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THERMAL STREAMS AT USE OF A CUTTING TOOL WITH WEAR-PROOF COATING 

 
Rustam Akhmetshin, Mars Migranov 
 

Ufa State Aviation Technical University, “St. K.Marks”,12 Ufa, Russian Federation, e-mail: ahmetshin@bk.ru 
 

 
ABSTRACT. Productivity of metal cutting operations can be increased by means of processing speed increase. At that, a limiting factor is the decrease in wear 
resistance of the cutting tool. Software «DeForm3D» has been used for simulation of the cutting, which makes possible to vary in heat-physical parameters and 
tribological properties of a contact zone, simulating characteristics of wear-proof coatings on border "tool-detail". Such a parameter can be not only heat conductivity 
of the coating, but also entry conditions of a pre-contact zone (for example, friction factor) which in turn influences formation of sources of heat and their intensity. In 
order the influence degree of the specified factors on efficiency of process of cutting to be assessed, the following experimental researches have been carried on: 
Analysis of tribo-technical characteristics at various temperatures which is made on an adhesion measuring instrument at use spherical indenters from High-Speed 
Steel without a covering and with coverings (TiCr)N and (TiCr)N, and also indenters from High-Alloy Steel with coverings TiN, (TiCr)N, (TiAl)N, (AlTi)N, (TiAlCr)N, 
(AlTiCr)N. In quality of pair a friction special samples from a Constructional Steel with hardness 20 HRC are used. As a result of researches, the role of the 
arrangement of the various coating layers of the multilayered architecture, synthesized at use of thermochemical processes CVD is defined. It is revealed, that the 
greatest temperature of cutting corresponds to processing by the tool without a coating. The maximum decrease in intensity of thermal streams in system "tool-
preparation" is provided with the coatings having multilayered architecture, and intensity of a thermal stream considerably depends on sequence of making layers of a 
multilayered coating. 

 
ТЕМПЕРАТУРНИ ПОТОЦИ ПРИ ИЗПОЛЗВАНЕ НА РЕЖЕЩ ИНСТРУМЕНТ С ИЗНОСОУСТОЙЧИВО ПОКРИТИЕ 

Рустам Акметшин, Марс Мигранов 
Уфимски държавен авиационен технически университет, ул. „К. Маркс” 12, Уфа, Руска федерация,  
e-mail: ahmetshin@bk.ru 

 
РЕЗЮМЕ. Производителността на металорежещите операции може да се увеличава чрез увеличаване на скоростта при обработка. При това ограничаващ 
фактор е намаляването на износоустойчивостта на режещия инструмент. Софтуерът «DeForm3D» е използван за симулация на рязане, което позволява 
топлинно-физичните параметри и трибологичните свойства на контактната зона да бъдат изменяни при симулацията на характеристиките на 
износоустойчивото покритие на границата инструмент-детайл. Такъв параметър може да бъде не само топлопроводимостта на покритието, но също и 
началните условия на доконтактната зона (например коефициентът на триене), които от своя страна определят източниците на топлина и тяхната 
интензивност. Анализът на трибо-техническите характеристики е направен за различни температури, като са използвани адхезионен измервателен уред и 
сферични индентори от бързорежеща стомана без покритие и с покрития от (TiCr)N и (TiCr)N, а също и от високолегирана стомана с покрития от TiN, 
(TiCr)N, (TiAl)N, (AlTi)N, (TiAlCr)N, (AlTiCr)N. Като двойка са използвани специални фрикционни мостри от конструкционна стомана с твърдост 20 HRC. Като 
резултат от изследванията е определена ролята на подреждането на различните слоеве на покритието в многослойната структура, синтезирана чрез 
термохимичния CVD процес. Установено е, че най-високата температура при рязане съответства на обработка с инструмент без покритие. Максимално 
намаляване на интензивността на температурните потоци в системата „инструмент-подготовка” се осигурява от покритие с многослойна структура и 
интензивността на температурния поток зависи значително от последователността на слоевете в многослойното покритие. 

 

 

1. Introduction 
 

   Productivity of metal cutting operations can be increased by 
means of processing speed increase. Limiting factor thus is 
decrease in wear resistance of the cutting tool. Therefore it is 
important to understand the factors influencing destruction of a 
tool material to create such conditions at which the given 
factors influenced in the least image wear of the cutting tool 
[1, 2]. Most important of such factors are thermal influence on 
cutting tool and a thermal condition in the course of cutting 
[2, 3, 4]. 

   Simulation of cutting process can essentially reduce terms of 
working out of technology in connection with manufacture 
preparation, especially at use of innovative tool materials [5]. 
There is a requirement for the mathematical models 
authentically describing the thermomechanical phenomena, 
accompanying cutting process, and allowing to predict 

properties of materials cutting, and also wear resistance of the 
tool already at the stage of technological preparation of 
manufacture. 

   In the course of cutting practically all mechanical energy 
turns to thermal energy. Thus resistibility of the tool to wear 
process is in many respects defined by temperature conditions 
of cutting system. For pair the tool-detail irrespective of cutting 
modes exists optimum temperature of cutting, which 
corresponds to the minimum wear of the tool. It means, that if 
in the course of processing cutting temperature less optimum it 
is necessary to increase it. If temperature of cutting more 
optimum, it is necessary to create conditions of its decrease. 
Management in temperature of cutting and maintenance at the 
set level excludes the factor of negative influence of 
temperature on wear of the tool. Such management can be 
reached at the expense of regulation by thermal streams in 
system «the tool - preparation - a shaving - environment». 
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   Coverings of the cutting tool, possess dual functions as can 
strongly enough change superficial characteristics of a tool 
material (frictional properties, heat conductivity, propensity of a 
tool material to physical and chemical interaction with a 
processed material etc.), and simultaneously influence contact 
processes. Thus, multifunctionality of the intermediate 
technological environment what the covering is, allows to 
predict possibility of the directed management in temperature 
of cutting [1, 6]. 

   On the one hand the covering is capable to lower essentially 
friction factor in system "tool-preparation" and to reduce 
capacity of frictional sources of heat. On the other hand, the 
covering possesses shielding function and is capable to reduce 
essentially intensity of thermal streams in cutting wedge of the 
tool and to increase, thus, a temperature threshold of the 
beginning of adhesive interaction in system "preparation-tool" 
and to lower intensity of diffusion between them [6]. 

   In the course of cutting under the influence of temperature 
there are structurally-phase transformations into blankets of 
the tool materials and preparation that means change of 
physicomechanical properties of boundary layers of contacting 
surfaces. As a result conditions of formation of contact 
temperatures and maintenance of optimum temperature of 
cutting change. Therefore the important problem at designing 
of functional coverings for the cutting tool is forecasting of 
changing contact conditions. 

   Decision of the coverings creation problem taking into 
account the specified factor is application of multilayered 
architecture of a covering in which each layer will carry out 
strictly certain functions answering to certain conditions of tool 
functioning. 

 

2. Technique of researches 
 

   Software «DeForm3D» were used for cutting simulation. 
Thus movements it is informed the rigid body simulating cutting 
tool, and to preparation it is put only forces, therefore the tool 
moves concerning preparation. Using reference processing it 
was set the basic conditions of cutting: processing modes, tool 
and preparation geometry, parametres of tool coverings etc. 
Preparation geometry set in the form of the cylinder with a 
diameter 120 mm. Cutting modes corresponded to following 
parameters: spindle rotation speed 1600 rpm, feed rate 0.11 
mm/rev, cutting depth 0.7 mm. A material of tool substratum is 
High-Alloy Steel. 

   Applying computer simulation it is possible to vary in heat-
physical parametres and tribological properties of a contact 
zone, simulating characteristics of wearproof coverings on 
border "tool-detail". As such parametre can be not only heat 
conductivity of the covering, but also entry conditions of a pre-
contact zone (for example, friction factor) which in turn 
influence formation of sources of warmth and their intensity. 
On fig. 1 results of calculations in a software «DeForm 3D» are 
shown at use various wearproof coverings both on a chemical 
compound, and on a thickness of a layer. 

   For an estimation of influence degree specified above factors 
on efficiency of process of cutting following experimental 
researches are executed. The analysis of tribo-technical 
characteristics at various temperatures which made on an 
adhesion measuring instrument at use spherical indenters from 

High-Speed Steel without a covering and with coverings 
(TiCr)N and (TiCr)N, and also indenters from High-Alloy Steel 
with coverings TiN, (TiCr)N, (TiAl)N, (AlTi)N, (TiAlCr)N, 
(AlTiCr)N. In quality of pair a friction special samples from a 
Constructional Steel with hardness 20 HRC used. 

Fig. 1 Calculation of temperature fields at the cutting in the software 
«DeForm 3D» 
(a) - without a covering; 

(b) - TiN in the thickness 5 m;  

(с) - TiCN in the thickness 5 m; 

(d) - TiN in the thickness 5 m and Al2O3 in the thickness 5 m; 

(e) - Al2O3 in the thickness 5 m and TiCN in the thickness 5 m and TiN 

in the thickness 5 m; 

(f) - Al2O3 in the thickness 5 m and TiN in the thickness 5 m. 

 

3. RESULTS AND DISCUSSION 
 

   In experiments at milling and turning investigated wear of the 
tool on a back surface, temperature and force of cutting, a 
roughness of the processed surface. On fig.2 results both 
settlement, and experimental values of temperature of cutting 
for various conditions of processing by the tool with a covering 
at the turning are resulted. Cutting modes corresponded to 
following parameters: cutting speed 450 m/min, feed rate 0.11 
mm/rev, cutting depth 0.5 mm. 

   Tests were conducted at milling on vertically-milling machine 
tool HECKERT of Constructional Steel and Stainless Steel by 
end mills (d=12 mm, z=4) and face mills (d=90 mm, z=1) with 
replaceable tetrahedral plates from High-Alloy Steel without 
coverings and High-Alloy Steel with covering TiN, (TiCr)N, 
(TiAl)N, (AlTi)N, (TiAlCr)N, (AlTiCr)N, having various 
percentage of each of elements with the general thickness to 

15 m. Milling modes: spindle rotation speed 500-900 rpm; 
feed 60-100 mm/min; cutting depth of 1-3 mm; 

(a) (b) 

(e) (f) 

(с) (d) 
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   Coverings on tools have been received on the process 
equipment of the basic manufacturers of the tool with a 
covering («Balcers», «Sandvik Caromant», «Carbide», 
«Rimet») on factory technologies about use of processes CVD 
and PVD, and also with use of filtered. 

   The fig. 2 shows good enough coincidence of experimental 
and settlement data, and also the most effective role of 
coverings on the basis of system Ti-Al-N, received at use of 
filtering processes. 

 
Fig. 2 Influence of a covering on cutting temperature at the turning 

 

4. CONCLUSION 
 

   As a result of researches the role of an arrangement of 
various layers of coverings of the multilayered architecture 
synthesised at use of thermochemical processes CVD is 
defined. It has been revealed, that the greatest temperature of 
cutting corresponds to processing by the tool without a 
covering. The maximum decrease in intensity of thermal 
streams in system "tool-preparation" is provided with the 
coverings having multilayered architecture, and intensity of a 
thermal stream considerably depends on sequence of making 
layers of a multilayered covering. In particular more favorable 

thermal condition of a cutting wedge of the tool the two-layer 
system of a covering provides a «substratum of alloy - 

Al2O3 (5 m) - TiN (5 m)» in comparison with two-layer 

system «an alloy-TiN substratum (5 m) - Al2O3 (5 m)». 

   The maximum improvement of a thermal condition of a 
cutting wedge of the High-Alloy tool three-layer system 

provides an «alloy substratum - Al2O3 (5 m) - TiCN (5m) - 

TiN (5 m)», that the combination of layers of a multilayered 
covering is caused favorable. In particular, at such covering the 
top layer TiN provides the maximum decrease in adhesive 
activity of a substrate in relation to a processed material. 
Transitive layer TiCN carries out strong adhesion between top 
TiN and bottom Al2O3 layers, and bottom layer Al2O3 effectively 
shields action of a thermal stream from a frictional source of 
heat on forward and back contacting surfaces of the tool. 
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ABSTRACT. A way to improve cutting tools is a new kind of multilayered coatings that combine wear resistance and antifriction properties to be developed. The 
objective of the present work is to study effects of antifrictional sublayer composition on the life of cutters with these engineered coatings and to finding scientific basis 
for developing multilayered coatings with programmable change of properties, providing each layer of the coating to fulfill a given function at a certain stage of wear. 
The 'triplex' multilayered coatings are studied. The coating was deposited using three units. Used as the base, the high-speed steel (HSS) was previously nitrided in 
the glow discharge. Then the tool surface was modified by ion doping prior to applying the hard coating. Finally, the modified layer was deposited with the (Ti, Cr)N  
coating by the PVD method. Researches show that the mixing of antifrictional alloys, that is widely used to improve conditions of sliding friction, allows to increase the 
tool life not more than two times. This way of the tool life increase, reduces the shear strength of adhesion bonds developed between the tool and the workpiece does 
not seem to be the most efficient one for the multilayered coating under analysis. For almost all studied antifrictional materials, the adhesion of the coating to the 
modified surface was rather low. This precludes their practical application due to technological reasons. Implanting the chemical elements makes possible better 
results to be obtained. Such elements as indium, silver and nitrogen enhance the tool life by 2 – 3 times under different cutting conditions (with and without cooling). 
The obtained results can be regarded as regular. Indium and silver are the least interactive ones with ferrum, and they can be used as metal lubricants. They promote 
a crushed chip forming at cutting using coating under the study. Ion modification of the tool surface with other studied elements exhibits unstable or negative effects, 
i.e. reduction of tool life and failure to provide high adhesion between the hard coating and the substrate.  
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РЕЗЮМЕ. Начин за подобряване на режещите инструменти е разработването на многослойни покрития, които комбинират износоустойчивост и 
антифрикционни свойства. Цел на настоящата работа е изследването на влиянието на антифрикционния подслой върху експлоатационния срок на 
инструментите с такива покрития и да създаде научна основа за разработване на многослойни покрития с програмирана смяна на свойствата така, че 
всеки слой от покритието да изпълнява определена функция на даден етап на износването. Изследвани са „триплексовите” многослойни покрития. 
Полагането на покритието се извършва на три етапа. Използваната за основа бързорежеща стомана (HSS) предварително се азотира с тлеещ разряд. 
След това, преди нанасянето на твърдото покритие, повърхността на инструмента се модифицира чрез добавяне на йони. Накрая, върху модифицираната 
повърхност по PVD метод се отлага (Ti, Cr)N покритието. Изследванията показват, че комбинирането на антифрикционни сплави, широко използвано за 
подобряване на условията на триене, позволяват удължаване на експлоатационния срок на инструмента с не повече от два пъти. Този начин на 
удължаване на експлоатационния срок намалява якостта на срязване на адхезионните връзки между инструмента и заготовката и не е най-ефективния при 
анализираноте многослойно покритие. При почти всички изследвани антифрикционни материали, адхезията на покритието към модифицираната 
повърхност е доста малка, което практически прави приложението им невъзможно по технологични причини. Внедряването на химически елементи 
позволява постигането на по-добри резултати. Елементи като индий, сребро и азот удължават експлоатационният срок 2-3 пъти, при различни условия на 
рязане (с и без охлаждане). Получените резултати могат да се разглеждат като стабилни. Индият и среброто взаимодействат най-слабо с желязото и могат 
да бъдат използвани като метални лубриканти. Чрез използването им в изследваните покрития, те спомагат за образуването на елементообразна стружка 
в процеса нарязане. Йонното модифициране на повърхността на инструмента с други елементи показва нестабилни или отрицателни резултати, т. е. 
намаляване на експлоатационния срок и невъзможност да се осигури адхезия между твърдото покритие и основния материал. 

