀 – torque, Н-mm; 

          𝐷–  milling cutter diameter, mm.; 

 

The maximum torque value will be: 
 

                                     𝑀𝑚𝑎𝑥 =
𝑃𝑧𝑚𝑎𝑥𝐷

2
= 𝐶𝑝𝐵𝑆𝑧

𝑥 𝐷

2
∑ sin𝑥𝑚

1 𝜑  (8) 

 

To determine values of the feed force Ps and vertical force P when it comes to counter milling, we design all 

forces on horizontal X and vertical Y axes. Then the feed force will be: 

 

                        𝑃𝑠 = 𝑃𝑧1 cos 𝜑1 + 𝑃𝑧2 cos 𝜑2 + 𝑃𝑦1 sin 𝜑1 + 𝑃𝑦2 sin 𝜑2     (9) 
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The feed force will have the greatest value at the moment when the next tooth is detached from the processed 

material, then:   

 

                                      𝑃𝑧𝑚𝑎𝑥 = ∑ 𝑃𝑧 cos 𝜑𝑚
1 + ∑ 𝑃𝑦 sin 𝜑𝑚

1                                                        (10) 

 

It has been experimentally established that [2]: 
 

                                                  𝑃𝑦 = (0,3; … ; 0,35)𝑃𝑧    (11) 

 

Assuming 𝑃𝑦 = 0.35𝑃𝑧, then: 

 

                                  𝑃𝑧𝑚𝑎𝑥 = 𝐶𝑝𝐵𝑆𝑧
𝑥(∑ sin𝑥𝑚

1 𝜑 cos 𝜑 + 0.35 ∑ sin𝑥+1𝑚
1 𝜑)                               (12) 

 

Defining:  

 

                                                ∑ sin𝑥𝑚
1 𝜑 cos 𝜑 = 𝑞;                                                           (13) 

 

                                                  ∑ sin𝑥+1𝑚
1 𝜑 = 𝑞;                                                              (14) 

 

 

Then: 

 

                                                𝑃𝑧𝑚𝑎𝑥 = 𝐶𝑝𝐵𝑆𝑧
𝑥(𝑞 + 0.35𝑝)                                                     (15) 

 

We define vertical force 𝑃𝑣 by using the following expression: 

 

                    𝑃𝑣 = 𝑃𝑧1 cos 𝜑1 + 𝑃𝑧2 cos 𝜑2 + 𝑃𝑦1 sin 𝜑1 + 𝑃𝑦2 sin 𝜑2                                   (16) 

 

Value 𝑃𝑣 that corresponds the next tooth detachment from the processed material, will be defined as: 

 

                                      𝑃𝑣𝜑2 = ∑ 𝑃𝑧 sin 𝜑𝑚
1 + ∑ 𝑃𝑦 cos 𝜑𝑚

1    (17) 

 

When it comes to previously assumed values, we have: 

 

                                                𝑃𝑣𝜑2 = 𝐶𝑝𝐵𝑆𝑧
𝑥(𝑞 − 0.35𝑝)                                      (18) 

 

The formula (18) for 𝑃𝑣𝜑2   states that when p> 0.35 q the vertical force will tend to detach the part from the 

machine table, and when p <0.35 q it will press the part against the machine table. If we assume that one tooth is in 

contact with the part, then the part from the table is detached when p> 0.35 q, or:   

 

                                  ∑ sin𝑥+1𝑚
1 𝜑 > 0.35 ∑ sin𝑥𝑚

1 𝜑 cos 𝜑                                                     (19) 

 

 

For the case of one tooth operation, we have: 

 

                                                sin𝑥+1𝜑 > 0.35sin𝑥𝜑cos 𝜑                                                           (20) 

 

                                                            tg 𝜑 > 0.35                                                                       (21) 

 

Using formula: 

 

                                                    θ > 115√𝑡 𝐷⁄                                                                      (22) 

 

it is possible to determine at what ratio t/D a milling cutter will tend to detach the part: 

 

                                                    115√𝑡 𝐷⁄   ≥ 𝜑                                                                   (23) 

 

 

The given ratio indicates that when applying a milling cutter with one tooth it will tend to detach the part from the 

table when 𝑡 𝐷 ≥ 0.03⁄ .  
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Calculations show that if there are two teeth in operation at the same time, then the part detaches when 

𝑡 𝐷 ≥ 0.045⁄ . 

