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SUMMARY  

 

Pleshkunov S. A. Methodology of accelerated testing of reinforced surfaces 

to increase the resource of the aircraft fuel system pump. - Qualifying science 

paper on the rights of the manuscript. 

Thesis submitted for obtaining the Doctor of Philosophy Degree in specialty 

272 - Aviation transport. – Ivan Kozhedub Kharkiv National Air Force University, 

Kharkiv, 2024. 

Actuality of theme. 

In the work, based on the analysis of literary sources, it was established that 

the objects of air transport (AT) are subject to increased requirements for the 

reliability of elements and systems and the reliability of their operation. This, in 

turn, requires a detailed study of these indicators for individual systems, elements, 

parts nodes. These requirements are related to ensuring the serviceability of aircraft 

(aircraft), which is one of the factors that ensure flight safety. One of the 

responsible systems is the fuel system. Analysis of data on the failure of individual 

elements of this system showed that the fuel pump is one of the weakest elements 

in terms of reliability. In this connection, there is a task to ensure the necessary 

failure-free operation of the fuel pump, which in turn should be at least not lower 

than the failure-free (reliability) of other system elements. On the other hand, there 

is currently a redistribution of the time period for the development of a technical 

system and its intended use. This is due to the rapid change of generations of 

technology, the introduction of new technologies. Therefore, there is a task of 

developing such methods of making engineering, technical, technological and 

constructive decisions that reduce the overall development time, especially testing. 

Therefore, a complex task is solved in the dissertation research, which is devoted 

to an accelerated method of testing the surface strengthening of fuel pump parts, 

which ensures both an increase in the reliability of the fuel pump and a reduction 

of time at the conceptual stage of the development of new objects of aviation 
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equipment and during their modernization. Gears are the most common among 

aviation units of modern aircraft, and therefore their failure-free operation and long 

service life is a determining factor in the reliability of aircraft units. And the 

friction conditions of gears determine the need for them to have a high ability to 

resist contact fatigue failure. 

The analysis of the processes of fatigue contact fracture during friction 

showed that the structural-energy theory can be adopted as a universal basis for 

describing the change in the state of the surface layer, in which the critical state of 

the material is associated with the achievement of the internal energy density of the 

system of the value of the fracture activation energy, in which the dissipative 

system passes to the bifurcation point, and the fracture activation energy can be 

considered as a practical characteristic of the strength of the material. 

The analysis of the energy dissipation mechanisms of the surface layer in the 

process of fatigue failure showed that such a tribosystem (TS) works as a 

synergistic open thermodynamic system that is far from the equilibrium state, and 

its fundamental property is the ability to self-regulate, self-organize, homeostasis 

and adapt to external conditions. When rubbed, the surface layer shows the 

property of adaptability to external conditions through continuous active 

adaptation due to internal restructuring to constantly changing external factors. 

The performed analysis of the methods of ion-plasma modification of the 

surface layer as a factor of increasing the resource performance of parts of the PS 

operating under conditions of high contact loads allows us to predict that this 

method can have significant advantages over traditional cementation. But so far 

this method of strengthening cannot find wide application in aviation due to the 

lack of a sufficient number of theoretical and experimental studies, as well as 

accompanying complex comparative metallophysical studies. 

An analysis of the structural energy balance of the energy of the surface 

layers under the conditions of contact interaction was carried out, which made it 

possible to determine the criterion of fatigue strength of materials: the specific 

energy of destruction in one load cycle. Based on this, the conditions for 
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conducting accelerated tests on contact fatigue strength using the acoustic emission 

(AE) method were formulated: pulse loading to maximum values with registration 

of the number of cycles before the onset of fatigue damage. On the basis of this, a 

method of accelerated tests was developed to determine the indicators of fatigue 

strength of the surface layers of structural materials (CM), which significantly 

reduces the time of experimental evaluation when conducting comparative tests of 

different structural materials or comparing different types of their modification 

(strengthening). The method of recording the AE signal has been experimentally 

determined as a convenient and accurate tool for quantitative assessment of the 

fatigue damage parameter nkr. 

It is theoretically established that the main factor affecting the fatigue 

contact strength of the material is the energy dissipation coefficient, which is 

constant for each of the materials. 

The kinetics of the development of damage of the surface layer on the graph 

of the regularity of the change in the degree of damage according to the AE 

parameter consists of linear and non-linear areas of accumulation of damage. The 

starting point of fatigue wear (the transition to the non-linear region) on this graph 

can be estimated as the mathematical expectation of damage M(z) – for 

comparison of materials or methods of strengthening. The assessment of the 

resource indicators of the material is carried out by the number of ncr cycles before 

the onset of fatigue failure (transition from a linear section on the graph to a non-

linear one). 

It has been experimentally established that the provisions formulated in 

theoretical studies are completely valid. Analysis of the results of accelerated tests 

and subsequent metallophysical studies of the samples confirmed the validity of 

the approaches to conducting such tests. 

The AE method proved the high efficiency of registration of the moment of 

transition of tribosystems from normal mechanochemical wear to initial fatigue 

failure. At a specific contact load of σ=1 140 MPa, the number of cycles before the 

appearance of initial centers of fatigue cracking on the studied samples after 
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fatigue strength tests are: strengthened by nitriding AVINIT N – 97 875 cycles; 

strengthened by gas cementation – 53 812 cycles. 

The proposed method of accelerated tests to determine indicators of fatigue 

damage of structural materials significantly reduces the time of comparative 

evaluation. It can be used in the development of new structural materials or 

methods of strengthening them. 

The results of long-term tests on the basis of 106 cycles confirmed the 

conclusions made after comparative tests using the developed methodology of 

accelerated tests for determining the indicators of fatigue damage. The integral 

multi-cycle resistance to fatigue wear of samples strengthened by nitriding (ion-

plasma nitriding AVINIT N with a layer depth of 0.25 mm) is 10 times higher than 

that of samples strengthened by cementation (with a layer depth of 1.2 mm). 

On the basis of these studies, in the future, it is possible to introduce and use 

ion-plasma nitriding technologies instead of cementation in order to increase the 

contact strength of the surfaces of parts, taking into account the advantages of 

nitriding, such as the preservation of dimensions and high purity of surface 

treatment, as a result of which there is no need for their mechanical finishing after 

strengthening. 

Having confirmed the advantage of ion-plasma nitriding over traditional 

cementation, these experiments confirmed the validity of the developed 

methodology for accelerated evaluation of indicators of fatigue damage of CM. 

Tests for wear resistance (in conditions of low-cycle wear) of the studied 

tribosystems showed that fatigue multi-cycle wear (pitting) was not detected 

during 8 hours of testing on all the studied friction pairs according to AE 

indicators. This is due to the correct selection of the level of contact loads 

(σmax500 MPa) for materials that have high anti-pitting properties (cementation 

and nitriding). 

The coefficients of friction of the samples strengthened by the AVINIT N 

technology are significantly 30 % lower than the samples strengthened by 

cementation. The wear resistance of the samples strengthened by the AVINIT N 
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technology during low-cycle wear significantly exceeds the wear resistance of the 

cemented samples (by 6 times). 

In-depth fractographic, microstructural and phase studies of the features of 

the surface layer of steel samples strengthened by conventional cementation and 

ion-plasma nitriding AVINIT N revealed the reasons for the significant advantage 

of ion-plasma nitriding over cementation in terms of fatigue strength. 