 

1. Introduction 
 

   One way to improve cutting tools is it to develop a new 
kind of multilayered coatings that combine wear resistance and 
antifriction properties (Such coatings appeared quite recently. 
The reason of keen interest in such coatings is well grounded. 
It is known that high wear resistance of hard coating tools is 
determined by their acting as a shield to contact surfaces of a 
tool, thus, protecting them from external effects at cutting. 
Mostly this happens during the stationary stage of wear (phase 
of normal wear). Yet the inevitable wear of a coating leads to 
the exposure of a base material whose frictional properties are 
considerably worse than those of a coating. Consequently, tool 
wear quickly enters its catastrophic stage. Prolongation the 

stage of normal friction, however, is quite feasible. This is 
achieved by applying an additional sublayer in the multilayered 
coatings onto the surface of tool base. The layer can combine 
antifrictional properties and ability to generate the protective 
secondary structures at the coating substrate interface. 

   The objective of the present work is to study effects of 
antifrictional sublayer composition on the tool life of cutters with 
these engineered coatings and to finding scientific basis for 
developing multilayered coatings with programmable change of 
properties, providing to each layer of the coating fulfilling a 
given function at a certain stage of wear. 
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2. Experimental materials and techniques 
 

   In this work, we have studied 'triplex' multilayered coatings. 
The coating was deposited using three units. Used as the 
base, the high-speed steel (HSS) was previously nitrided in the 
glow discharge [1]. Then the tool surface was modified by ion 
doping prior to applying the hard coating. Finally, the modified 
layer was deposited with the (Ti, Cr)N  coating by the PVD 
method. 

   Ion nitriding of the HSS substrate was produced in a special 
ion nitriding unit with combined heating. The technological 
parameters were as follows: glow discharge current density, 3 
A/m2; time of nitriding, 0.5 h; gas pressure 266 Pa; gas 
composition, 25% N2 + 75% H2 (dissociated ammonia); 
temperature, 500°C. 

   Hard coating was deposited by the cathode arc plasma 
deposition process (CAPDP). Parameters of deposition were 
as follows: gas-reagent (nitrogen) pressure, 3∙10-1 Pa; arc 
current, 100 A; bias voltage, 200 V; focusing coil current, 0.2 A; 
deposition temperature, 500°C. 

   Before applying the PVD coating, the common set of the 
samples was implanted with ions of 16 various elements by 
using a high-energy ion implanter with energy of approximately 
60 keV at the room temperature. Typical doses to be used 
were 4∙1017 ions per cm2. Prior to ion implantation of the 
studied elements surface etching by argon ions was 
performed. To minimize surface contamination, a cold trap was 
used during implantation to maintain a low background 
pressure of about 2∙106 Torr. The base HSS was of M2 type 
(AISI) and it contained 0.8-0.88% C; 5.0-5.5% W; 5.0-5.5% 
Mo; 3.8-4.2% Cr; 1.7-2.1 % V; Fe-balance, wt.%. 

   The atomic concentration of the implanted elements was 
analyzed by the X-ray microanalysis using the scanning 
electron microscope JSM-U3 equipped with a double crystal 
wave dispersive spectrometer. These concentrations were 
about 1.0-1.5 at.%. 

   Chemical composition of secondary phases emerging on the 
tool surface at cutting was studied by means of secondary ion 
mass spectroscopy (SIMS). This was carried out with the aid of 
an ESCALAB MK2 (VG) electron spectrometer equipped with 
an SQ300 ion analyzer of quadrupole type and AG-61 
scanning ion gun, which allows the flow of argon primary ions 
with energy up to 5 keV to be focused on a spot up to 0.5 
diameter on the surface of a sample. Ion etching speed was in 
the order of 0.2 monolayer per min; the analysis was carried 
out in the static mode. We studied the average chemical 
composition of the wear zone of the coating out of the build-up. 

   The 16 chemical elements preselected for this work were 
applied for ion modification of the surface. The elements can 
be grouped as follows: 

   1. high oxidizing capacity elements creating dynamic stable 
protective surface films at friction, e.g. O, N, J and Cl; 

   2. nonmetals able to create compounds of high tribotechnical 
properties (B, C, Si) when interacting with base materials and 
environment elements; 

   3. metals including: 

   3.1 low-melting ones (in particular In, Mg, Sn, Ga) used as 
lubricants or antifriction materials; 

   3.2 Co-type metals with a hexagonal lattice and antifrictional 
properties [3, 4]; 

   3.3 metals (Al, Cr) able to form oxide-like films, stable at 
cutting, with good antifrictional properties, and a low coefficient 
of thermal conductivity; 

   3.4 metals with a low coefficient of friction when in contact 
with principle machined materials (steel, nickel and titanium 
alloys), those are Ag and Cu. 

   Selecting metal materials, we took into account the well-
known research on tribological compatibility of contacting 
elements. The chosen for analysis were elements least 
compatible in tribocouples with ferrum, nickel, and titanium, i.e. 
with metals found in the composition of low alloyed, heat-
resistant and non-corrosive steels as well as titanium alloys 
widely used in machining. Moreover, the surface was 
subjected to mixing with four types of antifriction alloys often 
used to improve conditions of sliding friction, in particular the 
zinc-based alloy Zn + Al (9%) + Cu (2%); the copper-based 
alloy Cu + Pb (12%) + Sn (8%); the lead-based alloy Pb + Sn 
(1%) + Cu (3%); and the aluminum-based alloy Al + Sn (20%) 
+ Cu (1%) + Si (0.5%). 

   Wear of coatings was studied while turning carbon steels 
containing 0.45% of carbon. The cutting speed being 270 
m/min, cutting depth 0.5 mm, feed 0.28 mm/rev. Cutting was 
made both with and without a coolant. Impact of ion 
modification of the surface on tool durability was determined by 
comparing the cutting time for tools with proposed multilayered 
coatings (surface engineered coatings + ion modification) and 
for that with surface engineered coatings without additional ion 
modification. The durability coefficient of a tool was determined 
from the ratio of the time necessary for cutting to a specified 
wear value in a multilayered coating tool (surface engineered 
coatings ion modification) and that in a surface engineered 
coating tool ((Ti, Cr)N+ ion nitriding) whose durability 
coefficient was adopted as a unit. Not less than eight cutting 
tests were performed for each kind of surface modification (two 
tetragonal inserts were studied). The scatter the of tool life 
measurements was near 10%. 

   Friction coefficients were determined with the aid of a special 
design adhesiometer [2]. Inside the above-mentioned 
adhesiometer, a rotating sample with coatings under 
investigation was placed between two polished specimens 
made of low-alloyed steel containing 0.45% of carbon. To 
simulate tool friction conditions, the specimens were heated by 
the electrocontact method in the temperature range from 150 
to 550°C. The standard force comprised 2400 N, this providing 
for plastic strain in the contact zone. To evaluate antifrictional 
properties of a layer, we used the adhesion component of the 
friction coefficient. This component is mainly responsible for 
HSS-tool catastrophic wear stage intensity (when the seizing 
phenomenon occurs). It was determined as the ratio of the 
shear strength induced by adhesion bonds between the tool 
and the work-piece to the normal contact stress developing on 
the contact surface at the test temperatures (Tnn/Prn). 

   As it can be seen, ion modification of the cutting tool surface 
significantly affects the tool life. In our opinion, the increase in 
tool life is caused by a complex combination of numerous 
interacting factors. Here, belong the factors, which make it 
possible: 
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   to form liquid and gaseous phases or low-melting eutectics 
which act as lubricants; 

   to develop amorphous oxygen-containing films with low 
coefficients of friction and thermal conductivity; 

   to reduce sticking of the tool surface to the processed 
material and, at the same time, to increase adhesion of the 
hard PVD-coating to the modified base. 
 

3. Results and discussion 
   Data from Table 1 show that the mixing of antifrictional 
alloys, that is widely used to improve conditions of sliding 
friction [3], allows to increase the tool life not more than by two 
times. This way of the tool life increasing, reduce the shear 
strength of adhesion bonds developed between a tool and a 
workpiece does not seem to be the most efficient one for the 
multilayered coating under analysis. For the almost all studied 
antifrictional materials, the adhesion of the coating to the 
modified surface was rather low. This precludes their practical 
application due to technological reasons (possibility of coating 
peeling). 

   Implanting the chemical elements makes it possible to gain 
better results. Such elements as indium, silver and nitrogen 
enhance the tool life by 2 – 3 times (see Table 1) under 
different cutting conditions (with and without cooling). The 
obtained results can be regarded as regular. Indium and silver 
are the least interactive ones with ferrum, and they can be 
used as metal lubricants. They promote a crushed chip forming 
at cutting using coating under the study. Ion modification of the 
tool surface with other studied elements exhibits unstable or 
negative effects, i.e. reduction of tool life and failure to provide 
high adhesion between the hard coating and the substrate. 
 
Table 1  
Number tables in a consecutive order (10-p., italic) 

№ 
Material 

(subgroups) 

Element 
compo-
sition 

Coefficient of 
PVD-coating 
adhesion to 

modified 
surface base 

Durability 
coefficient  
at cutting 

Without 
coolant 

With 
coolant 

Surface modified by ion implantation 

1. 

Elements 
with high 
oxidation 

power 

O 0.25 0.9 1.25 

N 0.41 2.0 1.83 
I 0.7-0.8 3.2 0.7 

Cl  1.8  

2. Nonmetals 

B 0.6 1.2 0.65 

C 0.6 1.7 0.83 
Si  0.7 0.6 

3. Metals  

a Low-melting 

In 0.6 2.4 2.1 

Mg 0.25 3.0 0.08 
Sn 0.6 0.8 0.7 
Ga  2.0  

b 
With 

hexagonal 
lattice 

Co 0.5 1.8 0.13 

c 
Forming 

stable oxides 
Al 0.4 0.15 1.3 
Cr 0.6 0.2 1.2 

d 
With low 

coefficient 
of friction 

Cu 0.55 1.0 2.5 

Ag 0.4 3.1 2.7 

Surface modified by antifriction materials (mixing) 

4 

Zn-Al-Cu 9-
1.5 GOST 
21437-75 
(Russia) 

Zn + Al 
(9%) + 

+ Cu (2%) 
0.44 1.98  

Bronze 8-12 
Cu+Pb 
(11%) + 

+ Sn (9%) 
0.4 0.95  

Babbitt BK2 
GOST 1320-
74 (Russia) 

Pb +Sn 
(1.5%) 

0.35 0.6  

Al-Sn-Cu 
AO20-1 
GOST 

14113-69 
(Russia) 

Al + Sn 
(20%) + 

+Cu (1%) 
+ Si 

(0.5%) 

0.3 0.4  

 

   From our point of view, the most preferable, with regard to 
the complex of properties, is coating with an implanted layer of 
In that does allow to increase the tool life up to the maximal 
one, independently being it with or without a coolant (Table 1). 
At the same time, adhesion between the coating and the base 
surface modified with indium is also sufficiently high, this 
attesting the reliability of the coating as a whole. 

   Examination of the temperature dependence of the friction 
coefficient for specimens with the modified surface 
demonstrated that In improves the frictional properties of HSS 
(Fig. 1). Acting as a lubricant, In mainly reduces the shear 
strength (  
 

 
Fig. 1 Impact of test temperature on the frictional properties of the 
surface modified HSS 

 
   This, however, is insufficient to account for more than two-
fold growth of tool life in cutters with the In-modified surface. 
As is shown by the mass-spectrometric analysis of the wear 
zone, the impact of In is more complicated. Apart from a metal 
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indium, the wear zone reveals the presence of the indium 
oxide, resulting from both In and In-N dissociated upon heating 
at friction. 

   Optimizing the technology of implantation and mixing, we 
possibly can augment the positive impact of ion modification on 
tool wear. We also can predict the advisability of combining the 
ion implantation and the PVD-processing within a unified 
technological cycle and single multipurpose equipment for 
application of coatings. 
 