According to [7,8], during the aging period when milling shaped surfaces of alloy steel, at the moment of contact 

of a processed part with blades of a milling cutter, forces arise with a maximum value of 1200N ÷ 1800N exceeding 

cutting forces in a stable mode 6 ÷ 8. As a result of aging of a milling cutter blade surfaces, cutting forces are reduced to 

stable values of 200N, because a tool has geometric parameters that are optimal for the given conditions. Graphs Series 

1 ÷ 6 correspond to parameters of technological system accepted at an enterprise, and Series 7 ÷ 8 graphs correspond to 
optimized parameters which results in a significant reduction in cutting force. 

 
Table 1 - Milling conditions 

 

Parametrs 𝛾, ° 𝛼, ° 𝜔, ° s, mm/tooth t, mm v, m/min 

Series 1 5 20 15 0,20 2 18 

Series 2 -5 20 15 0,20 2 18 

Series 3 -5 30 15 0,20 2 18 

Series 4 -5 30 10 0,20 2 18 

Series 5 -5 30 10 0,08 2 18 

Series 6 -5 30 10 0,08 1 18 

Series 7 -5 30 10 0,08 1 13 

 

The graph in Figure 1 shows that aging moment in the process of milling alloy steel is essential to establish 

reasons of wear proliferation and determine parameters of technological system. The less initial wear is a milling cutter 

blade has at the moment of aging, the slower the wear in the further stable mode. 

 

 
 

 
Fig.1. - Component force dependence 𝑃𝑧 on the number of a milling cutter rotations 

 
For machining shaped parts made of alloy steel, against a traditional tool, a milling cutter with a sharpened blade, 

shown in Figure 2, displayed durability. The negative front chamfer allows a milling cutter blade to withstand increased 

cutting forces which occur during aging when milling high-temperature alloys based on nickel avoiding negative 

consequences of the initial wear proliferation.  
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Fig.2. - Experimental form of sharpening of a milling cutter for machining alloy steel (geometric parameters: 𝛾 = - 5°, 𝛼 =30°, 𝜔 = 10°) 

 
According to [9,10], shapes of wear enable to make adjustments to geometric parameters of a milling cutter which 

in turn reduces aging time, and, hence, increases a tool life, thus, optimal geometric parameters of a milling cutter 

selected by visual analysis of a shape change of a blade during aging period. 

 

 

3. Conclusion 

Thus, by changing parameters of technological system, it is possible to change criterion of blade wear during 

aging period, and this, in turn, will increase a tool life, which will affect the increase in processing accuracy and 

increase productivity. Based on the results obtained and in accordance with the provisions of the theory of high-speed 

processing [4], it is most expedient to change the geometric parameters of the cutting tool. 
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Abstract. Scientific-design and applied studies for developing the design documentation and  manufacturing 

technological tools for supporting the contour rock massif have been carried out. The terms of reference for developing 

the design documentation and producing a mine rope anchor with devices for assembling the rope anchor have been 

developed. A batch of prototypes of multipurpose laying systems for supporting mine workings has been manufactured 

at the Karaganda Machine-Building Consortium LLP with establishing the load parameters of rope anchors for 

maximum load and deformation. Technological designs of rope anchors have been successfully tested in the mines of 

the Karaganda coal basin. 

 

Keywords: terms of reference, supporting, rock massif, rope anchor, parameter, load, deformation.  

  

1. Introduction 

The terms of reference provides for developing the design documentation and manufacturing an anchor that 
consists of several steel spring wires twisted into one strand and developing the manufacturing technology with the use 

of the existing equipment [1 - 8]. 