Microstructural studies determined that the microstructure of the nitrided 

layer has the appearance characteristic of nitrogen-tempered martensite with thin 

excess nitrides. At the same time, an increase in the lattice period to 0.290 nm is 

observed, which is associated with the formation of a solid nitrogen solution in the 

ferrite lattice. The presence of the γ Fe4N phase has an fcc lattice, which ensures 

the microplastic characteristics of this coating. This directly provides an increase in 

fatigue strength during ion-plasma nitriding. Thus, the main phase formed in the 

surface layer of 20X3MVF steel under the selected nitriding conditions is the γ 

Fe4N phase, with a thickness of no more than 5 μm. 

The obtained microhardness results indicate that the effective depth of the 

strengthened layer, which corresponds to a microhardness of 500 HV, is close in 

value to the size of the layer, which was established by the mirostructural method 

and for the nitrided layer is 0.155 mm, and for cemented samples 1.25...1, 30 mm, 

which is an order of magnitude higher. This conclusion provides an understanding 

of why, with a smaller thickness of the strengthened layer, nitriding provides a 

better indicator of fatigue strength compared to cementation. Such conclusions 

provide a well-founded basis for the introduction of such a promising 

strengthening technology to increase the wear resistance of highly loaded parts of 

aircraft and other machinery units that operate under conditions of rolling friction 

with sliding. 

Scientific novelty of the results obtained. The provisions that characterize 

the scientific novelty of the dissertation work. 
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1. The method of assessing the fatigue strength of the materials of the fuel 

system pump of an aircraft during the contact interaction of an aircraft received 

further development, in which, unlike the known ones, an energy criterion is used, 

and the specific energy of surface destruction in one load cycle Epit is determined 

as an indicator as a criterion, which allows to improve the quality of assessment of 

contact fatigue strength. 

2. An approach to experimental studies of structural materials for contact 

fatigue strength by conducting tests with an impulse load, the value of which was 

determined as 0.95 of the breaking load, was developed, which significantly 

reduces the time of expert evaluation when conducting comparative tests of 

different structural materials or comparing different types of their modification. 

3. The structural-energetic method of evaluating the contact fatigue strength 

of materials received further development, in which, in contrast to known methods, 

a quantitative assessment of the dissipation energy of structural materials after 

impulse loading was carried out using acoustic emission radiation indicators. 

4. The concept of the connection of the characteristic microstructure of the 

surface after nitriding with high indicators of its fatigue strength with a smaller 

thickness of the strengthened layer in comparison with traditional cementation 

received further development. 

 

The practical value of the obtained results is confirmed by their use 

(Appendix B). 

The obtained new scientific results made it possible to practically shorten the 

testing period of variant designs of various methods of strengthening surfaces 

during friction at the conceptual stage of development of mechanical engineering 

objects, namely units that include gear transmissions, namely gear pumps of the 

aircraft fuel system. 

The direct application of the determined best method of strengthening 

surfaces allows to increase the resource of such aggregates, which in general 

increases the reliability of the systems of which they are a part. This is a critical 
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component in the system of measures to ensure flight safety at the stage of making 

engineering, technical and technological decisions, both in the modernization of 

existing and in the development of promising models of engineering objects in 

general and AS (aircraft) in particular. 

In addition, the method of accelerated tests and the proposed energy 

criterion of contact fatigue strength are practically important for choosing the 

technology of strengthening the surface layer. These practical results of 

dissertation research were implemented in the production of JSC <FED= during 

comparative tests on the contact fatigue strength of samples strengthened by 

cementation and plasma nitriding, as evidenced by the Act of Implementation and 

the Scientific and Technical Report with the participation of the author. 

Keywords: aircraft, resource, flight safety, reliability, aircraft engine, 

aircraft units and systems, fatigue strength, surface strengthening, surface 
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1.1.2 �=0;V7 <5E0=V7<V2 48A8?0FVW 5=5@3VW ?>25@E=52>3> H0@C 2 ?@>F5AV 
CB><=>3> @C9=C20==O 

 

�8A8?0FVO <5E0=VG=>W 5=5@3VW ?@8 B5@BV 7C<>2;Nє ?>O2C 2 7>=V :>=B0:BC 
@O4C 5D5:BV2, I> <0NBL @V7=C ?@8@>4C V ABC?V=L V=B5=A82=>ABV. �=0A;V4>: 
FL>3> 2C7>; B5@BO <>65 @>73;O40B8AO O: 35=5@0B>@ 2;0A=8E V ?>3;8=0G 
7>2=VH=VE B5?;>28E, 0:CAB8G=8E, EV<VG=8E, A>@1FV9=8E, 48DC7V9=8E, 2B><=8E V 
V=H8E ?@>F5AV2. 

%E5<0 @C9=C20==O ?>25@E=52>3> H0@C <>65 1CB8 >?8A0=0 B0:>N 
?>A;V4>2=VABN: <<5E0=VG=0 4VO → 45AB@C:FV9=V ?@>F5A8 → 52>;NFV9=V 
(0:><>40FV9=V) ?@>F5A8 → 4>AO3=5==O 3@0=8G=>3> AB0=C → CB2>@5==O 
G0AB8=>: 7=>AC=. ' 7030;L=><C 28?04:C 48A8?0FVO <5E0=VG=>W 5=5@3VW ?@8 B5@BV 
2V41C20єBLAO 70 :V;L:><0 =0?@O<:0<8, A?@>I5=0 AE5<0 O:8E ?@54AB02;5=0 2 
@>1>BV [75].  

!0 :>6=><C 7 5B0?V2 @>1>B8 &% 2V41C20єBLAO ?5@5@>7?>4V; 5=5@3VW V, 
73V4=> 7 ?@8=F8?0<8 =5@V2=>206=>W B5@<>48=0<V:8 [76, 77], >4=V 48A8?0B82=V 
<5E0=V7<8 AB0NBL ?5@52060NG8<8, V=HV, =02?0:8, :V=5B8G=> 7030;L<>2CNBLAO. 
"A=>2=>N ?@>1;5<>N, O:0 4>AV 70;8H0єBLAO =528@VH5=>N, є :V;L:VA=0 >FV=:0 
25;8G8=8 2=CB@VH=L>W 5=5@3VW =0 :>6=><C 7 <0AHB01=8E @V2=V2 ?>25@E=52>3> 
H0@C. *O 25;8G8=0 ACBBє2> 70;568BL 2V4 A?>A>1C B0 B5E=>;>3VW <>48DV:C20==O 
?>25@E>=L [78-80].  

' FV;><C B>G=5 CO2;5==O ?@> ?>25@E=5289 H0@, I> 45D>@<CєBLAO 
B5@BO<, <>6=0 >B@8<0B8, @>73;O40NG8 9>3> O: A8=5@35B8G=C A8AB5<C. �> 
B0:8E A8AB5< 2V4=>AOBLAO 2V4:@8BV B5@<>48=0<VG=V A8AB5<8, I> 7=0E>4OBLAO 
40;5:> 2V4 @V2=>206=>3> AB0=C. �E DC=40<5=B0;L=>N 2;0AB82VABN є 740B=VABL 
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4> A0<>@53C;N20==O, A0<>>@30=V70FVW, 3><5>AB07C B0 040?B0FVW 4> 7>2=VH=VE 
C<>2 [64, 65, 67, 68]. 