4. Conclusion 
 

   This work considered some ways improving the surface 
engineered coatings developed through double step hardening 
of the tool surface layer: by diffusion saturation with nitrogen 
(ion nitriding of HSS) and by applying a wear-resistant coating 
with complexly alloyed nitrides (Ti, Cr)N using the cathode arc 
plasma deposition process (CAPDP). The coating includes an 
additional modified sublayer applied while ion doping the 
surface of the high-speed steel previously nitrided in the 
glowing discharge. Such multilayered coating allows to 
significantly increase the tool life due to the increased stage of 
normal wear. 

   Investigated were effects on the HSS tool life of 16 chemical 
elements implanted into the base surface and those of four 
antifrictional materials. The optimal combination of high 
durability and reliability (characterized by a high adhesion of 
the coating to the base) is exhibited by the multilayered coating 
with an In-enriched sublayer. This element is present in the 
sublayer both in metal and bound (In-N) states. 

   Positive effects of In implantation on tool life was explained 
by complex processes. Acting as a liquid metal lubricant at 
cutting temperatures, indium encourages reduction of the 
friction coefficient. Besides, when a cutting tool is heated under 
friction, the oxygen-containing phases are developed on wear 
surface, that protects the tool, delaying the transition from 
normal to avalanche-like wear. This allows to increase the 
stage of normal wear and considerably increases the tool life. 
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ABSTRACT. Нard brittle materials, including the minerals diamond and leikosapphire are used in microelectronics for printed microcircuit substrates. The quasi-
plastic grinding allows a surface of high quality with roughness 1 - 10 nm to be modeled without polishing. The acoustics oscillations generated of the blank at the 
processing could be used to control of the processing process and quality of the processed surface of the materials used in electronics. 

ФИЗИЧЕСКИ И ТЕХНОЛОГИЧНИ ПРИНЦИПИ ЗА ПОЛУЧАВАНЕ НА НАНОМЕТРИЧЕН РЕЛЕФ НА ПОВЪРХНОСТТА ПРИ 
ОБРАБОТКАТА НА ТВЪРДИ КРЕХКИ МАТЕРИАЛИ 
Игор Миков1, Татяна Теплова1, Нели Стефанова2 
1 Московски държавен минен университет, Русия, e-mail: igmikov@yandex.ru; teplova_t@mail.ru 
2 Минно-геоложки университет „Св. Иван Рилски” – София, България, e-mail: nlstefanova@gmail.com 
 
РЕЗЮМЕ. Твърди крехки материали, включително диаманти и лейкосапфири се използват в микроелектрониката за производство на платки. 
Квазипластичното шлифоване позволява моделирането на повърхности от високо качество с грапавост 1-10nm, без полиране. Акустичните колебания, 
генерирани от загатовката при обработка, могат да бъдат използвани за контрол на процеса и качеството на обработената повърхност на материалите за 
електронната техника. 

 
A traditional method for processing of hard brittle materials is 

mechanical grinding with free or connected abrasives. The 
roughness of the obtained surface after such a processing is 
about 200 nm and the subsurface layer is broken. In order 
lower roughness to be obtained (0,2 – 10 nm depending of the 
area of application of the microcircuit bases), the blank is 
usually polished in attacking medium, which is labor-
consuming and unproductive. 

An alternative and perspective method of the mechanical 
processing of hard crystal materials is the grinding in regime of 
quasi-plasticity (Теплова Т. Б., 2005). The quasi-plasticity has 
to be understood as revealing the plastic properties of the 
surface layer of the hard brittle materials at certain conditions 
of processing. The technology is based on the mechanical 
action on the surface subjected to processing at the tool feed 
of a part of the micron. A decrease in the brittle destruction has 
been observed at a decrease in the mechanical action 
intensity, in the surface layer (SL) of the hard materials.  

Processing in a regime of quasi-plasticity can be obtained at 
provision of rigidity of the construction of the elastic processing 
system (EPS) and a relative isolation against external 
disturbances. As a result, the blanks from brittle materials 
could be mechanically processed in an adjustable regime to 
obtaining of processed surfaces with nanometric relief. 

T. G. Bifano and T. A. Dow have made researches in the 
processing in the regime of quasi-plasticity on equipment 
PEGASUS (Bifano. T.G., Blake. P., Dow, T.A., and 
Scattergood, R.O., June.1988). 

As a result of the researches carried on a big quantity of 
amorphous glasses, monocrystals and modern ceramic 

materials by the authors has been formulated a hypothesis for 
the processing in regime of quasi-plasticity, which main point 
consists in the fact that if the feed is enough small, all the 
materials, regardless of their hardness and brittleness during 
the mechanical surface processing go through a transition of 
brittle to quasi-plastic destruction regime. 

In order the task to be solved, the CNC machine module 
AH12f4 (Коньшин А.С., Сильченко О.Б., Сноу Б.Д., 
27.04.2001 г) has been developed. It is with a sufficient rigidity 
at the cutting-in feeds providing grinding of the hard brittle 
materials in a regime of quasi-plasticity. The main 
technological parameters of the machine module are 
presented in Table 1. The machine module realizes a dynamic 
pulse action of the grains of the rotating tool on the surface of 
the crystal, subjected to processing, which is a result of the 
composition of two vectors: the vector of the compressive 
stress, determined by the potential compression energy and 
the vector of the tangential stress, determined by the kinetic 
energy.  

The main point in the process of quasi-plastic destruction of 
the processing material surface layer could be explained by the 
physical mesomechanis developed by the academician V. E. 
Panin (Панин В.Е., 1998) of Russian Academy of Sciences. It 
relates the dislocations on a micro-scale level to the integral 
mechanical characteristics of the processes occurring on 
macro-scale level, taking into consideration the composition of 
the material, its texture and loading conditions. In the papers in 
mesomechanics it has been grounded that during the process 
of quasi-plastic destruction, on mesolevel the loaded material 
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forms structures able to realize quasi-plastic deformation “slip-
turning”. A model of dimensions-adjustable and non-defect 
processing of hard texture materials by cutting is suggested on 
the basis of the theories of academician V. E. Panin and the 
papers by O. B. Silchenko (Коньшин А.С., Сильченко О.Б., 
Сноу Б.Д., 27.04.2001 г). The main point in the model is as 
follows. The deformed rigid body is a multilevel, self organizing 
system, in which the micro-, meso- and macro- levels are 
mutually related. At external action of a rhythmic field in the 
elastic processing system on micro-level occurs action of the 
cutting tool grain on a point of the processed surface. On 
mesolevel occurs swinging of the mesovolume steadily 
disturbing it slipping stability. The out-breaking of the surface 
section occurs on macro-level.  
Table 1. 

No PARAMETER QUANTITY 

1 Number of the controllable axes 6 

2 Number of the positions for 
mounting of the cutting tool and 
control and measuring means 
(revolving head) 

3 

3 Number of spindles 3 

4 Digital set and realization of 
movement 

 Axes X, Y, μm; 

 Axis Z, μm; 

 Axes A, B, grad 

0.05 
 

0.05 
0.0001 

5 Maximal value of movement 

 Linear axis X, mm; 

 Linear axis Y, mm; 

 Linear axis Z, mm; 

 Circular  axis A, grad; 

 Circular  axis B, grad;  

 
1000 
300 
10 
90 

unlimited 

6 Range of working feed, mm/min 0.06 ÷4500 

7 Range of the spindle rotating 
frequency, rpm 

3000 ÷ 6000 

8 Number of the places in the 
changeable cassete 

15 

9 Number of the simultaneously 
processed products 

5 

10 Roughness of the processed 
surface Rz, μm 

0.032 ÷ 0.05 

11 Diameter of the diamond tool, mm 250 

12 Total power, kW 7 

 
A regime of quasi-plastic surface processing of brittle 

materials could be provided by a special choice of such 
parameters as pressure force and speed of the tool movement 
in parallel to the surface of the crystal, subjected to mechanical 
action. At certain values of the contact stresses, in the surface 
layer appears a state of strain different of the energy needed 
for a brittle destruction. The regime of quasi-plastic destruction 
has to be in the range of energies exceeding the elastic energy 
corresponding to the limit of Payerls and to be less than the 
energy value corresponding to the stresses of brittle 
destruction. At the surface processing prevailing becomes not 
the brittle, but the quasi-plastic flow. 

During the process of the surface grinding, the processing 
material heats and the thermal expansion value could become 
commensurable to the value of the tool feed, which can cause 
brittle destruction of the processing blank. Apart from that, 
thermal-elastic stresses appear in the material, which are 

conducive to the defects distribution and to the possible 
material destruction. If the temperature distribution into the 
sample and dependence of the thermal expansion of the 
material of the processing blank on the temperature alteration 
are known, the integral thermal expansion of the sample could 
be determined, compared with the deformation of the elastic 
processing system and the pressing force could be adjusted so 
that the out-break with two free surfaces of the sample surface 
subjected to processing to be averted. This way, at 
consideration of the heat processes accompanying the 
processing in regime of quasi-plasticity is possible to be 
formulated thermal criteria dependencies determining the 
conditions under which the processing process will not turn 
from quasi-plastic cutting into a brittle destruction. In particular, 
the criterion of brittle thermal destruction characterizes the 
material resistance to brittle thermal failure. The stresses 
emerging during the material processing under the action of 
the normal component of the cutting force should not exceed 
the limit of the slip strength of the material, which 
mathematically could be expressed as follows: 

  sprocess

Tk
T

E





 







 







212

2

0   (1) 

 
where σprocess – stresses appearing during the process of the 
material processing as a result of the action of the normal and 
tangential component of the cutting force of the processing 

tool; τs - limit of the slip strength;   - Poisson’s ratio; E  - 

Yung’s modulus, Pa; 0TTT  ; T  - temperature of the 

sample, Ko
; 0T  - medium temperature, Ko

; 0  - 

coefficient of linear thermal expansion at Co20 . Here the 

dependence of the coefficient of linear thermal expansion on 
the temperature is taken into consideration. On first 

approximation  Tk 10 , where k is the factor of 

proportionality, reflecting the alteration of the thermal-
expansion coefficient of the material caused by the 
temperature. 

At the surface processing of a material is necessary the 
operational regime to be chosen in such a way as the 
temperature in the processing area not to exceed the 
calculated value of the limit temperature. There are 
dependencies determining the allowable ranges of temperature 
alterations at processing in quasi-plasticity regime of different 
materials. It is possible processed surfaces with nano-metric 
roughness without macroscopic defects to be obtained if 
rational regimes of surface processing at quasi-plasticity 
regime are chosen. 

Photos of processed surfaces of diamond and leikosapphire 
are presented in fig. 1. There could be seen the quality of the 
processed surface of a diamond sample (fig. 1a, Rz = 8nm) 
and leikosapphire (fig. 1b, Rz = 2nm on separate surface 
areas) and Rz = 20nm (fig. 1c). Fig. 1d and fig.1e show a 
grinded surface of a natural diamond with diamond inclusions 
in counter. 
In order the processing in regime of quasi-plasticity to be 
realized, after obtaining a full contact of the blank and the 
grinding tool, the contact stresses have to be kept constant in 
the limits (0.1÷10)105, Pa depending on the properties of 
material (elasticity coefficient, Poisson’s ratio, coefficient of 
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thermal conductivity), conditions of heat abstraction, type of the 
machine and rigidity of the system “tool-blank”. 
 

Unprocessed surface 

 
Processed surface 
 

Fig. 1a 
 

 

 
Fig. 1b 

 

 

 
 
Fig. 1c 

 

 

 
 
Fig. 1d 

 

 
 
Fig. 1e 
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ABSTRACT. By theoretical and experimental researches, it has been found out that in certain conditions at mechanical action the brittle hard materials show plastic 

properties. It become possible the brittle materials to be processed in a way, at which the prevalent mechanism is not the destruction, but the plastic flow. The 
theoretical model of dimension-adjustable and non-defect processing of minerals with hard structure by cutting has been developed on the basis of the physical 
mesomechanics.  
The physical mesomechanics of the materials is based on a new paradigm – the conception of the structural levels of the hard bodies’ deformation. The regime of 

plastic surface processing of brittle minerals and materials could be provided at a special choice of processing parameters. 

 
ОБРАБОТКА НА СВРЪХТВЪРДИ И КРЕХКИ МАТЕРИАЛИ В РЕЖИМ НА ПЛАСТИЧНО ДЕФОРМИРАНЕ НА МАТЕРИАЛА 
ПО МЕТОДА НА РАЗМЕРНОТО МИКРОШЛИФОВАНЕ НА МАШИНИ С ЦИФРОВО-ПРОГРАМНО УПРАВЛЕНИЕ 
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РЕЗЮМЕ. Чрез теоретични и експериментални изследвания е установено, че в определени условия, при механично въздействие, крехките твърди 
материали проявяват пластични свойства. Възможно е крехките материали да бъдат обработвани така, че преобладаващият механизъм да бъде не 
разрушение а пластично протичане. Теоретичният модел на размерно-регулируемата и бездефектна обработка на минералите с твърда структура чрез 
рязане, е създаден на базата на физическата мезомеханика, в чиято основа лежи нова парадигма – концепцията за структурните нива на деформация на 

твърдите тела. Режим на пластична повърхностна обработка на минералите и материалите, може да бъде осигурен при специалин подбор на параметрите 
на обработката. 

 

Currently, attention is paid to the establishment and 
development in Russia to the diamond complex, based on the 
use of Russian diamond resources for production of new 
articles for microelectronics, aircraft technologies, medicine 
and jewelries. Attempts have been made for solution of the 
problems of non-defect diamond processing, including in “hard” 
direction with regard to abrasion in crystal lattice. At that, the 
quality of the processed diamond surface is of great 
importance. 