For manufacturing rope anchors, the following machines has been used: the K163screw-cutting lathe for turning 

work; the M135 drilling machine for drilling holes in workpieces; the 25-60 t press for swaging, pressing, fixing  the 

rope parts; the welding machine; the spring-wound, for leveling spring wire, wire cutting; the Crystal 2 thermal cutting 

machine for plasma or arc cutting the supporting plate; the vertical milling machine for manufacturing keyways, keys, 

milling parts. 

To carry out this work, a working group has been formed that consists of 7 people: a design engineer, a 

technologist, a shop mechanic, 2 repairmen, a turner and a milling machine operator. 

In the process of design documentation (CD), the selection of materials, the development and approval of the 

technical proposal, the manufacture and testing of material models (experimental samples), the manufacture and 

preliminary testing of the prototype and the correction of the CD based on the results of the prototype were made. 
Below there is a description of the process stages of manufacturing a mine rope anchor. 

The twisting of the wires has been carried out using a lathe with previously clamped wires in the lathe chuck (see 

Figure 1). A spring wire with the diameter of 3 - 5 mm and the length of 2.0 - 2.5 m has been used so that one could 

observe how the wire would behave. 

Due to the fact that the lathe chuck has 3 jaws, the clamping of the sleeve was performed unevenly. When 

twisting, the wire slipped, it did not twist into a common strand and the appearance of the anchor did not correspond to 

the generally accepted standard, there was no uniform tension and therefore, such an anchor would not technologically 

perform its main function, carry vertical and tangential loads, torque in this case would work with the smallest loads. 

The laboratory testing of the spring wire for breaking has confirmed its technical characteristic that makes 1830 

N/mm2. To increase the breaking capacity, only spring wire with the diameter of 6 mm has been used in the rope 

anchors. The clamping sleeve has been cut into 3 parts, like the clamps on a lathe, however, laying the wire, holding it, 
inserting it into the lathe chuck has caused a lot of inconvenience. 

For quick mounting and convenience, a sleeve has been used that consists of 3 parts, to fix it with a ring. To 

improve safety and the assembling technology, a second lathe has been used. It has been located at the distance of 5.5 m 

from the first one. Such a scheme made it possible to produce anchors of a certain length and perform uniform twisting 

of the wire. In the first lathe, the anchor has been fixed, and on the second one the minimum rotation for twisting the 

wires has been developed, i.e. 16 rpm. 

In the work, lathes of the 1K62 brand have been used. The scheme of their location is shown in Figure 1, f. 

In the process of finalizing the technology according to this technique, a number of comments and additions 

have been identified: spring wire that is in the coil after cutting 5.5 m in length is twisted in a spiral, in this regard, 

additional work has been required to level it manually. This work has been carried out by two workers to ensure that the 

wire does not slip and twists evenly. 
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Fig. 1. – Facilities for the rope anchor assembling 

 

To produce mine anchors on a production scale, the work has been improved to flatten the wire and reduce the 

number of workers. For this purpose, additional equipment has been designed and manufactured. 

A batch of anchors of various lengths from 2.0 to 5.5 m with the use of various spring wire diameters from 4 to 6 

mm has been produced. 

The use of the A5218 spring-coiling machine has made it possible to untwist and straighten the wire of the same 

length and to produce its automatic cutting; the fastening nut and the tapered fastening sleeve have been manufactured 

on the 1K62 lathe; the thrust washer has been manufactured using a gas-cutting unit (plasmatron); the design of the 

clamping sleeve has been changed. It is a T-shaped blank with a hole inside for placing a spring wire and two bolts for 
fixing a T-shaped clamping sleeve, which prevents it from turning in the chuck of the lathe. The bolt used to fix the 

wires in the mandrel is made with a ball with the diameter of 9 mm rolled at the end. This allows fastening the wires 

securely and in the future unscrewing and removing easily the mandrel from the wire. Figure 1, d shows the used 

clamping sleeve (mandrel with a bolt). For preliminary uniform twisting of the spring wire, a device has been used that 

consists of a flat sleeve of the body with 7 holes (according to the number of wires in the strand); handles for manual 

scrolling of the wire have been welded on the sides. 