%0<>@53C;N20==O 70A=>20=5 =0 ?@8=F8?V <V=V<C<C 28@>1=8FB20 
5=B@>?VW �;5=A4>@D0-#@83>68=0 V A?@O<>20=5 =0 >?B8<V70FVN AB0=C A8AB5<8 2 
5=5@35B8G=><C D07>2><C ?@>AB>@V 70 @0EC=>: ?@V>@8B5B=>W 0:B820FVW 
<0;>5=5@3>є<=8E 48A8?0B82=8E <5E0=V7<V2, B0:8E, O: <V:@>?;0AB8G=0 
45D>@<0FVO. *5 4>72>;Oє A8AB5<V <0:A8<0;L=> 715@V30B8 ABV9:VABL ?@8 
?>B@0?;O==V 4> =5W 25;8:8E ?>B>:V2 5=5@3VW =0 ?>G0B:>2><C 5B0?V @>1>B8 &% 
(?@8 WW ?>G0B:>2><C =020=B065==V). *59 ?@8=F8? @0=68@Cє 48A8?0B82=V 
<5E0=V7<8 V AB2>@Nє ?>A;V4>2=> 7@>AB0NGC 2 ?@>AB>@>28E V G0A>28E <0AHB010E 
Vє@0@EVN 48A8?0B82=8E A8AB5<, O:0 287=0G0є WE=N 52>;NFVN 2 ?>25@E=528E 
H0@0E ?@8 B5@BV [81, 82].  

*5 ?@>O2;OєBLAO C 2V4><><C D0:BV, I> >A=>2=0 G0AB:0 48A8?0FVW 5=5@3VW 
?@8?040є =0 =03@V20==O (80...90 %), 0 =5 =0 ?>3;8=0==O 5=5@3VW <0B5@V0;>< (4> 
10...20 %) [71].  

#@8 B5@BV ?>25@E=5289 H0@ ?@>O2;Oє 2;0AB82VABL 040?B82=>ABV 4> 
7>2=VH=VE C<>2 H;OE>< 157?5@5@2=>3> 0:B82=>3> ?@8AB>AC20==O 70 @0EC=>: 
2=CB@VH=L>3> ?V4AB@>N20==O 4> ?>ABV9=> <V=;828E 7>2=VH=VE G8==8:V2. 
�40?B0FVO 74V9A=NєBLAO 2V4?>2V4=> 4> ?@8=F8?C =09<5=H>3> ?@8<CAC  
�5-,0B5;Lє-�@0C=0 [83], O:89 2:07Cє =0 B5, I> @50:FVO A8AB5<8 702648 
A?@O<>20=0 =0 >A;01;5==O 7>2=VH=L>3> 2?;82C, I> 2V4E8;Oє WW 2V4 AB0=C 
@V2=>2038. *O >1AB028=0 4>72>;8;0 @>7@>18B8 =091V;LH >?B8<0;L=89 @568< 
?@8?@0FN20==O &% 2 C<>20E V<?C;LA=>3> =020=B065==O 4> <0:A8<0;L=> 
<>6;828E 25;8G8= 4;O 40=>W &% [84-88]. 

&0:8< G8=><, 7>2=VH=V ?@8:;045=V A8;8 2B@0B8;8 @>;L ?@8G8=8 
@C9=C20==O V AB0;8 ;8H5 9>3> C<>2>N, =5>1EV4=>N 4;O 70?CA:C 2=CB@VH=VE 
48A8?0B82=8E <5E0=V7<V2. $>1>BC 7 @C9=C20==O ?>25@E=52>3> H0@C 
74V9A=NNBL 2=CB@VH=V A8;8, I> AD>@<C20;8AO 2 @57C;LB0BV >1<V=C 5=5@3VєN 
48A8?0B82=>W A8AB5<8 7 =02:>;8H=V< A5@54>28I5<. 

&0:8< G8=><, A0<>>@30=V70FVO =>28E AB@C:BC@ 2@V2=>206Cє =04;8H:>2C 
5=5@3VN <0B5@V0;C V 2V41C20єBLAO 70 @0EC=>: FVєW 5=5@3VW. "A=>2=>N C<>2>N 
A0<>>@30=V70FVW 48A8?0B82=8E AB@C:BC@ =0 1V;LH 28A>:8E <0AHB01=8E @V2=OE, 
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2V4?>2V4=> 4> B5>@VW �. $. #@83>68=0, є =572>@>B=VABL :V=5B8G=8E 0:BV2 =0 
<V:@>@V2=V [60-64]. &>1B> AB@C:BC@C20==O =0 ?>G0B:>2><C 5B0?V @>1>B8 &% є 
4>AB0B=L> 206;828< D0:B>@>< B0 287=0G0є WW @5AC@A=V ?>:07=8:8. 

�>B@8<CNG8AL B0:>3> ?V4E>4C, �. �. (54>@>2 70?@>?>=C202 A2>N 

B5@<>48=0<VG=C :>=F5?FVN @C9=C20==O <0B5@V0;V2 ?V4 G0A ?;0AB8G=>W 

45D>@<0FVW B0 ?@8 7=>HC20==V [70, 71]. 

' 9>3> @>1>B0E @C9=C20==O >?>A5@54:>20=5 :>=:C@5=FVєN 42>E 

270є<>?>2’O70=8E, 0;5 ?@>B8;56=8E B5=45=FV9 7@>AB0==O IV;L=>ABV 

CH:>46C20=>ABV B0 7=865==O (282V;L=5==O) FVєW 5=5@3VW 70 @0EC=>: @5;0:A0FVW. 

#@8E>20=C 5=5@3VN ?>H:>465==O AB2>@NNBL D;C:BC0FVW B5?;>2>W 

5=5@3VW 2 ?>;V <5E0=VG=8E =0?@C3. #@8E>20=0 5=5@3VO є :>=AB0=B>N, I> 

E0@0:B5@87Cє 2B><=C :>=B0:B=C <VF=VABL. &0:, 4;O AB0;V 45 FO 25;8G8=0 

AB0=>28BL 1;87L:> 700...750 �6/<3. 

' B>9 65 G0A, 287=0G5==O :@8B8G=>W IV;L=>ABV ?@8E>20=>W 5=5@3VW є 

4>A8BL A:;04=8< 70240==O< [89-92]. !09?@>ABVH8< @>72’O7:>< FL>3> 70240==O 

є 287=0G5==O 7030;L=>W ?V42545=>W 5=5@3VW 4> ?>G0B:C 2B><=8E @C9=C20=L 

?>25@E=V [93].  

#@8 4>AO3=5==V :@8B8G=>W IV;L=>ABV ?@8E>20=>W 5=5@3VW 2V41C20єBLAO 

@C9=0FVO, O: ?>:070=> =0 @8A. 1.1 70;56=> 2V4 25;8G8=8 4VNG8E =0?@C3 [70, 71]. 
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�V=5B8G=V :@82V 7<V=8 IV;L=>ABV ?@8E>20=>W 5=5@3VW U5 2 45D>@<>20=><C 
>1є<V <0B5@V0;C (AB0;L 45) 4> <><5=BC @C9=C20==O ?@8 N F8:;V2 =020=B065==O 
AB0=>28;8 [70, 71]: 

1) ó0 = 25,3 :3A/<<2, N = 28 × 103 F8:;V2;  

2) ó0 = 24,8 :3A/<<2, N =59 × 103 F8:;V2; 

3) ó0 = 23,9 :3A/<<2, N = 88 × 103 F8:;V2;  

4) ó0 = 23,1 :3A/<<2, N = 133 × 103 F8:;V2; 

5) ó0 = 22,5 :3A/<<2, N = 265 × 103 F8:;V2. 
� @8A. 1.1 284=>, I> 4;O A:>@>G5==O G0AC ?>@V2=O;L=8E 28?@>1C20=L 

<0B5@V0;V2 =0 :>=B0:B=C 2B><=C <VF=VABL, FV 28?@>1C20==O ?>B@V1=> ?@>2>48B8 
?@8 <0:A8<0;L=> <>6;828E 4;O FL>3> <0B5@V0;C :>=B0:B=8E =020=B065==OE. 
�87=0G5==O FL>3> <0:A8<0;L=>3> @V2=O =020=B065==O є >:@5<8< 70240==O<. 
#@8:;040<8 <>6CBL 1CB8 <5B>48:8, 28:;045=V C @>1>B0E [89-92]. 