Due to the achievements in mesomechanics, it has become 
possible the brittle materials to be processed in a way, at which 
the prevalent mechanism is not the destruction, but the plastic 
flow. At such a grinding of the brittle materials in regime of 
plasticity, the properties of surface obtained are as after 
polishing or lapping. 

The plasticity of brittle materials appears at small loads and 
movements of the processing tool. The success in electronic 
microscopy of deformed materials and alloys allows the 
fundamental regularities of the appearance of the movement 
and self organization of the basic type of the deformational 
defects – the dislocation to be researched on microscale level. 

The theory of dislocations, developed on this basis allows a 
physical interpretation of many regularities of the hard body’s 
behavior in different load conditions to be given. 

A stage of the nature of plasticity and strength of the hard 
bodies of principle importance is related to the development of 
physical mesomechanics of the materials. Its main task is the 
quantitative relation of the dislocations movement on 
microscale level to the integral mechanical characteristics on 
macroscale level depending on the material composition, it 
internal structure and load conditions. The physical 
mesomechanics of the materials is based on a new paradigm – 
the conception of the structural levels of the hard bodies’ 
deformation. It has been theoretically grounded and 
experimentally confirmed that the slip researched in microlevel 
as an elementary act of plastic flow is accompanied by 
rotational oscillations with natural frequency of the deformation 
on a higher mesoscopic scale level. The rotational oscillations 
with natural frequency involve in a self-harmonized 
deformation the whole hierarchy of structural levels of the 
loaded medium. During the plastic flow, the loaded material 
forms dissipative structures on mesolevel, able to realize 
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plastic deformation in the scheme “slip +rotation”. This way, the 
hard body subjected to deformation is a multilevel hierarchic 
self-organizing system, in which the micro-, meso- and macro- 
levels are interconnected. 

So, the achievements in the field of physical 
mesomechanics have revealed new possibilities for processing 
of brittle materials in regime of quasi-plasticity. Apart from that, 
it has been found out that the appearance of the area of plastic 
deformations is not only related to the material nature (brittle or 
plastic, solid or soft, amorphous or crystal), but to the cutting 
depth as well. At that condition, formation of similar plastically 
deformed areas is observed at processing of various ceramic 
materials and also glasses and crystals (Коньшин А.С., 
Сильченко О.Б., Теплова Т.Б., 2002.). 

At external action of a rhythmic field in elastic processing 
system (EPS) on microlevel there is an action of a grain of the 
cutting tool on a point of the processed surface. Oscillations of 
the mesovolume appear on mesolevel gradually disturbing its 

slide resistance. Break of the surface section happens on 
macrolevel (fig. 1). 

On the basis of the data of hard materials grinding in plastic 
regime it has been find out that in order a visible brittle break to 
be avoided at glass grinding, the gradation of accuracy 
adjustment of the cutting-in feed per a rotation of the abrasive 
disk should not be less than 5 nm. Such a level of accuracy 
could has been rarely found in grinding practice because of the 
extremely rigid constructional connections needed in order a 
considerable mutual movements of the processed detail and 
the abrasive disk under the influence of disturbances of 
different types not to be allowed. The equipment PEGASUS, 
developed by T. G. Bifano and T. A. Dow (Bifano. T.G., Blake. 
P., Dow, T.A., and Scattergood, R.O. June.1988.) has been 
used in the task solution. The equipment design is based on 
the fact that grinding in regime of plasticity needs combination 
of high rigidity (in order precision to be provided) and small 
speeds of cross feed (providing the material separation in 
accordance with the plastic flow model (fig. 2)). 

 

 
Fig. 1. Experimental oscillogram of alteration of the cutting force normal component. 1 – section of the stressing (tightening) accumulation ; 2 - section of 
the transient process ; 3 – section of stationary regime; Pz – normal component of the cutting force; i – number of the working paths. 

 

 
Fig. 2. Diagram of PEGASUS. 1 –work fixture; 2 – abrasive disk; 3 – spindle; 4 – dovetail slide. 

 
This way, all the materials regardless of their hardness and 

brittleness during the mechanical processing, if the feed is 
small enough, undergo transition from brittle regime of material 
separation to plastic. The existence of such a transitional feed 

speed has been demonstrated by the abovementioned 
equipment in a series of experiments. 

The task set has been solved and realized by special 
equipment. 
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The suggested method for dimensional plastic microgrinding 
of superhard and brittle materials and monocrystals is realized 
on a CNC machine (fig. 3) and allows products of high optical 
classes of cleanness at surfaces with complex profiles to be 
obtained. 

The suggested method (Коньшин А.С., Сильченко О.Б., 
Брайн Джон Сноу.  Патент RU 2165837 C1. - Москва, 2001г) 

of dimensional microgrinding of articles mainly from superhard 
and brittle materials becomes realizable by application of 
elastic processing system with certain amplitude-phase 
frequency characteristics of the grinding CNC machine with a 
tool consisting of connected cutting grains. 

 

 
Fig. 3 Machine for dimensional microgrinding with three cutting tools. 

1 – motor; 2 – cutting tool fixture; 3 – stop; 4 – frame; 5 – slide; 6- cutting tool; 7 - cutting tool fixture; 8 – drive of rotation.  
 

The mathematical package for determination of the 
technological parameters includes the introduction of elasticity 
limit under compression, set dimensions of the finished article, 
set height of the microroughnesses of the processed surface of 
the finished article, calculation parameters of the taking down 
intensity. At each crossing of every indicated contact point of 
the processed surface and the specified point of the cutting 
grain the static and dynamic component of the cutting force are 
continuously measured and the results are used for continuous 
determination of the static and dynamic component of the 
elastic deformation of the processing system for each indicated 
point. During the process of the specified measurements is 
determined the moment of appearance of the periodically 
steady dynamic component of the cutting force, corresponding 
to the moment of the machine control system outcome to a 
controllable grinding regime, at which a correction is made on 
the smaller value of one of the parameters of the intensity of 
the allowance taking down, in such a way that in every 
indicated contact point the dynamic component of the elastic 
deformation of the processing system not to exceed the preset 
height of microroughnesses on the processed surface of the 
finished article and the sum of the static and dynamic 
components of the elastic deformations of the machine 
processing system not to exceed the preset limit of 
compression elasticity of this system. 

Before grinding the machine has to be dimensionally 
adjusted. In order this to be done all its basing members such 
as processing tools and the processed articles, and the 

mechanisms for the executive displacements of these 
members toward each other are adjusted in a way allowing 
theoretically an article with the preset dimensions to be 
obtained. 

The drives of coordinate movements along the axes x, y and 
z allow the longitudinal and cross feeds to be adjusted by the 
CNC system in a wide speed range on a various laws. These 
constructional special features allow articles with complex 
profile to be made such as ingenious types of facets with 
protruding elliptic walls. 
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ABSTRACT. In the paper has been given theoretical layout of the device for induction heating of the metals. Practical results on realized device show that the device 

can be used for regenerate of used metals, and for melting the copper concentrate with quality bigger than 60%. The results are procured on copper concentrate 
procured with extraction in the mine Bucim in Macedonia and Asarel in Bulgaria. 

 
ОСНОВНИ ПРИНЦИПИ НА РАБОТА НА ВИСОКОЧЕСТОТНИТЕ ИНДУКЦИОННИ НАГРЕВАТЕЛИ 
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РЕЗЮМЕ. В статията се предлага теоретично разработен проект на прибор за индукционно нагряване на метали. Практическите резултати от 
експерименталнния образец на прибора, показват че той може да се използува за топене на меден концентрат с качество (съдържание на мед) над 60%. 
Експериментите са проведени с меден концентрат доставен от рудниците Бацим, Македония  и Асарел, България. 

 

1. INTRODUCTION 

All IH (induction heating) applied systems are developed 
using electromagnetic induction which was first discovered by 
Michael Faraday in 1831. Electromagnetic induction refers to 
the phenomenon by which electric current is generated in a 
closed circuit by the fluctuation of current in another circuit 
placed next to it. The basic principle of induction heating, which 
is an applied form of Faraday’s discovery, is the fact that AC 
current flowing through a circuit affects the magnetic 
movement of a secondary circuit located near it. The 
fluctuation of current inside the primary circuit provided the 
answer as to how the mysterious current is generated in the 
neighboring secondary circuit. Faraday’s discovery led to the 
development of electric motors, generators, transformers, and 
wireless communications devices. Its application, however, has 
not been flawless. Heat loss, which occurs during the induction 
heating process, was a major headache undermining   the 
overall functionality of a system. Researchers sought to 
minimize heat loss by laminating the magnetic frames placed 
inside the motor or transformer. Faraday’s Law was followed 
by a series of more advanced discoveries such as Lentz’s Law. 
This law explains the fact that inductive current flows inverse to 
the direction of changes in induction magnetic movement. Heat 
loss, occurring in the process of electromagnetic induction, 
could be turned into productive heat energy in an electric 
heating system by applying this law. Many industries have 
benefited from this new breakthrough by implementing 
induction heating for furnacing, quenching, and welding. 

In these applications, induction heating has made it easier to 
set the heating parameters without the need of an additional 

external power source. This substantially reduces heat loss 
while maintaining a more convenient working environment. 
Absence of any physical contact to heating devices precludes 
unpleasant electrical accidents. High energy density is 
achieved by generating sufficient heat energy within a 
relatively short period of time. 

The demand for better quality, safe and less energy 
consuming products is rising. Products using IH include 
electronic rice cookers and pans. Safe, efficient and quick 
heating appliances attract more customers. This document 
describes induction heating, power systems, and IH 
applications. 

 

2. BASICS OF INDUCTION HEATING 

Induction heating is comprised of three basic factors: 
electromagnetic induction, the skin effect, and heat transfer. 
The fundamental theory of IH, however, is similar to that of a 
transformer. Electromagnetic induction and the skin effect are 
described in this section. Figure 2-1 illustrates a very basic 
system, consisting of inductive heating coils and current, to 
explain electromagnetic induction and the skin effect. Figure 2-
1-a shows the simplest form of a transformer, where the 
secondary current is in direct proportion to the primary current 
according to the turn ratio. The primary and secondary losses 
are caused by the resistance of windings and the link 
coefficient between the two circuits is 1. Magnetic current 
leakage is ignored here. When the coil of the secondary is 
turned only once and short-circuited, there is a substantial heat 
loss due to the increased load current (secondary current). 
This is demonstrated in Figure 2-1-b. 
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Figure 2-1-c shows a system where the energy supplied 
from the source is of the same amount as the combined loss of 
the primary and secondary. In these figures, the inductive coil 
of the primary has  many turns while the secondary is turned 
only once and short-circuited. The inductive heating coil and 
the load are insulated from each other by a small aperture. The 
next phase of the skin effect occurring under high frequency is 
presented in Section 2-2. As the primary purpose of induction 
heating is to maximize the heat energy generated in the 
secondary, the aperture of the inductive heating coil is 
designed to be as small as possible and the secondary is 
made with a substance featuring low resistance and high 
permeability. Nonferrous metals undermine energy efficiency 
because of their properties of high resistance and low 
permeability. 

2-1. Electromagnetic Induction 

As shown in Figure 2-1, when the AC current enters a coil, a 
magnetic field is formed around the coil according to Ampere’s 
Law. 

Hdl Ni                     (2-1) 

An object put into the magnetic field causes a change in the 
velocity of the magnetic movement. The density of the 
magnetic field wanes as the object gets closer to the center 
from the surface. According to Faraday’s Law, the current 
generated on the surface of a conductive object has an inverse 
relationship with the current on the inducting circuit as 
described in Formula 2-2. The current 

on the surface of the object generates an eddy current. 

d
E

dt


                                         (2-2) 

As a result, the electric energy caused by the induced 
current and eddy current is converted to heat energy as shown 
in Formula 2-3. 

2 2E I
P

R R
                            (2-3) 

Here, resistance is determined by the resistivity (ρ) and 
permeability (μ) of the conductive object. 

Current is determined by the intensity of the magnetic field. 
Heat energy is in an inverse relationship with skin depth which 
is described in Section 2-2.If an object has conductive 
properties like iron, additional heat energy is generated due to 
magnetic hysteresis. The amount of heat energy created by 
hysteresis is in proportion to the size of the hysteresis. In this 
document, this additional energy is ignored because it is far 
smaller (less than 10%) than the energy generated by 
induction current. 

2-2. Skin Effect 

The higher the frequency of the current administered to the 
coil, the more intensive is the induced current flowing around 
the surface of the load. The density of the induced current 
diminishes when flowing closer to the center as shown in 
Formula 2-4 and 2-5 below. This is called the skin effect or 
kelvin effect. From this effect, one can easily infer that the heat 
energy converted from electric energy is concentrated on the 
skin depth (surface of the object). 

Ix = i

x

doe


                               (2-4) 

where,  

ix: distance from the skin (surface) of the object, current 
density at x. 

Io: current density on skin depth (x=0) 

do: a constant determined by the frequency (current 
penetration depth or skin depth)  

ω: Frequency of the current flowing through the object 

Formula 2-5 states that the skin thickness is determined by 
the resistivity, permeability, and frequency of the object.             

 

Fig. 2-1: Basics of Induction Heating 

do= 2
2


                                        ( 2-5) 

where,  

ρ: resistivity 

μ: permeability of the object 

ω: Frequency of the current flowing through the object 

Formula 2-5 states that the skin thickness is determined by 
the resistivity, permeability, and frequency of the object.             

 

3. TOPOLOGY OF POWER SYSTEM 

Generally, semiconductor switching devices operate in Hard 
Switch Mode in various types of PWM DC/DC converters and 
DC/AC inverter topology employed in a power system.  This 
process results in switching loss. The higher the frequency the 
more the switching loss, which obstructs efforts to raise the 
frequency. Switching loss can be calculated in a simple way as 
shown in Formula 3-1 below. Switching also causes an EMI 
problem, because a large amount of di/dt and dv/dt is 
generated in the process. 