The following is a description of the process of assembling the rope anchor using the developed technology. 

From a coil mounted on a support, the wire is passed through a spring-coiling machine (A 5218 model), where the wire 

is leveled and cut with a special device in the size of 5.5 m in the amount of 7 pieces for 1 anchor. 

Then, the wire has been transferred to the section of the anchor assembly, where it has been alternately passed 

through a pipe with the diameter of 20 mm and the length of 1 meter, then there has been inserted a washer with the 

diameter of 200 mm and the thickness of 6-10 mm with an inner hole with the diameter of 16 mm, then a threaded 
conical bushing-cone has been mounted (Figure 1 d), onto which a 55 mm hex nut with M36 thread has been screwed. 

At the end of the entire assembled structure, a T-shaped clamping sleeve has been mounted and the wires have 

been clamped in two planes using bolts. Then the clamping sleeve has been placed in the chuck of the lathe and fixed. 

The device has been placed on the free end of the anchor, the mandrel, where each wire has been passed through the 

hole and all these have been dragged along the wire to the beginning of the anchor. 

In this state, holding the mandrel handle, several rotations have been performed with gradual movement to the 

free end of the anchor; from spontaneous unwinding of wires with the diameter of 6 mm, the bundle has been  fixed 

with temporary clamps. A binding wire set at a certain distance has been used as temporary clamps. 

After twisting the anchor wires manually, the mandrel fixture has been removed, and a fastening sleeve has been 
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mounted for further crimping of the anchor end. The fixing sleeve has the following characteristics for a wire with the 

diameter of 6 mm: the length is 30 mm; the inner size is 19 mm; the outer size is 27 mm. 

A second fixing sleeve has been mounted, and the position of the wires has been fixed with bolts; the entire 

structure has been clamped in the chuck of the second lathe, after which mechanical make-up began at minimum speed 

(16 rpm) with obtaining a uniform tight lay along the entire length of the anchor. The rotation has been stopped, and the 

entire system has been left at rest for 10 - 15 minutes. After that, the anchor is removed from the lathe chucks and 

transferred to the assembly area, where the clamping sleeves are removed from both ends. 

From the side of the tapered sleeve, the wires have been wedged, for this a wedge has been driven into the 
tapered sleeve and the excess ends of the wire have been cut off with a grinder. A press has been used to crimp the 

mounting sleeve located at the second end of the anchor. Using a device for crimping the mounting sleeve, it has been 

fixed. 

A matrix and a punch have been used as a device (Figure 1, c). The press pressure is 630 kg/cm2. With the help 

of the grinder, the excess ends of the wire have been cut off. The anchor is rigidly connected to each other by all the 

parts; the clamping sleeve has an outer diameter of 26 mm, because borehole diameter is 228 mm; the stiffening tube 

has the outer diameter of 26 mm and the length of 1200 mm; the inlet hole on the base plate has the diameter equal to 

the outer diameter of the stiffening tube; the threaded connection for the anchor nut is located on the stiffening tube, 

which in turn has been rigidly connected to the rope at the outlet; the threaded connection has the diameter for the 

standard M24 nut and the thread length of at least 250 mm for mounting the anchor using the Super Turbo Bolter plant 

with a standard adapter. 

The design correction of the support sleeve has been substantiated: the thread length is 250 mm with the M-36 
nut, since it is technologically impossible to execute the M-24 nut: when the diameter of the sleeve decreases, it loosens 

and deforms when the nut is tightened (Fig.2). 

 

 
1 - clamping  sleeve;  2 -  rope of 7 steel wires; 3 - stiffening pipe; 4 -  supporting plate; 5 - anchor nut; 6 – cone; 7 - 

metal wedge 
 

Fig.2. – The АКМК 1 anchor design 

 

The anchor is made of several steel wires twisted into one braid with the length of 5.5 m. 