&0:8< G8=><, 70240==O< ?>@V2=O;L=8E 28?@>1C20=L є 287=0G5==O 
:@8B8G=>W IV;L=>ABV ?@8E>20=>W 5=5@3VW, 70 4>?><>3>N O:>W <>6=0 
?>@V2=N20B8 CB><=C :>=B0:B=C <VF=VABL <0B5@V0;V2.  5B>48:0 28@VH5==O FVєW 
7040GV B0:>6 28:;045=0 C [89-92]. 

&0:8< G8=><, V<?C;LA=5 =020=B065==O 4> <0:A8<0;L=8E 25;8G8= =0 
?>G0B:>2><C 5B0?V @>1>B8 &% 70157?5GCє <>6;82VABL H284:>W >FV=:8  7<V= C 
AB@C:BC@=>-5=5@35B8G=><C 10;0=AV ?>25@E=52>3> H0@C 4> ?>G0B:C 
@C9=C20==O. �;O FL>3> =5>1EV4=> 28:>@8AB>2C20B8 48=0<VG=V <5B>48 
>FV=:8 ?>:07=8:V2 CB><=>W <VF=>ABV <0B5@V0;V2, I> ?@0FNNBL 2 C<>20E 
:>=B0:B=>3> =020=B065==O. #@8:;048 28:>@8AB0==O B0:8E <5B>4V2 
=02545=> C @>1>B0E [93-111]. 

 

 

1.2 �=0;V7 <5B>4V2 V>==>-?;07<>2>3> <>48DV:C20==O ?>25@E=52>3> H0@C 
O: D0:B>@0 ?V428I5==O @5AC@A=8E ?>:07=8:V2 45B0;59 �&, ?@0FNNG8E 2 
C<>20E 28A>:8E :>=B0:B=8E =020=B065=L  

 

%5@54 <5B>4V2, O:V 28:>@8AB>2CNBLAO 4;O ?V428I5==O :>=B0:B=>W 
<VF=>ABV <0B5@V0;V2, H8@>:> 28:>@8AB>2CNBLAO B5@<>-EV<VG=V <5B>48 
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F5<5=B0FVW ?>25@E=V <0B5@V0;V2.  5B>48 07>BC20==O B0:>6 28:>@8AB>2CNBLAO 
4;O ?V428I5==O :>=B0:B=>W <VF=>ABV <0B5@V0;V2, E>G0 V @V4H5, =V6 F5<5=B0FVO. 
"AB0==є, <01CBL, 7=0G=>N <V@>N ?>2’O70=5 7 B@048FV9=8<8 CO2;5==O<8 ?@> 
?5@5203C C D>@<C20==V 7<VF=5=8E H0@V2 25;8:>W ?@>BO6=>ABV ?@8 F5<5=B0FVW 2 
?>@V2=O==V 7 07>BC20==O<, O: >4=>3> 7 >A=>2=8E D0:B>@V2, 7 O:8< ?>2’O7CNBL 
?V428I5==O :>=B0:B=>W <VF=>ABV. *8<, <01CBL, 7C<>2;5=0 >1<565=0 :V;L:VABL 
4>A;V465=L I>4> 2?;82C 07>BC20==O =0 25;8G8=C :>=B0:B=>W <VF=>ABV 
<0B5@V0;V2 [112-120]. 

' @07V F5<5=B0FVW 2V41C20єBLAO 7<VF=5==O 7 >4=>G0A=8< =0:>?8G5==O< 

5=5@3VW =0 <56V @>74V;C 75@5=, O:V =040;V 7C<>2;NNBL 28=8:=5==O 

<V:@>B@VI8=. �@V< B>3>, 284V;5==O 5=5@3VW ?@8 :>=B0:B=V9 270є<>4VW ?>25@E>=L 

2545 4> WE =03@V20==O V @C9=C20==O 2 F5<5=B>20=><C H0@V :0@1V4V2, =0A;V4:>< 

G>3> є 7<5=H5==O :>=B0:B=>W <VF=>ABV [80]. 

�;O 07>BC20==O A;V4 >GV:C20B8, I> ?@8?8=5==O 7>2=VH=L>3> 2?;82C 1C45 

?@82>48B8 4> H284:>W 7<V=8 AB@C:BC@8, 0 >B65 – 4> @5;0:A0FVW 70;8H:>28E 

=0?@C65=L. *5 4>72>;Oє A?>4V20B8AO, I> <5B>48 07>BC20==O <>6CBL 1CB8 

1V;LH 5D5:B82=8<8 4;O ?V428I5==O :>=B0:B=>W <VF=>ABV <0B5@V0;V2, =V6 

F5<5=B0FVO [80].  

#@8 >1@>1FV :>=F5=B@>20=8<8 ?>B>:0<8 5=5@3VW 2 C<>20E V>==>-

?;07<>2>3> 07>BC20==O >4=>G0A=> 74V9A=NєBLAO @04V0FV9=89, B5?;>289 B0 

C40@=>-<5E0=VG=89 2?;82. #@>F5A8 7<V=8 AB@C:BC@8, O:V @>72820NBLAO ?@8 

FL><C, 2V41C20NBLAO 2 C<>20E, 40;5:8E 2V4 B5@<>48=0<VG=> @V2=>206=8E, I> 

4>72>;Oє >B@8<C20B8 ?>25@E=52V H0@8 7 C=V:0;L=8< :><?;5:A>< DV78:>-

<5E0=VG=8E 2;0AB82>AB59 [1, 121]. #;07<>2C >1@>1:C <>6=0 C<>2=> @>74V;8B8 

=0 2 2848: 28A>:>5=5@35B8G=C B0 =87L:>5=5@35B8G=C. %5@54 A?>A>1V2 

28A>:>5=5@35B8G=>3> 2?;82C =091V;LH>3> ?>H8@5==O =01C;0 V>==0 

V<?;0=B0FVO [1, 122, 123]. 

#V4 V>==>N V<?;0=B0FVєN @>7C<VNBL ?@>F5A 2?@>20465==O V>=V2 C 

<0B5@V0; 28@>1C =0 45O:C 3;818=C V, O: =0A;V4>:, 28=8:=5==O @V7=><0=VB=8E 

45D5:BV2 B0 ?>25@E=525 ;53C20==O. #@8 FL><C 5=5@3VO V>=V2 ?>28==0 VAB>B=> 

?5@528IC20B8 5=5@3VN 72’O7:C 0B><0 2 @5HVBFV <0B5@V0;C, I> ;53CєBLAO (2 
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<0B@8FV). #@8 28A>:>4>7=V9 V>==V9 V<?;0=B0FVW 2 ?>25@E=52><C H0@V 

D>@<CєBLAO =0ABV;L:8 ?>BC6=0 48A;>:0FV9=0 AB@C:BC@0, I> 28=8:0є 25;8:0 

:V;L:VABL 48A;>:0FV9=8E ?5B5;L  [1, 124, 125]. 

$0=VH5 ?@>2545=V B@81>;>3VG=V 4>A;V465==O 7@07:V2 7V AB0;V 20)3 �(, 

7<VF=5=8E B@048FV9=>N 307>2>N F5<5=B0FVєN V ?;07<>28< 07>BC20==O< 

AVINIT N, ?>:070;8, I> 7=>A>ABV9:VABL 7@07:V2 2 A5@54>28IV ?0;820 &%-1, 

7<VF=5=8E 07>BC20==O< AVINIT N, VAB>B=> 28I5, =V6 7@07:V2, 7<VF=5=8E 

B@048FV9=>N F5<5=B0FVєN [89-92, 132, 133].  