PSW=
1

2
VSWISWfS (ton + toff)           (3-1) 

where,  

Psw : switching loss [W] 
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Vsw : switching voltage [V] 

Isw : switching current [A] 

fs : switching frequency [kHz] 

ton : switch turn-on time [s] 

toff : switch turn-off time [s] 

By raising the switching frequency, you can reduce the size 
of a transformer and filter, which helps build a smaller and 
lighter converter with high power density. But as presented 
earlier, switching loss undermines the efficiency of the entire 
power system in converting energy, as more losses are 
generated at a higher frequency. Switching loss can be partly 
avoided by connecting a simple snubber circuit parallel to the 
switching circuit. However, the total amount of switching loss 
generated in the system remains the same. The loss avoided, 
has in fact, just moved to the snubber circuit. Higher energy 
conversion efficiency at high frequency switching can be 
obtained by manipulating the voltage or current at the moment 
of switching to become zero. This is called “Soft Switching”, 
which can be subcategorized into two methods: Zero-voltage 
switching and Zero-current switching. Zero-voltage switching 
refers to eliminating the turn-on switching loss by having the 
voltage of the switching circuit set to zero right before the 
circuit is turned on. Zero-current switching is to avoid the turn-
off switching loss by allowing no current to flow through the 
circuit right before turning it off. The voltage or current 
administered to the switching circuit can be made zero by 
using the resonance created by an L-C resonant circuit. This 
topology is named a “resonant converter.” In Zero-current 
switching, the existing inductance is absorbed into the 
resonant circuit, eliminatin  the surge in voltage in a turn-off 
situation. A voltage surge resulting from an electric discharge 
of junction capacitance, which occurs upon turning on the 
switching circuit, cannot be avoided. This method has a defect 
of causing switching loss (0.5CV2f). Zero-voltage switching, 
however, is free from such a defect by making both the existing 
inductance and capacitance to be absorbed by the resonant 
circuit. This eliminates any chance of causing a surge in 
current both at turn-off (caused by inductance) or turn-on (by 
capacitance) conditions. Zero-voltage switching enables 
switching with less loss while substantially reducing the 
problem of EMI at high frequency. This difference in features 
make Zero-voltage switching more desirable than Zero-current 
switching. 

 

3.1 Resonant Converter 

The resonant circuit of a resonant converter consists of a 
capacitor, an inductor, and resistance. Two types of resonant 
converters are generally used: a series resonant circuit and a 
parallel resonant circuit. For resonant frequency of the amount 
of energy stored in the capacitor to be sent to the inductor. 
Resonance occurs while the inductor and the capacitor 
exchange the energy. The total amount of energy stored in the 
circuit during resonance remains unchanged. This total amount 
is the same as the amount of energy stored at peak in the 
conductor or capacitor. Fig. 3-1 is full bridge converter for 
induction heating. 

Fundamental principle that in the de sign of a small - sized 
electrical equipment, the voltage and current in the circuit must 

be operated with a high frequency. This can be achieved by 
operating the switching device of the circuit with a switching 
frequency of the level of tens or hundreds of kilohertz. By this 
method, there will be some power loss in the circuit in terms of 
switching loss that tends to increase with the switching 
frequency. To eliminate the switching loss with high switching 
frequency, the conventional circuit with hard switching 
operation will be replaced by a resonant circuit with soft 
switching or zero voltage switching operation (ZVS). In some 
applications, the output power control can be achieved by 
controlling the pulse width of the square wave output voltage, 
using the phase-shift control between the gate signal of each 
branch of a single-phase full-bridge inverter. In case of an ideal 
MOSFET switching device without stray capacitance (Coss ), 
during increase of phase shift for reducing output  power,    the  

Fig 3-1. Full-bridge inverter-fed induction heating. 

switching frequency must always be slightly increased in order 
that the phase angle of output current never leads both the 
positive and negative front edges of the output voltage 
waveform], but the phase angle must always lag the front 
edges so as to allow the regenerative mode to occur or the 
body diode of the next-coming turn-ON ideal MOSFET switch 
to conduct before the powering mode of circuit operation; 
otherwise, the inverter circuit will be driven away from the 
condition of ZVS (NON-ZVS). For the practical switching 
device with Coss, the switching frequency must be increased 
slightly further when compared with the case of the 
aforementioned ideal switching device in order to still maintain 
the operating condition of ZVS by making a complete 
discharge from Coss before the next-coming turn-ON time of 
the same switching device. The detailed analysis to explain the 
internal operating mechanism of the circuit during the charge–
discharge process of the four switch capacitors (Coss ) of the 
full-bridge inverter, both by mathematical calculation and 
experimental verification, has not been presented. So, how to 
analyze the circuit operation during the charge–discharge 
process by calculation with experimental verification is the aim 
of this research. In order to solve this problem, the single-
phase full-bridge series resonant inverter with a load of 
induction heating has been developed in our laboratory, as 
shown in Fig.3-1, to verify the principle proposed in this paper 
by experimental results. 

In case of an ideal switching device without Coss , there will 
be only one region of phase-shift control angle (0 < ф), while 
reducing the output power from its maximum value; but in the 
practical case with a certain value of Coss , the phase-shift 
control angle (0 < ф) will be divided into two different operating 
regions. In the first region, where the phase shift φ lies over the 
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range of φm in ≤ φ (hereinafter referred to as the conventional 
phase shift), the charge–discharge will occur in each of the two 
branches between the upper and lower capacitors, as 

indicated by  and  in the upper waveform of 

Fig. 3-2(a) and (b). For the second region, with the control 
range of phase shift 0 ≤ ф ≤  фm in , the charge–discharge 
process becomes quite different from that of the first region. 
The circuit operation over this region is under a changing 
condition of mode of circuit operation from the conventional 
phase shift to zero phase shift (hereinafter referred to as the 
transition phase shift). For the phase shift with control angle 
over the range of 0 ≤ ф ≤ фm in , the charge–discharge 
process will be mixed with both the case of one-branch 
charge–discharge process for two short time durations, as 

indicated by  and  in the lower waveform of 

Fig. 3-2(c) and also with only the case of the two-branch 
charge–discharge process for one short time duration, as 

indicated by  and  nd in the lower waveform of the 

same figure. At the end point of phase-shift control angle, 
which is the position of zero phase shift ( ф = 0), there will be 
the case of only the two-branch charge–discharge process, as 
shown in Fig.3- 2(d). The minimum phase shift (фmin) in Fig. 
3-2(a)–(d) is the boundary position between the conventional 
phase-shift and the transition phase-shift control regions. The 
output voltage waveform at this position of minimum phase-
shift control ( фmin ) can be shown in Fig.3- 2(b).    The 
principle proposed can be applied to the series resonant 
inverter using the principle of phase shift for output power 
control. In this application, the circuit designer must consider 
correctly the relationship between the phase-shift angle ( ф) 
and the operating frequency (fs ); especially in case of higher 
rating of MOSFET power switching device that has a higher 
value of Coss , the switching frequency must be designed to 
be higher than for the case of lower rating of power switching 
device, when considering at the same phase-shift angle or 
same output power level, in order to maintain the circuit to 
operate under the same operating condition of ZVS and to 
protect all the switching devices from not being damaged.  

Fig. 3-2. Analyze the charge transfer process of the inverter switches 

under two different operating regions of phase shift ф : (a) and (b) for the 
first region of phase shift  фm in ≤  ф, and (b)–(d) for the second region 
of phase shift 0 ≤  ф ≤  фmin . 

 

4.CONCLUSION 

The inverter circuit operation with two regions of 
conventional phase shift and transition phase shift under ZVS 
and NON-ZVS conditions for induction heating can be 
concluded as follows. 

1) In case of an ideal MOSFET switching device without 
stray capacitance (Coss ), during phase-shift control, the 
switching frequency must always be slightly increased in order 
that the phase angle of output current never leads both the 
positive and negative front edges of the output voltage 
waveform; otherwise, the inverter circuit will be driven away 
from the condition of ZVS (NON-ZVS). For the practical 
switching device with Coss , the switching frequency must be 
increased slightly further when compared with the case of the 
aforementioned ideal switching device in order to still maintain 
the operating condition of ZVS by making a complete 
discharge from Coss before the next-coming turn-ON time of 
the same switching device. 

2) In the control range of the transition phase shift with ф < 
фmin, the charge transfer occurs in both one-branch and two-
branch switch capacitors, while in the control range of 
conventional phase shift with фmin ≤ ф , the charge transfer of 
two-switch capacitors occurs only in one branch of the switch 
capacitor. Although, the charge transfer process in these two 
regions of phase shift ф  is quite different, the continuous 
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characteristic curves of the four critical parameters between 
these two cases can still be obtained, as shown in the graphs. 

3) In the control range of conventional phase shift фmin ≤ ф, 
where charge transfer occurs only in one branch, each 
capacitor voltage changes between 0 and+Vd , and the output 
voltage changes between 0 and +Vd and also between 0 and 
−Vd , which results in the same rate of change of output 
voltage as that of the capacitor voltage. On the other side of 
the phase-shift control range, ф  ≤ ф min, which is the region 
of transition phase shift, where the two branch charge transfer 
occurs and the rate of change of the output voltage becomes 
twice that of the capacitor voltage. 

4) For the variable region of phase shift 0 ≤ ф, the beginning 
and ending points of the charge transfer for each pair of switch 
capacitors in the same branch will not be at the same time, but 
will depend on the time instant the turn-OFF signal is initiated. 
In this case, the turn-OFF signal of the second branch is 
initiated before the first branch; therefore, the charge transfer 
in the second branch will terminate before the first branch. 
Consequently, the switches in the first branch will be damaged 
in case the NON-ZVS operating  condition occurs in the circuit 
[see Fig. 2(a)–(d)]. Without phase-shift control (ф  = 0) or in 
case of a conventional square wave, the turn-ON and turn-OFF 
signals will be initiated at the same time instant; therefore, the 
beginning and ending points of charge transfer will be at the 
same time, and consequently, all the switches in both 
branches will be damaged due to NON-ZVS operation in the 
circuit. 

5) In the paper has been given theoretical layout of the 
device for induction heating of the metals. Practical results on 
realized device is in power of 60kW and melting 100kg copper. 

Also the device can be used for regenerate of used metals, 
and for melting the copper concentrate with quality bigger than 
60%. The results are procured on copper concentrate procured 
with extraction in the mine Bucim in Macedonia and Asarel in 
Bulgaria. With this metod we obtain copper with 99.9℅ Cu 
quality. 6) The results from this paper can be used for 
constraction on devices for induction heating with power from 
500kW.    
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ABSTRACT. The mining equipment of type 4K4016 at OKD, a.s., Ostrava is delivered by ČKD Praha. In the region of cyclic stressing 5.107 cycles it is necessary to 
repair the welding parts. The article brings the solution of design. 

 
ДЪЛГОТРАЙНОСТ НА ЗАВАРЕНИ ТРИЕЩИ СЕ ДИСКОВЕ ТИП 4К4016 ПРОИЗВЕДЕНИ В РЕПУБЛИКА ЧЕХИЯ 
Хайнек Пречек, Зденек Фолта, Зденек Йонста, Мирослав Твърди 
Технически университет, Острава, 708 33 Острава-Поруба, Република Чехия 
 
РЕЗЮМЕ. Минното оборудване тип 4K4016 работещо в Минно-обогатителен комплекс гр. Острава се доставя от машиностроително предприятие в гр. 
Прага с дълготрайност 5.107 работни цикъла, след което е необходимо да се възстановят заварките в детайла. В статията се предлага ново конструктивно 
решение, при което е повишена дълготрайността на детайла. 

 
1. Introduction 
   For the coal mining in OKD, a.s., Ostrava we use the hoisting 
machines (HM) of the type 4K5016 and 4K4016. We are 
always speaking about the main skip HM.  With regards to the 
mining intensification it is necessary to innovate the friction 
discs after the distinct time. 
 
 

2. Parameters of the 4K4016 
 
The friction disc       …            Ø 4 m 
The width of disc     …             1,6 m 
Number of 
lifting ropes             …             4 
Ropes                     …             Ø40  mm 
Lifting capacity       …             1185 kN 
Depth of mining      …             900 m 
Movement rate        …            16 m.s-1 

Loading                   …            210 kN     
 
 

3. The friction discs 

   Delivery and assembly is secured by ČKD PRAHA.  The 
delivered discs were always divided on two parts and on the 
site, after placing them on the shaft, they have been welded 
together. The drawing of the assembly of disc is designated 0 
HOR 512 61, the static calculation is designated 4HOR 2312 
P.  The base of the disc is the steel mantle from the plate of 
thickness t = 28 mm (the material ČSN 11425.1) of outer 
diameter 3740 mm. The side walls are doubled, t1 = 12 mm,    

t2 = 6 mm (internal). On both sides of discs are situated twice 
the brake coils of 280 mm width for the shoe swinging brakes. 
 
 

4.  Operation details 
 
Since the year 1970 are working in OKD, a.s.,  the following 
HM: 
Mine ČSM                                               2 
Mine ČSA       2 
Mine Staříč       1 
Mine Zbyšov u Brna                     1 
Mine Moštěnica (Poland)                         2 
 

   By these machines, after 5 x 107 loading cycles, microcracks 
and then macrocracks  were observed in weldments of either 
mantle or the side walls of discs.  
   There have been elaborated the matemathical computed 
methods by using the method of finite elements (FEM).  All 
these calculations were confoming the mining rule 12/82, 
including the public notice ČBÚ č. 415/2003 Sb.  But even after 
such repaires the micro and macrocracks reappeared.  The 
most extensive calculations and structure design changes 
have been carried out by the INCO engineering, s. r. o. It 
concerns the strength and fatigue life calculations of the friction 
disc and the main shaft, both for the original state and the state 
after the modification, i. e. for HM 3/1 and HM 3/2, air shaft No. 
3, OKD, a.s., Mine ČSA and Mine ČSM. For those HM also 
exist the professional evaluation of friction disc after the 
designed modification from the point of view of fatigue life at 
the dynamic loading (2/2001). Also in the document about the 
evaluation of the driving barrel of HM 4K4016 and the results 
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of tensometric measurements from the VÍTKOVICE, Institute of 
Applied Mechanics Brno, s.r.o., 6/2001. 
   The modified discs (the welded parts) displayed again the 
micro and macro-cracks after some 5 x 106 cycles. The new 
structure using the FEM method of calculation and the newest 
knowledge from the design of large shell units has limited the 
solution to the elimination of weldments in the divided plane, 
but the   holding is done by matching screws including the 
mock-up HYDROCAM SKF. 
   At the same time the shoe brake is replaced by disc brake 
with the hydraulic regulation of the individual brake aggregates 
including the reconstruction of the engineer desk. The hoisting 
machines are working at the coal mining completely 
automatically. 
 