The material characteristics are as follows: steel yield strength within 570 - 620 N/mm2; tensile strength must be 

at least 20 % higher than yield strength; when checked for tension, the anchor must not fail at the load that is lower than 

295 kN. 

The base plate should be made of rolled steel 6 mm thick, 200 × 200 mm in size with a central hole. 

The anchor must have a stiffening pipe, with the help of which the anchor is mounted. The stiffening pipe has 

side slots that allow entering the polymer composition inside the tube; the dimensions of the stiffening tube are as 

follows: L = 1200 mm, the outer diameter is 25 mm, the inner diameter is 20 mm. 

 

2. Results and discussion 

Based on the results of laboratory studies, it has been proposed to make the anchor braid using the B-2-6 wire, 
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GOST 9389-75, steel 60S2 with the diameter of 6 mm, the yield point [δт] = 1570 N/mm2; tensile strength [δ δвр] = 

1770 N/mm2; the number of wires in the anchor braid is 7. 

The calculation of the load-bearing capacity of the anchor has been performed with determining the anchor 

cross-section: 

 

Schek = 28,26 mm2, Scom = Schek×7 = 197.82 mm2. 

 

According to this data, the anchor braid will have the following bearing capacity: 
 

N = [δrot] × Scom = 1770×197.82 = 350141 Н = 350.141kN. 

 

This material meets the parameters of the technical specifications. 

When developing the design documentation, three options for the anchor layout have been proposed: 

  - fastening the anchor braid in the body using a wedge (Fig. 3); 

 

 
1 - stiffening pipe; 2 - supporting plate; 3 - anchor braid; 4 – wedge; 5 - anchor body; 6 - nut M30, 7 - pin 

 

 
Fig. 3. – Fastening the anchor braid in the body using a wedge 

 

- fastening the anchor braid using a wedge, a pin and filling the voids in the anchor body with lead (Fig.4); 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

1 - stiffening pipe, 2 - supporting plate, 3 -  anchor braid, 4 -  nut M36, 5 - wedge, 6 - anchor body, 7 -  pin 
 

Fig. 4. – Fastening the anchor braid using a wedge, a pin and filling the voids in the anchor body with lead 

  

- fastening the anchor braid using a ball wedge (Fig. 5). 
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1 - key-damping plate; 2 - clamping  sleeve; 3 - anchor braid; 4 – ball; 5 – cone; 6 - anchor nut; 7 – body;  8 - 

supporting plate 

 
Fig. 5. – The design correction 

 

When testing the anchor in industrial conditions with the anchor braid attached to the body (Fig. 3), a significant 
drawback has been revealed: when the anchor was loaded, the anchor wires were deformed and, as a consequence, the 

anchor braid simply slipped out of the body over time, which led to the destruction of the anchor attachment. 

Therefore, another layout decision has been made: fastening the anchor braid using a wedge, a pin and filling the 

voids in the anchor body with lead (Fig. 4). The pin does not allow moving the wedge, and the lead the possibility of the 

wires of the anchor braid deformation, while eliminating the possibility of the anchor braid slipping out of the anchor 

piece. This fastening of the anchor braid has a disadvantage: complexity of manufacturing. 

In addition to fastening the anchor braid to the body using a smooth wedge, it is proposed to perform this 

fastening using a ball wedge. The function of a wedge is performed by balls that are located in the grooves between the 

strands of wires and expand against the surface of the body inclined to the cylindrical hole by rolling when the anchor 

braid is pulled out during the pre-tensioning process. The inclined surface of the body brings the balls closer together, 

which compress the braid of the anchor. Then, the anchor braid does not have the ability to move relative to the body in 

the axial direction due to the fact that the rolls cannot slip the balls, because they cannot reduce their volume. In order 
for the anchor braid to slide over the balls, it needs rotation around the axis. It does not have this opportunity due to 

friction against the walls of the body and due to the fact that the washer is mounted at the inlet of the body made with a 

hole that repeats the profile of the anchor braid (Fig.5). This anchor fastening seems to be more reliable than the 

previous ones, and from the point of view of manufacturing it is more technologically advanced. 