&0:8< G8=><, ?@>2545=89 0=0;V7 4>72>;Oє ?@>3=>7C20B8, I> 07>BC20==O 

70 A2>W<8 ?>:07=8:0<8 CB><=>W <VF=>ABV 4;O 45B0;59 �&, O:V ?@0FNNBL 2 

C<>20E :>=B0:B=>W 270є<>4VW, <>65 <0B8 7=0G=V ?5@52038 ?5@54 B@048FV9=>N 

F5<5=B0FVєN. �;5 ?>:8 I> F59 <5B>4 7<VF=5==O =5 =01C2 ?>H8@5==O C 02V0FVW 

C 72’O7:C 7 2V4ACB=VABN 4>AB0B=L>W :V;L:>ABV B5>@5B8G=8E B0 

5:A?5@8<5=B0;L=8E 4>A;V465=L, 0 B0:>6 AC?CB=VE W< :><?;5:A=8E 

?>@V2=O;L=8E <5B0;>DV78G=8E 4>A;V465=L. 

 

1.3 �=0;V7 <5B>4V2 >FV=:8 ?>:07=8:V2 CB><=>W <VF=>ABV <0B5@V0;V2, I> 

?@0FNNBL 2 C<>20E :>=B0:B=>3> =020=B065==O, =0 5B0?V @>7@>1:8 B0 

2?@>20465==O  

 

�>A;V465==O ?>:07=8:V2 CB><=>W <VF=>ABV <0B5@V0;V2, I> ?@0FNNBL 2 

C<>20E :>=B0:B=>3> =020=B065==O, <>6CBL ?@>2>48B8AO =0 5B0?V @>7@>1:8 B0 

2?@>20465==O <5B>40<8 =5@C9=V2=>3> :>=B@>;N [134]. 

"FV=:0 CB><=>W <VF=>ABV :>=AB@C:FV9=8E <0B5@V0;V2 ?VA;O 

<>48DV:C20==O WE ?>25@E=52>3> H0@C 28:>=CєBLAO 5:A?5@8<5=B0;L=8<8 

<5B>40<8. ' ?@>F5AV B0:8E 28?@>1C20=L, O: ?@028;>, 28:>=CNBLAO :><?;5:A=V 

<5B0;>DV78G=V B0 5;5:B@>DV78G=V 4>A;V465==O AB@C:BC@8 ?>25@E=52>3> H0@C. 

"A>1;82C @>;L ?@8 FL><C 2V4V3@0NBL <5B>48 >FV=:8, O:V 4>72>;ONBL 

@5єAB@C20B8 ?@>F5A =0:>?8G5==O CB><=8E ?>H:>465=L B0 70157?5GCNBL 
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?5@5EV4 4> ?VBV=3>2>3> @C9=C20==O 157?>A5@54=L> ?V4 G0A 28?@>1C20=L C 

@50;L=><C <0AHB01V G0AC. �> =8E =0;560BL 7>:@5<0 5;5:B@>DV78G=V <5B>48. 
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V=45=B>@0<8 [144-148]. "A=>2=0 AD5@0 WE 70AB>AC20==O – >FV=:0 <V:@>B25@4>ABV 

?>25@E=528E H0@V2, =0?@8:;04, 70 �"%& 23.221-84. 
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45D>@<>20=>3> <V:@>>1’є<C. 
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@C9=C20==O є WE ?@>2545==O =0 7@07:0E ?VA;O ?@>2545==O 28?@>1C20=L =0 
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5=5@35B8G=89 AB0= ?>25@E>=L VAB>B=> 7<V=NєBLAO 70 @0EC=>: @5;0:A0FVW 
=0?@C65=L [149, 150, 156]. �@V< B>3>, FV 28?@>1C20==O, O: ?@028;>, 70 
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282G5==O WE=VE A?5:B@V2. #@8 ?>H:>465==V ?>25@E=V 5;5:B@8G=>N 4C3>N 01> 

VA:@>28<8 @>7@O40<8 0=0;V7>20=89 <0B5@V0; 28?0@>2CєBLAO V 28?CA:0є A2VB;>25 

28?@><V=N20==O [164-167]. 

,8@>:> 70AB>A>2C20=8< >AB0==V< G0A>< AB02 <5B>4 0=0;V7C 
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D>@<CєBLAO =0 ?>25@E=OE >1>E :>=B0:BCNG8E @>;8:V2 ?> ;V=VW :>=B0:BC.  

"G5284=>, I> 45AB@C:FVO B0 ?>40;LH5 @C9=C20==O 2:070=>3> >1’є<C 

<0B5@V0;C 1C45 2V41C20B8AO C 2V4?>2V4=>ABV 7 <V@>N ?>H:>46C20=>ABV ø ùz t  

?>25@E=52>3> H0@C :>=AB@C:FV9=>3> <0B5@V0;C, O:0 70;568BL 2V4 10;0=AC 

?V42545=>W B0 =0:>?8G5=>W 2 FL><C >1’є<V 5=5@3VW [70, 71]. 

&>4V 4>AO3=5==O <><5=BC ?>G0B:C 2B><=>3> @C9=C20==O <>65 1CB8 

>FV=5=> <V@>N ?>H:>46C20=>ABV ø ùz t : 
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@C9 �  – 5=5@3VO, I> =0:>?8G8;0AO <0B5@V0;>< 4> <><5=BC 9>3> 

@C9=C20==O; 
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:@v  – :@8B8G=0 H284:VABL 7>2=VH=L>3> 2?;82C, O:>W 4>AB0B=L> 4;O 

@C9=C20==O <0B5@V0;C C H0@0E 1, 2, 3 (@8A. 2.1) ?>25@E=52>3> H0@C 2 V<. 5D; 

:@W
ú

 – :@8B8G=0 IV;L=VABL ?>B>:C 5=5@3VW (?>BC6=>ABV), >A5@54=5=0 C 

>1’є<V V<. 5D, �</<3; 

:@n  – :@8B8G=0 :V;L:VABL F8:;V2 :>=B0:B=>W 270є<>4VW =0 <><5=B 

@C9=C20==O ?>25@E=52>3> H0@C; ::@ 0n ýô ÷ ; 

0:ô  – G0A 70 O:89 2V41C20єBLAO 0:C<C;OFVO (=0:>?8G5==O) ?>H:>465=L 

4> @C9=C20==O :@n ; 

÷  – H284:VABL >15@B0==O 20;0; 

ø ùf n  – DC=:FVO, I> >?8ACє :V=5B8:C @>728B:C ?>H:>465=L (4>AO3=5==O 

:@n . 

�5;8G8=0 5=5@3VW :@W
ú  ?> ACBV V 287=0G0є CB><=C <VF=VABL ?>25@E=52>3> 

H0@C <0B5@V0;C [193]. ' @>1>B0E [8, 107, 111, 181] 707=0G0єBLAO, I> DC=:FVO, 

O:0 >?8ACє :V=5B8:C @>728B:C ?>H:>465=L (4>AO3=5==O :@n ) ø ùf n VAB>B=8< 

G8=>< 70;568BL 2V4 H284:>ABV 7>2=VH=L>3> 2?;82C iv .  

' 2V4?>2V4=>ABV 7V AB@C:BC@=>-5=5@35B8G=>N B5>@VєN CB><=>W <VF=>ABV, 

AD>@<C;L>20=>N �. �. (54>@>28< 2 C<>20E :>=B0:B=>W 270є<>4VW ?0@0;5;L=> 

2V41C20NBLAO 420 ?@>F5A8: =0:>?8G5==O 5=5@3VW B0 WW @>7AVN20==O (48A8?0FVO). 

�V;LH0 G0AB8=0 5=5@3VW (1V;LH5 80 %) ?5@5B2>@NєBLAO =0 B5?;>, 0 V=H0 

G0AB8=0 2=CB@VH=L>W 5=5@3VW =0:>?8GCєBLAO C ?>25@E=52><C H0@V ø ù2= � .  