 

5. Conclusion 
   The sequential innovation of friction discs and the 
replacement of shoe brakes by the disc brakes brings the 
possibility of further mining form the depth 1000 m and more at 
the time of existence of underground reserve of coal for further 
20 – 25 years. 
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ABSTRACT. Paper deals with life-cycle assessment of steel constructions in Czech Republic. We survey the flow between its particular stages (raw materials mining, 
processing, production of raw iron, production of raw steel, production of semi-finished products, production of steel constructions, consumption and disposal) and 

environment. Very detailed information was obtained about inputs and outputs. Better accuracy of information is gained by presentation methodology. Conversion and 
recalculation of data from production of raw steel and production of semi-finished products according specific standards are mentioned. Specific standards are 
deriving from structure prefabricated elements, which are used for production of steel constructions in monitored company. 
 

ОЦЕНКА НА ЖИЗНЕНИЯ ЦИКЪЛ НА СТОМАНЕНИ КОНСТРУКЦИИ В ЧЕШКАТА РЕПУБЛИКА 
Яна Кодимова 
Технически университет, Острава, 17. Септември 15, 70800 Острава-Поруба, jana.kodymova@vsb.cz 
 
РЕЗЮМЕ. В статията се прави оценка на жизнения цикъл на стоманени конструкции в Чешката Република. При направеното проучване е получена много 

детайлна информация на входа и изхода за връзките между отделните жизнени етапи (суровина, добив, преработка, производство на желязо, 
производство на сурова стомана, производство на полуготови продукти, производство на метални конструкции, потребление и пласмент) и околната среда. 
Представена е методологията чрез която се получава по-точна информация. Споменатите преобразувани и преизчислени данни относно продукцията на 
сурова стомана и производството на полуготови продукти са съгласувани със специфичните стандарти. Специфичните стандарти, произтичат от 

структурата на сглобяемите елементи, които се използват за производство на стоманени конструкции в наблюдаваните дружества. 

 

Introduction 

   If we want to make the good decisions, we must have 
good-quality information. For that reason Life-cycle of steel 
structures was created from most detailed information, and is 
also adhered to principle of maximum transparence of used 
information´ s correction and calculation. The Life-cycle of 
steel structures was created in conformity with European 
Union legislations (ISO 14 000), and all obligate stages of 
product’s life-cycle assessment were done (definition of the 
purpose and the immensity, inventory analyses, analyses of 
environmental impact and interpretation).  
 

Creation of life-cycle of steel structures 
   Life-cycle has the following stages: 

 iron ore mining and preparation, sinter and iron 
production, steel production, rolled stock 
production, steel structure production, steel 
structure servicing and repairing, steel structure 
disposal. 

   Life cycle was created from primary information, which had 
been given to author by main producers of iron and steel in 
Czech Republic, and from secondary information. Secondary 
information was taken from information databases of Czech 
Environmental Department (IRZ and EIA databases), 
information databases of Czech Trade and Industry 
Department (IPPC database) and information databases of 
European Union (BREFF documents). 
   Due to maintaining detailed information of creating life-
cycle was created all life-cycles of external products in the 
same way.  External products are products, which input to 

life-cycle of steel structures. There was created following 
simple life-cycles: 

 electric energy and thermal energy producing 

 crude oil mining, transport and processing  

 natural gas mining and transport 

 black and brown coal mining and preparation  

 uranium ore mining and preparation  

 coke and coke-oven gas producing 

 lime stone mining and lime producing 

 mediums (oxygen, nitrogen, argon, compressed air, 
producer gas, acetylene and demineralized water)  
producing  

 clay mining and ovenware producing 

 aggregates (ferroalloys, calcium carbide) producing 

 organic and inorganic materials producing 
   Descriptions of life cycle creating have detailed 
characterizing in author´s thesis. Main attention has been 
paid to life-cycle of fundamental materials (electric and 
thermal energy, crude oil, natural gas, black and brown coal). 
From information obtained by inventory analyze 2 inventory 
matrixes were created: 

 inventory matrix of environmental impacts 
participation of particular stages of production  

 inventory matrix of total environmental impacts of 
particular stages of production 

   In the first final matrix environmental impacts of particular 
stages of production were quantitatively appointed. In the 
second matrix there was made sum total of all impacts in 
particular stages, where impacts from all previous stages are 
included. Results of the secondary matrix could apply very 
good in technical practice, because they give the summary of 
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total impacts linked with producing in particular stages.  
There was created detailed graphic figure of life-cycle of steel 

structures too.  
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Fig. 1: Detailed figure of life-cycle of steel structures 

 
   In agreement with European legislative Life-cycle 
environmental impact analyses (LCIA) of steel structures 
were made. On the basis of the first matrix results have been 
assessing the following primary environmental impacts: 
mineral raw material and  water consumption 

 waste production 

 contributing to climate changes owing to radiation-
active gases emissions (so-called greenhouse 
effect) 

 contributing to origin of acid dry and wet 
atmospheric depositions (so-called acid rain) 

 contributing to water eutrophization 

 contributing to increases in environmental toxicity 
(air toxicity, which damage human health, and 
toxicity of water environment) 

   During the 1t steel structural production is used: 

 4,06 t mineral raw materials (black coal, brown 
coal, crude oil, matural gas, uranium ore, lime, 
clay, iron ore, other ores, other raw materials) 
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 70,790 t water and is produced 20,298 t waste 
water 

   During the 1t steel structural production is produced: 
6,935 t wastes (was valued 3 fundamental groups: inert, 
dangerous and other wastes) 

 3,806 t greenhouse gases (CO2, methane, 
hydrochlorofluorohydrocarbons), which was 
aggregated through the CO2- equivalent 

 9,596 kg gases, which are conducive to acid rains 
(nitrogen oxides, sulfur oxides and ammonia), 
which was aggregated through the SO2- equivalent 

 1,705 kg matter, which  are conducive to water 
eutrophization (total nitrogen and phosphorus,   
nitrogen oxides and nitrogen, which is bound to 
ammonia), which was aggregated through the 
PO4-3 - equivalent 

 19,296 kg matter, which  are conducive to air 
toxicity (arsenic, benzene, benzopyrene, ammonia, 
chlorine, chrome, cadmium, copper, nickel, lead, 
mercury, vanadium, zinc, gauze), which is bound to 
ammonia), which was aggregated through the Pb - 
equivalent 

 19,296 kg matter, which  are conducive to water 
toxicity (arsenic, chrome, cadmium, copper, nickel, 
lead, mercury, zinc), , which is bound to ammonia), 
which was aggregated through the PNEC- 
equivalent 

   During LCIA was detected that most of impact is the cause 
of energy production (electric and thermal energy). Those 
impacts were the cause of 2 processes:  

 outright producing (energy-intensive  consumption 
through particular stage producing)    

 energy-intensive products consumption 
   Producing pollution was produced by iron and steel 
productions (by steel production has been producing the 
most of air toxicity, and iron production has been producing 
the most of greenhouse gases and acidification). 
There was done data verification. The purpose of verification 
was done in order to control the information from producers 
(information, from which has been formed life-cycle of steel 
structures. The second level of verification was controlled by 
LCIA (results of LCIA were compared with comparable data 
from GEMIS database). 

Conclusion 
 
   There was done life-cycle of steel structures, which was 
done in Czech Republic, and its environmental impacts were 
considered. Within inventory analyzing from data of Czech 
iron and steel producer inventory matrix was formed. From 
inventory matrix quantification weighted environmental 
impacts were done (mineral raw material and  water 
consumption, waste production, contributing to climate 
changes owing to radiation-active gases emissions (so-called 
greenhouse effect), contributing to origin of acid dry and wet 
atmospheric depositions (so-called acid rain), contributing to 
water eutrophization, contributing to increases in 
environmental toxicity). By obtained and calculated data 
verification was created. 
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ABSTRACT. The paper presents technical solutions to correlate the function of KS-3M shearer with Rybnik 295/842 conveyer in order to observe Occupational 

Health and Safety requirements. 
These machines, alongside of CMA-5H powered support make up a powered face complex used to extract coal in panel 4/seam 3/block VI in Paroseni Mine. 
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РЕЗЮМЕ. Статията представя техническо решение относно съвместяването на функциите на универсална подкопна машина KS-3M и транспортьор 
Рибник 295/842, с цел спазване на изисквания за безопасност и здраве при работа. Тези машини заедно с механизирания крепеж CMA-5H съставляват 

забойната техника, използвана за изземване на въглищата в панел 4, пласт 3, блок VI в мина Паросени. 

 
1. INTRODUCTION 
 
   KS-3M shearer alongside of Rybnik 295/842 conveyer, 
together with CMA-5H powered support make up a powered 
face complex used to extract coal in panel 4/seam3/block VI in 
Paroseni Mine. 
   The shearer’s and conveyer’s technical characteristics, as 
designed by the producers were not correlated, considering 
that they are of different make and come from different 
countries. Nevertheless, the two machines show some 
compatibility: the shearer’s cutting capacity can be supported 
by the scraper conveyer; dimension wise, the shearer can be 
mounted on the conveyer, by suitable modifications, with no 
essential changes that might lead to diminishing their 
resistance characteristics; the conveyer’s robust structure 
resists to approximately 24 tons weight of the shearer;. 
   The main lack of correlation between the two lies in the fact 
that the conveyer is equipped with a for the guidance part, 
requiring a feed mechanism on the shearer with vertical driving 
gear (rack feed system), while the shearer is equipped with a 
calibrated chain feed mechanism, where the driving gear is 
horizontally mounted. 
   Moreover, at the driving and return ends of the conveyer the 
traction chain can not be fixed. 
   Therefore, the principal technical characteristics of the feed 
system had to be modified. The paper presents the technical 

solution of adapting the KS-3M shearer feed system to the 
295/842 Rybnik conveyer. 

 
2. ADAPTING SHEARER’S FEED SYSTEM TO SCRAPER 
CONVEYER RYBNIK 295/842 
 
   Adaptation of the shearer feed system to the scraper 
conveyer, according to Fig. 1 lies in: 

- design of captive guides, position 1 and 3. Guides are 
mounted on the shearer’s reduction, that is the feed 
mechanism, towards the powered support (mined out space). 
This involves substitution of existing sliding captive guides on 
the shearer. The recently adopted solution does not require 
modification of the rack on the conveyer, therefore the solution 
of the producer is not modified, it being the path for the roller of 
the guidance; 

- replacement of hydraulic cylinders (jacks) of the guidance 
skids from the face side with fixed elements, position 2, 
mounted on the reducer and position 4, mounted on the feed 
mechanism. The use of fixed elements removes the associated 
hydraulic circuit, the general hydraulic layout on the shearer is 
simplified, and the possibility of defaults is eliminated; 

- design of traction chain fastening elements, at the two ends 
of the conveyer, position 5 at the end of the return end and 
position 6 at the driving end. This is necessary, since the 
conveyer, designed for a rack feed system, has no such 
elements. 
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The overall design solution mounted on the shearer reducer 
towards the mined out space is given in Fig. 2. The main 
components of the guide are the roller support, the roller bolt, 

the guide, the roller with its associated elements for mounting 
and sealing the rolling bearing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The entire structure of the guide is mounted on the body of 
the principal reducer of the shearer by the roller, position 1, 
and fifteen M24x1000 screws and of Grower disks, positions 
14 and 15. The roller support is a welded structure allowing its 
fastening to the reducer by one hundred M24 screws vertically 
mounted from the downside of the shearer and five screws 
horizontally mounted from the lateral side of the reducer. The 
use of 15 screws for fastening the guide is explained by the 
fact that it is mounted in the area where the larger weight of the 

principal reducer is concentrated and of the drving reducers of 
the drums. 

The guide components are assembled with a Ø95 bolt, 
position 2, ensured by the disk, position 11, an M45x3 nut, 
position 12, and a blocking wire of the nut, position 13. Due to 
the mounting conditions of the bearing, position 6, and spacer 
collar, the outside of the bolt is in k7 field of tolerance. The bolt 
rests on a the guide roller by a F8/k7 adjustment, position 3, 

 
Fig.1. KS-3M feed system for Rybnik 295/842 conveyer 

 
Fig.2. Overall solution for roller guide mounted on the reducer 
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providing in the same time a captive guide, guiding the shearer 
on the conveyer. 

The roller, position 4, representing the essential element in 
the structure of the guide, is equipped in the inside, by its 
cover, position 5,  with a spacer, position 7, M12x30 screws 
and associated Grower disks, positions 9 and 10, oscillating 

ball series 22319, position 6, and sleeve B110140, providing 
the lubricating room of the ball.  

The overall design solution of the roller guide mounted on 
the feed mechanism of the shearer, towards the mined out 
space is shown in Fig. 3. 

 

 
 

The construction solution of the guide is identical to that of 
the roller guide mounted on the reducer, with two differences. 

The first is connected to its fastening to the feed mechanism 
which has an other configuration and requires an other support 
type for the roller, position 1.  