A pilot batch of rope anchors with progressive innovations implemented in the submitted patent applications for 

inventions [9 - 10] has been manufactured at the Karaganda Machine-Building Consortium LLP. 

The manufacturing technology of rope-cable supporting tools includes the following technological processes: 

straightening the spring wire from circular coils; producing tension nuts, a fixing sleeve, base plates (Fig.6); mounting a 

support plate, the fixing sleeve and its wedging; twisting the wire rods (Fig. 7); pressing the annular end piece onto the 

end (Fig. 8); placing the fixing wires along the fastening tool. 

The laboratory tests of the spring wire for rupture have confirmed its technical characteristic that makes 1830 
N/mm2. To increase the breaking characteristic, it is proposed to use a spring wire with the diameter of 6 mm in the 

supporting tools. 
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Fig. 6. – Manufacturing and mounting the support plate, the fixing sleeve and its wedging 

 

 

            
а)                                                                                             b) 

  

    а) general view of the lathe; b) wire in the chuck 
 

Fig.7. – Twisting the wire rods on the adjacent-spaced machines 

 

      

 

 

 

 

 

                

 

 
 

                           

                                  

 

 

 

а)                                                                                                   b) 

      

а) assembly type; b) the wire in the clip 

 
Fig. 8. – Pressing the end ring on the anchor 

 

This material satisfies the parameters of the technical specifications. The layout of the rope anchor design is 
shown in Fig. 9.  
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1 - rope; 4 - clip; 5 - pins; 6 - saddle; 8 - guide tube; 9 - 

base plate; 12 - clamping nut 

  1 - rope; 4 - clip; 5 - pin; 6 - base plate; 7 - guide tube; 

  9 - clamping nut 

 

                                   а)                                                                                              b) 

          

                                       
         

 

 

                               c)                                                                                                 d) 

 
a, c - a spacer and a slot in the cone clip and a sleeve; b, d - petal-collet and sleeve 

 
Fig. 9. – Layout of the rope anchor with a wedge clamping connection in the supporting sleeve, sheet 1 
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                             e                                                       f                                                      g                                        

 

e) manufacturing supporting sleeves; f) studies to determine methods of wire fixing in the supporting sleeve;   

g) pressing the edge 
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Fig. 9. – Layout of the rope anchor with a wedge clamping connection in the supporting sleeve, sheet 2 
 

Figure 10 shows the layout of the rope anchor with a wedge clamping connection in the supporting sleeve. 

 

2

35

4

1

               

2

35

4

1

 
      

                                h)                                                                                          i) 

 

h, i - supporting sleeve profile and its section 
1 - central wedge; 2, 3 - outer and inner surfaces of the sleeve clip; 4 - strands of rope; 5 - clamping centering ring 

      
Fig. 10. - The layout of the rope anchor with a wedge clamping connection in the supporting sleeve, sheet 3 

 

Figure 11 shows the prototypes of rope anchors manufactured at the Karaganda Machine-Building Consortium 

                        e) 

 

1 – rope; 2, 3 – supporting 

sleeve clip и and sleeve itself; 
4  – supporting plate 

                 f) 

 

1 – rope; 2, 3 – wedged supporting 

sleeve and its clip 
 

                  g) 

 

1 – rope; 2 – centering rings; 3 – the hole 

(well) cavity; 4 – supporting sleeve; 5 – 
retaining nut; 6 – supporting plate 
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LLP. 

 

                                            
                                     а)                                                                                            b) 

 

                               
                                    c)                                                                                      d) 

 

a, b - views from the end and side, respectively; b, d - end and mouth parts 

 
Fig. 11. - Prototypes of rope anchors manufactured at the Karaganda Machine-Building Consortium LLP 

 

Figure 12 shows testing the rope anchor structures on the test bench of the Karaganda Promstroyproekt Institute 

LLP. 