�8E>4OG8 7 FL>3>, =0:>?8G5=0 5=5@3VO 70 >48= F8:; :>=B0:B=>3> 

=020=B065==O 2=1 �  <>65 1CB8 287=0G5=0, O: 20 % 2V4 5=5@3VW, I> ?V42>48BLAO 

?@8 >4=>:@0B=><C 2?;82V ?V421 � : 

 2=1 ?V421 0,2� �ý  (2.2) 

�5;8G8=0 =0:>?8G5=>W 5=5@3VW є AB0;>N 4;O :>6=>3> <0B5@V0;C V <>65 

1CB8 ?@54AB02;5=0 28@07><: 
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45  �0 – ?>G0B:>20 5=5@3VO @C9=C20==O 2V4 45D5:BV2, 70:;045=8E ?@8 

283>B>2;5==V 45B0;V 7 C@0EC20==O< 2AVE 284V2 DV=VH=>W >1@>1:8 (EV<V:>-

B5@<VG=0 >1@>1:0, ?>25@E=52>3> 7<VF=5==O, =0=5A5==O ?>:@8BBV2 V B. 4.); 

�@C9 – 5=5@3VO, I> =0:>?8G8;0AO <0B5@V0;>< 4> <><5=BC 9>3> 

@C9=C20==O. 

�5;8G8=0 5=5@3VW �2= 287=0G0єBLAO AB@C:BC@=8< AB0=>< ?>25@E=52>3> 

H0@C B0 70;568BL 2V4 <5E0=V7<V2 48A8?0FVW 7>2=VH=L>W 5=5@3VW, ?V42545=>W 4> 

<0B5@V0;C (48A;>:0FV9=V <5E0=V7<8, 75@=>3@0=8G=5 :>270==O B0 V=.).  

� C@0EC20==O< <>6;82>ABV 287=0G5==O :@8B8G=>W :V;L:>ABV F8:;V2 

:>=B0:B=>W 270є<>4VW =0 <><5=B @C9=C20==O ?>25@E=52>3> H0@C 7 

C@0EC20==O< DC=:FVW, I> >?8ACє :V=5B8:C @>728B:C ?>H:>465=L (4>AO3=5==O 

:@n ) ø ùf n  70 4>?><>3>N <5B>4C 0:CAB8G=>W 5<VAVW [8, 107, 111, 181], 

70?@>?>=>20=> >FV=N20B8 2B><=C <VF=VABL ?8B><>N 5=5@3VєN @C9=C20==O 70 

>48= F8:; =020=B065==O:  
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45 ?8B �  – ?8B><0 5=5@3VO @C9=C20==O 70 >48= F8:; =020=B065==O; 
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�  – <0:A8<0;L=0 IV;L=VABL ?@8E>20=>W 5=5@3VW, ?@8 O:V9 @C9=CєBLAO 

V450;L=89 15745D5:B=89 <0B5@V0;, 11

max
const 10� ý ý  �6/<3 (4;O <0B5@V0;V2 7 

1;87L:8<8 DV78:>-<5E0=VG=8<8 2;0AB82>ABO<8) [10]; 

V<?�  – 5=5@3VO V<?C;LA=>3> =020=B065==O – ?>G0B:>20 5=5@3VO 

@C9=C20==O, I> =0:>?8GCєBLAO 2 ?>25@E=V 70 G0A V<?C;LA=>3> =020=B065==O 

(10 A, 50 F8:;V2), 0 ?V421 V<? ?V42150� � n �ý ý . 

�;O ?>@V2=O;L=>W >FV=:8 CB><=>W <VF=>ABV �  4>AB0B=L> 28:>@8AB0==O 

2V4=>H5==O 2= :@/� n . ' FL><C 28@07V 2=�  287=0G0єBLAO @>7@0EC=:>28< 

<5B>4><, 0 :@n  – 5:A?5@8<5=B0;L=8< H;OE>< 70 4>?><>3>N <5B>4C ��. 

(V78G=0 ACB=VABL FL>3> 2V4=>H5==O ?@8 ?>@V2=O;L=V9 >FV=FV @V7=8E 

<0B5@V0;V2 ?>;O30є C :V;L:>ABV 5=5@3VW, O:C <0B5@V0; <>65 A?@89=OB8 70 >48= 
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F8:; 157 @C9=C20==O. #@8 ?>@V2=O==V B@510 287=0G0B8 F5 2V4=>H5==O 4;O :@n  

<5=H <VF=>3> <0B5@V0;C (=09<5=H5 :@n  7 CAVE ?>@V2=N20=8E <0B5@V0;V2). 

�=0;V7 @V2=O=L (2.2), (2.4) 40є @>7C<V==O ?@> <>6;82VABL ?@8A:>@5==O 
?>@V2=O;L=8E 28?@>1C20=L =0 :>=B0:B=C CB><=C <VF=VABL. #5@H89 H;OE: 
?@>2545==O 28?@>1C20=L =0 <0:A8<0;L=> <>6;82><C =020=B065==V. �@C389 
H;OE – 71V;LH5==O �0 70 @0EC=>: 71V;LH5==O H284:>ABV 7>2=VH=L>3> 2?;82C 
(H284:VABL V<?C;LA=>3> =020=B065==O). 

&0:8< G8=><, >A=>2=8< 5B0?>< ?@8A:>@5=8E 28?@>1C20=L є V<?C;LA=5 
=020=B065==O 4> <0:A8<0;L=8E 25;8G8= =020=B065=L σmax. �<?C;LA=5 
=020=B065==O 70E>?;Nє H0@ 2 :V;L:0 45AOB:V2 <V:@>= – 70;56=> 2V4 @5;LєDC 
?>25@E=V V :>=B0:B=8E =0?@C65=L. ' FL><C H0@V @>7AVNєBLAO >A=>2=0 G0AB:0 
@>1>B8 A8; B5@BO. �0@07 F5 ?8B0==O 282G5=> I5 =54>AB0B=L>, 0;5 <>6=0 
284V;8B8 G>B8@8 >A=>2=V :0=0;8 48A8?0FVW (7V 7@>AB0==O< B>2I8=8 H0@C) 
[12, 71]: 

0) @>7@828 04357V9=8E 72’O7:V2 <V6 ?>25@E=O<8; 
1) @5;0:A0FVO ?@C6=8E =0?@C65=L 2V4 270є<>4VNG8E =5@V2=>AB59 

?>25@E>=L (B>1B> ?5@5EV4 ?@C6=8E =0?@C65=L C 4>23>E28;L>2V D>=>=8); 
2) ?5@5B2>@5==O 5=5@3VW <5E0=VG=>3> 2?;82C =0 B5?;>2C (≈80 %); 

3) @5;0:A0FVO =0?@C65=L C @57C;LB0BV ?;0AB8G=8E 45D>@<0FV9 ?> 
48A;>:0FV9=><C <5E0=V7<C. 

�030;L=V ?>B>:8 5=5@3VW G5@57 ?>25@E=52V H0@8 4>A8BL 25;8:V. �3V4=> 
D>@<C;8 �. �. �;048<8@>20, :V;L:VABL 5=5@3VW, O:0 ?@>E>48BL G5@57 ?>25@E=52V 
H0@8 ?@8 B5@BV, 4>@V2=Nє [184]:  
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B5@þ  – ;V=V9=0 H284:VABL 270є<=>3> ?5@5<VI5==O 7@07:V2; 

� – B>2I8=0 H0@C, C O:><C 2V41C20єBLAO 270є<>4VO. 
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>A>1;82>AB59) =>@<CєBLAO :>5DVFVє=B>< B5@BO μ: 
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45 ?V421E  – G0AB8=0 5=5@3VW, I> ?V42>48BLAO 4> &% 70 >48= F8:; :>=B0:B=>W 

270є<>4VW (70 >4=5 >15@B0==O ?@82V4=>3> 20;C); 

ý  – :>5DVFVє=B B5@BO. 