The support is fastened to the feed mechanism with ten M24 
x 100 screws.  

The second difference relates to the equipping of the guide 
with a click, position 16, mounted by a bolt, position 17, to the 
body of the guide, with safety role in the movement of the 
shearer.  

 
 
 

 

Skid components at the face side, mounted to the shearer 
reducer, are presented in Fig. 4.a. 

Modification of this movement system lied in replacing the 
two hydraulic cylinders (jacks) with two fixed linking plates, 
position 1, two types of spacers, positions 2 and 3, to make the 
structure rigid. 

The other components of the system were kept, that is the 
reducer support, position 6, skids, position 7, Ø50 and Ø70 
diameter bolts, positions 8 and 9, for which blocking wires were 
provided, positions 4 and 5. 

Fig. 4.b gives the overall solution for the skid mounted to the 
feed mechanism. 

 
 
 

 
 

Fig. 5.a shows the overall solution for the modifications 
made at the connection between the feed mechanism chain 
and the metal structure of the return station of the conveyer. 

The connection solution for the connection of the chain to 
TR-7A conveyer, position 1, verified in practice, is kept, but the 
linking plate was provided, position 2, mounted through two 
M36x200 screws, nuts and Grower disks, positions 3, 4 and 5, 
on the metal structure of the return station. 

The element supporting the chain and ensuring change of 
direction is coupled with the linking plate through Ø74 bolt, 
position 6, provided by a blocking wire, position 7. 

The overall solution of modifications made at the connection 
between the feed mechanism chain and the metal structure of 
the conveyer driving station is given in Fig. 5.b. 

 

 

 
Fig.4. Modifications in the structure of the skid at the front mounted on the reducer and the feed mechanism 

 
Fig.3. Overall solution for the roller guide mounted on the feed mechanism 
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3. VERIFICATION OF THE SLIDE SUPPORT, ROLLER 
SLIDE AND BOLT ASSEMBLY 
 

Feeding system elements were geometrically modeled by 
Solid Edge soft and analyzed by numerical method of finite 
element with COSMOS Design STAR soft, as it follows. 

Fig.6 shows discretization, fixing and loading the assembly 
made up of slide support, which is fixed on the body of the 
shearer’s reducer, roller slide and Φ 95 bolt, making the roller 
support and the positioning of the latter and of the slide to  
the support. 
 
 

 
 

 
 
Fig.6. Verification of the slide support, roller slide and Φ95 bolt 

 

 
 
Fig.5. Design solution to link feed mechanism chain to conveyer driving station and conveyer return station 
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The analysis was made for emergency, when the slide is 
blocked on the rack. 

In this modelling, the bolt is tightened, therefore it takes over 
the transmission forces from the slide to the support, having in 
the bearing area a maximum pressure of 572,1 MPa (Detail A), 
and in the area of bearing - support a maximum pressure of 
303,77 MPa (Detail B). These pressure values are not higher 
than resistances to tear. 
 
4. CONCLUSIONS 
 

The following conclusions resulted from the solutions 
developed to modify KS-3M shearer feed mechanism adapted 
to Rybnik 295/842 conveyer, used in Paroseni Mine face, 
panel 4, seam 3, block VI, slice 1, meeting occupational health 
and safety requirements: 

- the feed system applied did not modify the technological 
operating and deployment parameters of KŞ-3M shearer and 
Rybnik 295/842 conveyer; 

- the technical solutions meet health and safety 
requirements; 

- replacement of sliding captive guides at the mined out 
space, applied for TR-7A conveyer with roller captive guides 
reduced friction in the guides and improved the power 
coefficient of the shearer used to cut coal; 

- replacement of skid hydraulic jacks at the face side with 
fixed elements resulted in lower adjustment possibilities of the 
shearer position as to the conveyer, but it increased in the 
same time the reliability of the sliding skid movement system; 

- the use of three sliding skids instead of two, as in the 
former feed system, contact pressure value between the skid 
and the , and the wear and shearer traction force, respectively, 
reduced; 

- tension value in the component elements of the roller guide 
assembly of the KS-3M shearer feed system adapted to 
Rybnik 295/842 conveyer are no higher than tear resistance 
values. 

The following design improvements are suggested, 
analyzing the technical solution found: 

- roller without guide bed to remove double guidance on the 
rack (both by rollers and by captive guide); 

- to improve mounting conditions for the roller in guidance 
and support, instead of the two spacer collars, a roller wide 
sleeve should be used where a radial-axial ball should be 
mounted, with 23222 barrel rollers, of higher dynamic capacity 
than the present ones; 

- a centering bed should be implemented on the guide 
sleeve and a seating on the vertical plate to improve the 
positioning of the two elements and the way of force 
transmission from the roller guide to the support fixed to the 
shearer; 

- welding some teeth to the periphery of the feed guide roller 
to clean the rack 
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ЗА ХИДРОТРАНСПОРТ НА ОТПАДЪЧЕН ПУЛП ОТ ОБОГАТИТЕЛНИТЕ ФАБРИКИ  

 
Илия Йочев  

 
“Рудметал” АД , 4960 гр. Рудозем    

 
РЕЗЮМЕ. В доклада е изследван механизма на хидроабразивното износване. На база на известни аналитични и експериментални зависимости са 

определени факторите влияещи върху този вид износване. Извършени са експерименти в реални промишлени условия на системата за хидротранспорт на 
хвостохранилище „Рудозем – 2”. Разработен и внедрен е вариант за увеличаване на техническия ресурс на части от механизацията.                                                                  

 
ABOUT HYDROABRASIVE DETERIORATION OF ELEMENTS OF MECHANISATION OF SYSTEMS FOR HYDROTRANSPORT 
OF A WASTE OF CONCENTRATING FACTORIES 
Ilia Iochev 
“Rudmetal” AD, 4960  Rudozem, Bulgaria 
 
ABSTRACT. In the report the mechanism of hydroabrasive deterioration is surveyed. On base known analytical and experimental dependences, are defined factors 
which influence on hydroabrasive deterioration. Experiments and supervision in real industrial conditions on system for hydrotransport finding on storehouse for a 

waste of enrichment of minerals „Rudozem 2” are made. The variant for increase to a technical resource of the cores has been developed and introduced are 
frequent mechanisation. 

 

Увод 
 
   Хидротранспортът е процес, при който воден поток или 
поток на смес носи със себе си в тръбопровод продукти с 
малка едрина. В повечето случай транспортирането се 
извършва чрез нагнетяване на хомогенната смес.  Този 
вид транспорт намира широко приложение при транспорт 
на полезни изкопаеми (въглища, нефт, пясък, разтвори на 
соли и много други) от мястото на добиване към това на 
преработване или складиране на отпадъчни суспензии от 
обогатителните фабрики, сгуропепелни отпадъци от топло-
електрическите централи и др. Средата, която се пренася 
представлява смес от вода (или други течни среди) и   
диспергирани частици на минерални продукти или 
наситнени твърди или влакнести материали с органичен 
или неорганичен произход. 
 
   Реализирането на хидротранспортна схема е възможно и 
при големи разстояния – до над 400 km (Самарко 
Бразилия) и масова производителност 12 000 000 t/год. 
В минно–обогатителните предприятия транспортната    
дължина обикновено  е няколко десетки метра. 
 
   Този вид транспорт притежава следните основни 
предимства  пред останалите видове: 

 сравнително ниска себестойност на транспор-
тиране; 

 по-малки капитални разходи за построяване на 
системата; 

 възможност за постигане на пълна автомати-

зация и непрекъсваемост на процеса; 

 малък брой на  експлоатационния персонал; 

 липса на отрицателно въздействие върху 
околната среда поради невъзможност за раз-
сипване или разпрашаване на транспортираните 
продукти; 

 безшумност и висока  ефективност; 

 минимална заемана територия за изграждане. 
   Един от основните недостатъци на хидротранспорта е 
същественото износване на отделните елементи – помпи, 
тръбопроводи, тръбна арматура и др. Освен това 
съществува опасност от утаяване на пренасяните частици, 
което води до затлачване на тръбопровода. 
 
  Процесът на износване на хидротранспортната система е 
много интензивен когато се транспортират отпадъчни 
пулпове от обогатителните фабрики поради наличието на 
кварцови   частици, които притежават  висока абразивност. 
В подобни случаи се налага употребата на облицовки от 
гума, полиуретан или други еластомери или брони от 
твърди сплави или базалтови продукти. Тези материали 
предотвратяват в  значителна степен износването. 
 
   Подобни проблеми съществуват в процеса на флотация 
на полезни изкопаеми. Въпросът за намаляване на 
разходите за работни органи на обогатителните машини, 
както и за подмяна на елементи на системата за 
хидротранспорт на отпадъчните пулпове е постоянна  
задача пред минно-обогатителните дружества. Разходите 
за подмяна на износените части достигат до 50% от всички 
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експлоатационни разходи. Подобни данни са публикувани 
в различни източници (Смолдырев и Сафонов 1989) и др. 

 
 
Същност на процеса на хидроабразивно 
износване 
 
   Под износване в техниката се разбира  постепенното 
изменение на геометричните размери на детайлите в 
резултат на действието на силите на триене, което се 
съпътства с отделяне на материал от триещата се 
повърхнина и (или) с остатъчна деформация (Мърхов, 
1991). 
 
   За детайли работещи в среда на абразивна хидросмес, 
основната причина за достигане на гранично състояние е 
механичното и по-точно абразивното износване без 
забележимо влияние на другите видове износване. 
 
   Абразивното износване е такъв процес, който се 
предизвиква при взаимодействие на определен детайл и 
твърди абразивни частици, в резултат на което по 
повърхността на детайла се образуват  драскотини, резки 
и др. Обикновено частиците имат  минерален произход – 
скални късчета полезно изкопаемо и др. Възможно е обаче 
твърдите абразивни частици да се получат и чрез 
отделяне на микрообеми от твърди  наклепни частици от 
триещите се  детайли или да са продукти от различни 
оксиди, образувани при износването. От минералните 
абразивни частици най-голяма твърдост имат кварцовите и 
поради тази причина те предизвикват най-интензивно 
износване.  
 
   Разглеждайки процеса на взаимодействие на 
износващата се повърхност и твърдите частици, М. М. 
Тененбаум приема, че за елементите на хидро-
транспортната система е характерен механизъм на 
контакт, вследствие на което се появява хидроабразивно 
износване. При това интензивността на процеса силно се 
влияе от хидравличните характеристики на  течението, 
физико-механичните свойства на абразивните частици и 
износваната повърхност, както и от динамиката на тяхното 
взаимодействие (Тененбаум, 1976). 
 
   Хидроабразивното износване според интензивността на 
протичането бива общо и местно. Общото хидроабразивно 
износване се характеризира с относителна гладкост на 
износваната повърхност, докато местното се развива като 
микронеравности с последващото им преобразуване в 
отвори с немалки размери – 1 – 5 cm. Общото 
хидроабразивно износване, според  интензивността, е 
няколко пъти по-слабо от местното. 
 
   Разглеждайки механизма на хидроабразивното 
износване на детайли работещи в поток  с  абразивни 
частици, в най-общия случай  трябва да се отчетат 
проявата на следните видове „чисто” износване: 

 разрушаването на метала чрез срязване; 

 разрушаването в резултат на повторна пластична 
деформация; 

 разрушаването вследствие на умора на 
материала; 

 разрушаването в резултат на крехкост на 
материала. 

 
   Развитието на разрушаване в резултат на крехкост на 
материала се среща много рядко при хидроабразивното 
износване, понеже нормалната сила на взаимодействие на 
твърдите частици със стените на детайла е недостатъчна 
за поява на разрушаваща деформация превишаваща 
границата на провлачване на материала ( а не на отделни 
микроструктори). 
 
Обикновено не се развива и разрушаването в резултат на 
умора на материала поради високата интензивност на 
протичане на другите видове износване. По този начин 
следва да се отчитат  основно два вида  разрушаване – 
чрез микростружки и чрез отделяне на отделни 
микроструктори в резултат на първична или повторна 
пластична деформация. В най-общия случай двата 
основни  вида  износване протичат едновременно. 
 
   Интензивността на развитието на процеса на 
хидроабразивно износване се определя от масата и 
скоростта на абразивните частици, а също и от ъгъла под 
който те атакуват износваната повърхност.  
 
   Върху интензивността на процеса влияят също така 
износоустойчивостта на материала на износваната 
повърхност и абразивността на твърдите частици. 
Аналитичното определяне на стойностите на тези два  
фактора понастоящем е трудно. Съществуват 
зависимости, които дават само качествени резултати, но 
не и количествени. Ето защо определянето на стойностите 
на тези параметри се извършва по експериментален път. 
Подобни данни са публикувани в Гочиташвили и др. (1984). 
Също в този източник е изложена формула, чрез която се 
определя интензивността на износването на повърхността, 
т.е. загубата на маса на метал от единица износвана 
повърхност за единица време, предизвиквана от n-брой 
частици: 
 

 

   smkgff

dSSvTT

./,sinsin22sin.

.1

22

2

2

1

3








  (1)             

 

където T е плътността на твърдата фаза, kg/m3; 

             Tv - скоростта на твърдите частици в момента на  

                    удара им с износваната повърхност, m/s; 
              S - обемната концентрация на пулпа; 
              d- диаметърът  на твърдите частиците,m; 
               f1 и f2 –  коефициентите отчитащи якостните  
                   качества  на износвания материал и  
                   абразивните свойства на частиците,s2/m3 ; 
                - ъгълът между вектора на скоростта на  

                    твърдата частица и износваната повърхност, 0; 
                 - коефициентът на триене при пързаляне  

                       между абразива и износваната повърхност. 
 
   Във формула (1) стойностите на коефициентите f1 = f01/4 
и f2 = fД01/2 се определят опитно на струйно-ударна 
установка. Тези коефициенти са постоянни за определена 
взаимодействаща  двойка (абразив и повърхнина) със 
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съответни физикомеханични свойства. 
 