The laboratory testing of the spring wire for rupture has confirmed its technical characteristic that makes 1.83 

kN/mm2. To increase the breaking capacity, it has been proposed to use only 6 mm diameter spring wire in anchors. 

 

 

                                                               
                                                                 а)                                                 b) 
 

а) general view of the bench; b) testing the wire for breaking 

 
Fig.12. – Testing rope anchor designs (Promstroyproyekt LLP) 

 

   

  Bench testing the rope and cable anchors have been carried out at the test site of the KLMZ plant of the 

Kazakhmys Corporation LLP (Fig.13). 

             

     
                                               а)                                        b)                                           c)                                
 

а, b)  prepared for breaking respectively rope and cable anchors; c) broken rope anchor 
                                 

Fig. 13. – Bench testing the rope anchors, sheet 1 
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                                     d)                                              e )                                                     f) 

 

d)  broken cable anchor sleeve; d)  test bench; e)  computer for taking load characteristics 

                                     
Fig. 14.  - Bench testing the rope anchors, sheet 2 

 
Figure 15, in accordance with the presented test reports, establishes the load parameters of the rope anchors for 

the maximum load (kN) and deformations (mm). 

 

 

 
                                             а)                                                                                 b) 

 
Fig. 15. - Load parameters when testing rope anchors (a, b respectively): maximum load 351, 346 - 330 kN; maximum deformations 55.9; 48 - 34.3 

mm 

 

3.Conclusion 

Scientific-design and applied studies for developing the design documentation and manufacturing technological 

tools for supporting contour rock massif have been carried out. 

The terms of reference for developing the design documentation and manufacturing a mine rope anchor with 
devices for assembling a rope anchor have been developed. The design correction of the suppoing sleeve has been 

substantiated: the thread length is 250 mm with the M-36 nut, since it is technologically impossible to execute the M-24 

nut: when the diameter of the sleeve decreases, it loosens and deforms when the nut is tightened. 

When developing the design documentation, three options of the anchor layout have been proposed: fastening 

the anchor braid in the body using a wedge; fastening the anchor braid using a wedge, a pin and filling the voids in the 

anchor body with lead; fastening the anchor braid with a ball wedge. The balls are located in the grooves between the 

wire strands and expand against the body surface inclined to the cylindrical hole by rolling when the anchor braid is 

pulled out during the pre-tensioning process. This anchor fastening seems to be more reliable than the previous ones, 

and from the point of view of manufacturing it is more technologically advanced. 

A batch of prototypes of multipurpose laying systems for supporting mine workings has been manufactured at 

the Karaganda Machine-Building Consortium LLP. The batch of rope anchors has been made with progressive 
innovations implemented in patents for inventions. 

The manufacturing technology of rope-cable supporting tools includes the following technological processes: 

straightening the spring wire from circular coils; producing tension nuts, fixing couplings, base plates; mounting a 

support plate, fixing a sleeve and its wedging; twisting wire rods; pressing the end ring onto the end; mounting fixing 

wires along the length of the supporting tools. 

The laboratory testing of the spring wire for breaking have confirmed its technical characteristic that makes 1830 

N/mm2. To increase the breaking characteristic, it is proposed to use a spring wire with the diameter of 6 mm in the 

supporting tools. 

Bench testing the rope anchor structures have been performed at the test bench of the Karaganda 

Promstroyproekt Institute LLP and at the test ground of the KLMZ plant of the Kazakhmys Corporation LLP with  

establishing the load parameters of the rope anchors for maximum load and deformations. The substantiated load 
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parameters during testing the rope anchors have been as follows: the maximum load is 351, 346, 330 kN; deformation is 

55.9; 48; 340.3 mm. 

The technological designs of the developed rope anchors have been successfully tested in the mines of the 

Karaganda coal basin. 
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