/:I> 2 =0H><C 28?04:C ?@89=OB8 B>2I8=C H0@C 4;O 07>B>20=8E V 

F5<5=B>20=8E 7@07:V2 @V2=8< 0,2 <<H  , 0 =0?@C65==O ?@8 B5@BV 

1140 #0ó  , B> ?@8 H284:>ABV 7AC2C B5@ 0,65 </AV   ?@8 :>=B0:B=V9 

270є<>4VW =0 :>6=><C F8:;V B0 28<V@N20=>3> :>5DVFVє=BC B5@BO 0,04ý  , 

?8B><0 ?>BC6=VABL 5=5@3VW, I> ?V42>48BLAO 4> 5D5:B82=>3> >1’є<C &% 70 

>48= F8:; 1C45 1;87L:> �?V421≈4,8·106 �6/<3.  

�030;L=0 ?V42545=0 5=5@3VO 70;568BL 2V4 :V;L:>ABV F8:;V2 4> 

@C9=C20==O. *O :V;L:VABL 70;568BL 2V4 G0AB>B8 >15@B0==O 20;0 <0H8=8 B5@BO, 

B><C, 7 C@0EC20==O< (3.6) <>65<> 287=0G8B8 ?V42E : 
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/:I> =02VBL =525;8:0 G0AB:0 FVєW 5=5@3VW ?5@5945 2 ?@8E>20=C 

(;0B5=B=C), O:C =0:>?8G8;0 AB@C:BC@0 ?>25@E=52>3> H0@C, B> <0B5@V0; 

?5@5E>48BL C 71C465=89 AB0=. *5 4>72>;Oє ?@8A:>@8B8 4>AO3=5==O 

:@8B8G=>3> @V2=O 25;8G8=8 2=CB@VH=L>W =0:>?8G5=>W 5=5@3VW B0 ?5@5E>4C 4> 

@C9=C20==O [12].  

� C@0EC20==O< AB@C:BC@=>-5=5@35B8G=>3> ?V4E>4C 4> @C9=C20==O 2 

C<>20E :>=B0:B=>W 270є<>4VW :>=AB@C:FV9=8E <0B5@V0;V2, @C9=C20==O 

>1C<>2;5=> :>=:C@5=FVєN 42>E 270є<>?>2’O70=8E, 0;5 ?@>B8;56=8E 

B5=45=FV9: 7@>AB0==O IV;L=>ABV ?>H:>46C20=>ABV V 7=865==O (282V;L=5==O) 

FVєW 5=5@3VW 70 @0EC=>: @5;0:A0FVW. � ?@8 4>AO3=5==V :@8B8G=>W IV;L=>ABV 

?@8E>20=>W 5=5@3VW 2V41C20єBLAO @C9=C20==O. &0:8< G8=><, C @57C;LB0BV 
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<>45;N20==O 1C;> AD>@<C;L>20=> C<>28 ?@>2545==O ?@8A:>@5=8E 

28?@>1C20==O 4;O ?>@V2=O;L=>W >FV=:8 ?>:07=8:V2 CB><=>W ?>H:>46C20=>ABV 

<0B5@V0;V2. 

�;O @>73;O=CB8E C<>2 V<?C;LA=8E :>=B0:B=8E 2?;82V2 B0:89 AB0= <>65 

?@825AB8 4> B0:8E 5D5:BV2. 

"A:V;L:8 2 <560E @>1>B8 ?;0=C20;>AO >FV=N20B8 CB><=C :>=B0:B=C 

<VF=VABL 7@07:V2, 7<VF=5=8E F5<5=B0FVєN B0 V>=>-?;07<>28< 07>BC20==O<, B> 

F5 1C45 2?;820B8 =0 25;8G8=C :>5DVFVє=B0 48A8?0FVW 2=  const� ý . 

1. !0 7@07:0E, 7<VF=5=8E 07>BC20==O<, 71V;LH5==O ABC?5=O V H284:>ABV 

45D>@<0FVW AB2>@NNBL C<>28 ?5@5E>4C AB@C:BC@8 7 :@8AB0;VG=>3> 2 

0<>@D=89 AB0= [116, 117, 120].  

2. ' 28?04:C 6 7 F5<5=B0FVєN 2V41C20єBLAO 7<VF=5==O 7 >4=>G0A=8< 

=0:>?8G5==O< 5=5@3VW =0 <56V @>7?>4V;C 75@5=, I> 2 ?>40;LH><C ?@872>4OBL 

4> @>728B:C <V:@>B@VI8= [1]. 

*V 28A=>2:8 є ?V4AB02>N 4;O ?@>2545==O ?@8A:>@5=8E 28?@>1C20=L 

70O2;5=8E B@81>A8AB5< =0 :>=B0:B=C 2B><C 7 >GV:C20=>N ?5@5203>N 

7<VF=5==O 07>BC20==O< 70 B5E=>;>3VєN AVINIT N. 

 

2.1.2 �=0;V7 5=5@35B8G=>3> B0 AB@C:BC@=>3> AB0=C <0B5@V0;C 2 ?@>F5AV 

V<?C;LA=>3> =020=B065==O 

 

 0B5<0B8G=89 0=0;V7 48=0<V:8 7<V=8 70 G0A>< 5=5@35B8G=>3> 10;0=AC 

<V:@>AB@C:BC@8 ?>25@E=52>3> H0@C 2 5D5:B82=><C >1’є<V 270є<>4VW V<. 5D ?V4 

G0A V<?C;LA=>3> =020=B065==O <>65 1CB8 28:>=0=89 7 28:>@8AB0==O< 

@V2=O==O (>:5@0–#;0=:0–�>;<>3>@>20 ((#�) [193]. *5 @V2=O==O =091V;LH 

?>2=> >?8ACє 28?04:>2V 7<V=8 2 5;5<5=B0E <V:@>AB@C:BC@8 xi C 28?04:0E 

<5=5@35B8G=>3> =0:0GC20==O= (A8;>2>3> 2?;82C).  

#@B6< CB5G8B6< @B89?V 

!5E09 48=0<V:0 5=5@35B8G=>3> AB0=C <V:@>AB@C:BC@8 >?8ACєBLAO 

728G09=8< 48D5@5=FV9=8< @V2=O==O< 284C 
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( ) 1 2 V<.? 2=.V, . )..,( , ,i
� i n

dx
f x x x t �

dt
û ý ,  (2.8) 

45 
( )� if  – 5=5@35B8G=0 E0@0:B5@8AB8:0 <V:@>AB@C:BC@8; 

V =1, 2,…, n; 

1 2
, . ,, .. nx x x  – 5=5@35B8G=V AB0=8 5;5<5=BV2 <V:@>AB@C:BC@8, O:V <>6CBL 

7<V=N20B8AO 2V4 ?>G0B:>2>3> AB0=C z0 4> AB04VW ?>2=>W 45AB@C:FVW z:@.; 

V<?t – G0A V<?C;LA=>3> =020=B065==O; 

2=.V� – 2=CB@VH=O 5=5@3VO V-3> AB@C:BC@=>3> 5;5<5=BC. 

�=5@35B8G=0 E0@0:B5@8AB8:0 <V:@>AB@C:BC@8 
( )� if  70;568BL 2V4 

25;8G8=8 2=.1�  – G0AB8=8 5=5@3VW, O:0 ?V42>48BLAO 70 :>65= F8:; 

=020=B065==O 70 G0A V<?C;LA=>3> =020=B065==O V<?t . 