   Достоверността на зависимост (1) е проверена 
експериментално като разликата в експерименталните и 
аналитичните  резултати е в границите между 2 и 14%. На  
фиг. 1 и 2 са изобразени експерименталните зависимости 
публикувани в Гочиташвили и др. (1984).  
 
    Хидроабразивната износваща способност на твърдите 
частици е възприето да се представя чрез т.нар. 
коефициент на относителна хидроабразивност. Този 
показател значително се променя в зависимост от  ъгъла, 
под който се атакува дадена повърхност. Затова при  
определяне на стойностите на относителната хидроабра-
зивност за различни материали е необходимо да се 
съблюдава равенство на ъглите образувани от 
направлението  на движение на потока от хидросмес и 
повърхността, която се износва. 
 
 
 
  
 

 
 
Фиг. 1. Зависимости на абразивните способности на частиците от 
тяхната едрина. Крива 1- износван материал Ст3, абразив кварцов 
пясък, Vt=6.5m/s, S=0.06, α=120.Крива 2 - износван материал 40Х, 
абразив кварцов пясък, Vt=6.5m/s, S=0.06, α=900 

 
 
Фиг. 2. Зависимости на интензивността на   хидроабразивното 

износване от скоростта (крива 1), ъгъла на атака на частиците (крива 
2), едрината на частиците (крива 3) и концент-рацията на сместа  
(крива  4) 
 
В табл. 1 са дадени стойностите на коефициента на 
относителна хидроабразивност (публикувани в Гочиташви-
ли 1980) за различни строителни и отпадъчни материали, 
транспортирани по тръбопроводи. Стойностите са 
усреднени за десетки обоготителни фабрики, ТЕЦ-ове, 
минно-обогатителни комбинати, кариери за инертни 
материали и др. 
 
Таблица 1.Коефициенти  на относителна 
хидроабразивност на различни абразивни    материали К 

№ 
по 
ред 

 
Вид на  абразивния материал 

коефици-
ент. 
      К 

1 Пясък за изпитване на цименти - еталон 1.00 

2 Речен пясък 0-5mm 2.05 

3 Чакъл 5-20mm 3,90 

4 Ситен пясък 0.8mm 2,50 
5 Натрошена шлака течна 1.20 

6 Натрошена шлака твърда 0.50 

7 Пепел 0.40 

8 Шлакопепел 20% течна шлака + 80% 
пепел 

0.80 

9 Шлакопепел 20% твърда шлака + 80% 
пепел 

0.50 

10 Отпадък от обогатителна фабрика за 
въглища 

0.40-0.90 

11 Отпадък от обогатителна фабрика за 
руда 

0.15-1.40 

 

f01.10-10, 
s2/m3 

 

fД01.10-10, 
s2/m3 

 

Δ.10-5, 
mg/m2.s 
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   Коефициентът на износоустойчивост е параметър,  
характеризиращ способността на материала, от който е 
изработена износващата повърхност да се противопоставя 
на въздействието на абразивните частици, движещи  се в 
течна среда. Колкото е по-висока стойността на този 
коефициент, толкова е по - устойчив определен материал. 
Данни за коефициента на износоустойчивост на различни 
конструкционни материали са публикувани в Гочиташвили 
(1980) и представени в табл. 2. При избор на материал за 
детайли подложени на хидроабразивно износване е 
необходимо да бъдат подбрани такива с възможно най-
висок коефициент.  
 
   Върху хидроабразивното износване оказва влияние и 
дължината, на която се транспортира материала. В 
процеса на движението на пулпа  (плъзгане и търкаляне) 
се изменят формата и едрината на частиците. Това 
определя значителното намаляване на абразивната  
способност с увеличаване на транспортното разстояние. 
Така например, при увеличаване на транспортната 
дължина от 0 до 20 km относителната хидроабразивност 
на частиците (за кварцов пясък, какъвто е основния 
отпадък от обогатителните фабрики) намалява с около 
40%. При отпадък от каменни въглища този показател  
намалява с около 80%, а при натрошен варовик – с около 
60%. Подобни данни са публикувани в Гочиташвили (1980), 
като изследванията са извършени в среда от химически 
неутрална вода. 
 
   Важен фактор,  определящ  относителната абразивност 
на частиците е  тяхната плътност. Този фактор се увелича- 
ва с увеличаване на плътността им. 
 
Таблица 2. Коефициенти на износоустойчивост на 
различни конструкционни материали Ки 

№ 
по 
ред 

 
Вид на материала 

коефици-
ент. 
      Ки 

1 Ст 3 еталон 1 

2 Ст 5  1.10-1.15 
3 Стомана 20 1.00-1.10 

4 Стомана 40 1.30 

5 Стомана 40Х 1.35 

6 Стомана 25Г2 1.35 

7 Стомана 3Х13 1,13 

8 Стомана 30ХГСА 1.50 

9 Стомана 55Л 1.08 

10 Сив чугун Сч 28-48 0.50 

11 Хроммолибденов чугун ИЧХ16МТ 3.30 

12 Технически порцелан 6.50 
13 Базалт  6.50 

14 Меден шлак 10.00 

15 Шперплат  1.00 

16 Термоустойчиво стъкло 10.00 

17 Полиуретан 3.00-8.00 

18 Гума 3.00-6.00 

19 Стъкловлакно 2.90 

  
 

Намаляване на степента на хидроабразивно 
износване за конкретен обект 
 
Общо описание на  обекта 
   Както беше споменато, на механизма на хидроабразивно 
износване оказват комплексно влияние множество 
фактори, определени от конкретните условия на работа. 
Изследването на този механизъм в лабораторни условия 
води до приблизително верни резултати и  е трудно 
приложими за даден обект. Ето защо е подходящо 
проблемите свързани с хидроабразивно износване на 
елементи за хидротранспорт да се решават в  промишлени 
условия за всеки конкретен случай. 
 
   На фиг. 3 е изобразена системата  за хидротранспорт на 
отпадъчен пулп на хвостохранилище „Рудозем – 2”. 
Отпадъкът от  обогатителния продукт достига гравитачно 
по бетонов канал да аванкамерата 1 с обем 2500m3.  
Посредством два помпени агрегата (работен и резервен) 
всеки един включващ два броя едностъпални центробежни 
бронирани помпи работещи в последователна схема. 
Помпите са с производителност 1250m3/h. Помпените 
агрегати осъществяват сумарен напор (геодезичен плюс 
съпротивлението на тръбопровода) 92m. Честотата на 
въртене на помпите от втора степен се регулират 
посредством турбосъединител. Бронираните шибърни 
кранове 3 служат за превключване на работния и 
резервния агрегат, както и за секциониране на работния 4 
(базалтиран) и резервния 5 (стоманен) напорен 
тръбопровод. По-нататък пулпът постъпва в изливната 
шахта 6, откъдето посредством бетонов канал се  отвежда 
до стената на хвостохранилището. 
 
   Основен проблем при експлоатацията на помпите  е  
високата степен на хидроабразивно износване на 
следните елементи (фиг. 4): 

 плоча предна; 

 плоча задна; 

 компенсатор входен и изходен. 
   На силно износване са подложени и бронираните 
шибърни кранове – фиг. 5 . 
 
   Броните на помпите първоначално са произведени от 
полиуретан, а шибърите са изработени от стомана с 
твърдосплавно покритие. 
 
   Високата степен на износване на споменатите елементи 
води до честата им подмяна, която е свързана със 
значителни разходи. 
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Фиг. 3. Схема  за  хидротранспорт  на  отпадъчен  пулп  на 
хвостохранилище  „Рудозем-2”:  1- аванкамера, 2- бронирани помпи, 
3- бронирани шибъри, 4 – работен базалтиран напорен тръбопровод, 
5- резервен стоманен напорен тръбопровод, 6 – изливна шахта.  

    
Фиг. 4. Бронирана центробежна едностъпална помпа: 1- плоча 

предна,  2- плоча задна, 3 – компенсатор входен (изходен), 4 – колело 
работно. 

 
 

 
 
Фиг. 5. Добре изразено хидроабразивно износване на бронирани 
тяло  (горе)  и плоча предна (долу) на центробежна  едностъпална 
помпа. 

 

 
Изследване на възможностите за намаляване на  
интензивността на хидроабразивното износване на 
основните  елементи на помпите от системата за 
хидротранспорт на хвостохранилище „Рудозем 2” 
 
   Във връзка с изложените по-горе  аналитични и 
графични зависимости за интензивността на  
хидроабразивното износване е извършен анализ и са 
направени следните изводи за възможностите за влияние 
върху основните фактори  определящи   процеса (1): 

 плътността на твърдата фаза – остава 
относително постоянна за определен 
технологичен режим; 

 скоростта на твърдите частици – върху този 
фактор не може да се оказва влияние в момент 
на експлоатация на съоръжението и при 
определен дебит на отпадъчния пулп; 

 обемната концентрация на пулпа – върху този 
фактор също не съществува възможност за 
въздействие; 

 диаметърът на твърдите частици – определя се от 
технологията на  обогатителния процес; 

 ъгълът на вектора на скоростта на частиците и 
атакуваната повърхност – определя се от теченията 
и вихрите в съоръженията. Няма  възможност за 
въздействие; 

 коефициентът на триене при плъзгане – не може да 
се изменя; 

 якостните качества на материала на износващите се 
повърхности – върху този параметър може да се 
влияе, като се променя  вида на материала или 
качествата му. 

 
   За намаляване на износването е решение за изработване  
на брони за  помпите,  както и  разработване на нов шибър с 
брони от гума. За вземането на това решение спомага  
обстоятелството, че в непосредствена близост до 
хвостохранилище „Рудозем 2” се намира завод за каучукови 
смеси и изделия – „Хевея КИМ” гр. Мадан. Така с помощта на 
специалисти от този завод са разработени два вида каучук 
(условно наречени К1 и К2) с различен химичен състав. 
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Изработени са матрици за най – износващите се части на 
помпите, както и е изработен шибър с бронирани износващи 
се части. Всички брони са изработени от двата вида  каучукови 
смеси. В продължение на три години тези брони, както и 
оригиналните такива са подложени на изпитания в 
производствени условия. Броните от даден вид каучук се 
залагат на един помпен агрегат, като за елиминиране на 
каквито и да е различия в условията на  експлоатация, през 
шест месеца броните от даден вид каучук сменят мястото си 
на монтаж върху съответния помпен агрегат. Работните 
часове стриктно се отчитат от апаратурата за управление на 
помпената станция. 
 
Резултати от експериментите 
   В табл. 3 са  обобщени резултатите от изследванията като 
са посочени и отработените часове  за основните елементи на 
помпите преди внедряване на гумените брони. 
 
Таблица 3. Резултати от експериментите при внедряване 
на гумирани работни органи на помпите 

 
№ 
 по  
ред 

 
 

Наименование 
на детайла 

Отработени часове до 
подмяна,h 

О
ри

ги
на

лн
а 

бр
он

я 

Ка
уч

ук
ов

а 
бр

он
я 

К1
 

Ка
уч

ук
ов

а 
бр

он
я 

К2
 

1 Плоча предна  1005 1000 1800 

2 Плоча задна 1835 1900 2100 

3 Компенсатор 1920 2000 2520 

 
   От направените експерименти следват изводите: 

 експлоатационният срок на оригиналните брони 
изработени от полиуретан е незадоволително 
кратък, имайки предвид тяхната цена; 

 броните изработени от експериментална каучукова 
смес К1 имат сходен с оригиналните 
експлоатационен срок, но цената им е около пет 
пъти по - ниска; 

 броните изработени от експериментална каучукова 
смес К2 имат значително по-дълъг експлоатационен 
срок от оригиналните при цена около четири пъти по 
– ниска; 

 рационално е решението  за окончателно 
преминаване към изработване на брони от 
каучукова смес К2, чийто химичен състав е показан в 
табл. 4. Изработването на броните и необходимата 
за това инструментална екипировка става изцяло в 

 ремонтно–механичния цех на дружеството 
собственик на хвостохранилище „Рудозем 2” 

 
   Необходимо е да се подчертае, че с внедряването на 
каучуковите брони е постигнат значителен икономически 
ефект. 
 
Основната разлика между химичния състав на възприетата 
каучукова смес спрямо други такива е високото съдържание на 
естествен каучук, който придава значителна еластичност и 
абразивоустойчивост на изделията. 
 
Препоръчана за публикуване  
от катедра „Механизация на мините”, МЕМФ 

Таблица 4. Химичен състав на каучукова смес К2 

№  
по   
ред 

Вид на съставките Тегловнa 

част, kg 

1 Естествен каучук 105.000 

2 Сажди полски активни 47.000 

3 Цинквайс 5.200 

4 Стеарин 1.570 

5 Пиролен 3.200 

6 Асфалт 1.500 

7 Мазут 4.000 

8 Неозон „Д” 1.260 

9 Вулкацит "Ц" 0.840 

10 Дифенилгуаницин „ДФГ" 0.210 

11 Сяра 2.300 

12 ПВИ 0.430 

13 Твърдост по Шор  65-70 

 
 

Изводи 
   Всеки един конкретен случай на хидроабразивно износване 
се характеризира с комплексно влияние на множество 
фактори и е необходимо да се изследва отделно. 
 
 За дадено място, възможностите за въздействие върху 
механизма и степента на хидроабразивното износване са 
минимални. Един от възможните варианти е използването на 
материали с висока устойчивост на износване. 
 
   Използването на гумирани работни органи на елементите  от 
хидротранспортните системи  е приложимо в ремонтните 
цехове на обогатителните дружества, като по този начин е 
възможно постигане на висок икономически ефект определен 
от ниската цена на резервните части, по дългите 
експлоатационен  и  междуремонтен срок. 
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