�030;L=89 5=5@35B8G=89 AB0= ?>25@E=52>3> H0@C 7<V=8BLAO 70 G0A 

V<?C;LA=>3> =020=B065==O V<?t  70 @0EC=>: 7<V=8 2 :>6=><C 7 5;5<5=BV2 

<V:@>AB@C:BC@8, O:0 70;568BL 2V4 D0:B8G=>W >1@>1:8, 7<VF=5==O G8  

<>48DV:0FVW ?>25@E=V. ' =0H><C 28?04:C F5<5=B0FVO 01> V>=>?;07<>25 

07>BC20==O. 

#>G0B:>2V 7=0G5==O 5=5@35B8G=>3> AB0=C <V:@>AB@C:BC@=8E 5;5<5=BV2 

1(0) 2(0) (0)
,, ..., nx x x  22060є<> 28?04:>28<8 0 WE @>7?>4V; E0@0:B5@87CєBLAO 

IV;L=VABN V<>2V@=>ABV 5=5@35B8G=>3> AB0=C: 

  (I1, I1, …, In)=  0(I1, I1, …, In),  (2.9) 

O:0 70 C<>20<8 =>@<C20==O @V2=O==O (#� 704>2>;L=Oє C<>2V: 

 
0 1 2

... , ,..., 1.
n

P dx dx dx

û û

 

ý   (2.10) 

$V2=O==O (#� 4>72>;Oє 2AB0=>28B8 72’O7>: G0AC V<?C;LA=>3> 

=020=B065==O V<?t  7 ?>B>G=>N IV;L=VABN V<>2V@=>ABV  (I1, I1, …, In, t) 7 

E0@0:B5@8AB8:>N <V:@>AB@C:BC@8 2=.V� : 

 

2

?8B.1 2=.1
1 1 1

ln ln 1 ln ln

2

n n n
6A

i i ii i i i

d P d P d P d P dE
E E

dt dx dx dx dx dxý ý ý

ö ö
  û ý÷ ÷

ø ø
õ õ õ  (2.11) 
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#@8 ?52=8E C<>20E 70 G0A V<?t  FO 25;8G8=0 ?>A;V4>2=> 4>AO3=5 C 2AVE 

5;5<5=B0E <V:@>AB@C:BC@8 xi 25;8G8=8 �2= (?>G0B>: @C9=C20==O).  

� @V2=O==O 48=0<V:8 7<V=8 5=5@3VW 2 5D5:B82=><C >1’є<V ?>25@E=52>3> 

H0@C (@8A. 3.1) <>6=0 70?8A0B8 C B0:><C 283;O4V: 

 

2=, 2=, 2=,

2 2

2=,
2=,

ln ( ) ( ) ( )
,

( ) 0

t t t

t

t

d P � f E df E
dt dE dE

d�
f E

dt

ü
 ýÿÿ

ý
ÿ û ýÿþ

 (2.12) 

' 28?04:C @C9=C20==O, 5=5@3VO ?5@5B2>@NєBLAO =0 5=5@3VN 45AB@C:FVW.  

/:I> @>7?>4V;  (�2=) =5 7<V=NєBLAO 2 G0AV, B> ?5@H89 G;5= A8AB5<8 

(2.12) 4>@V2=Nє =C;N V B>4V: 

 2=, 2=
2=

ln ( ) ln ( ) 0t

d
f E P E

d�
ù ùû ýû  , (2.13) 

B>1B>  

 2=. 2= maxln ( ) ln ( )
i

f � P E �û ý . (2.14) 

max
�  287=0G0єBLAO 7 C<>28 E0@0:B5@8AB8: <V:@>AB@C:BC@8 B0 ?V42545=>W 

?>BC6=>ABV N, O:0 4Vє =0 <V:@>AB@C:BC@C C ?@>F5AV V<?C;LA=>3> 

=020=B065==O. � FL>3> 28?;820є, I> <0B5@V0; 7 1V;LH 4@V1=>75@=8AB>N 

AB@C:BC@>N <0є 1V;LH5 7=0G5==O 5=5@3VW @C9=C20==O, 0 2V4?>2V4=>, V 28IV 

@5AC@A=V ?>:07=8:8. &0:89 28A=>2>: 40є ?@82V4 4;O ?@>2545==O ?>@V2=O;L=8E 

@5AC@A=8E 28?@>1C20=L &% 7 @V7=8<8 2840<8 <>48DV:C20==O ?>25@E>=L 

(F5<5=B0FVO B0 V>==>-?;07<>25 07>BC20==O AVINIT N). 

 

2.2 �=0;V7 :V=5B8:8 @>728B:C ?>H:>465=L 2 C<>20E :>=B0:B=>3> 

CB><=>3> 7=>HC20==O 

 

�>A;V465==O ?8B0==O @>728B:C ?>H:>465=L 2 C<>20E :>=B0:B=>3> 

CB><=>3> 7=>HC20==O 70;8H0єBLAO =04728G09=> 0:BC0;L=>N V =54>AB0B=L> 

282G5=>N ?@>1;5<>N. �>=0 A:;040єBLAO 7 42>E G0AB8=: 
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– 287=0G5==O <V@8 ?>H:>465==O, O:0 045:20B=> >FV=Nє 7<V=C DV78:>-

<5E0=VG=8E 2;0AB82>AB59 :>=AB@C:FV9=>3> <0B5@V0;C C ?@>F5AV B@820;>W 

5:A?;C0B0FVW; 

– <0B5<0B8G=89 >?8A 52>;NFVW 7<V= <V@8 ?>H:>465==O <0B5@V0;V2 C 

?@>F5AV B@820;>W 5:A?;C0B0FVW 2 C<>20E 7=0:>7<V==8E =020=B065=L. 

' @57C;LB0BV ?@>2545=>3> 0=0;V7C [194] 2AB0=>2;5=>, I> =091V;LH><C 

2?;82C �  ?V440єBLAO ?@8 @>1>BV 2 C<>20E 28A>:>=020=B065=8E 03@530BV2 

?@82>4V2 �&. &><C ?@>3=>7C20==O @5AC@AC �  72>48BLAO 4> :>=B@>;N 7<V=8 

WE DV78:>-<5E0=VG=8E 2;0AB82>AB59 C ?@>F5AV :>=B@>;L=8E 28?@>1C20=L, 

>A=>2=8< =54>;V:>< O:8E є 4>23>B@820;VABL, 0 D>@<C20==O <5B>48:8 

?@8A:>@5=8E 28?@>1C20=L є =04728G09=> 0:BC0;L=8< 70240==O< [195]. 

 >=VB>@8=3 7<V=8 DV78:>-<5E0=VG=8E 2;0AB82>AB59 :>=AB@C:FV9=8E 

<0B5@V0;V2 A2V4G8BL [165], I> =091V;LH 5D5:B82=8<8 <5B>40<8 :>=B@>;N 

DV78:>-<5E0=VG=8E 2;0AB82>AB59 <0B5@V0;C є <5B>4 ��, @>7@>1;5=89 C !�' 

B0 )!'#% [8, 107, 111, 181].  

�2>;NFVO 7<V=8 <V@ ?>H:>465==O <0B5@V0;V2 C ?@>F5AV B@820;>W 

5:A?;C0B0FVW 2 C<>20E 7=0:>7<V==8E =020=B065=L, O2;Oє A>1>N 48DC7V9=89 

<0@:V2AL:89 ?@>F5A [193, 196]. 

$>73;O=5<> 70:>=><V@=>ABV 0=0;V7C 7<V=8 <V@8 ?>H:>465==O 70 

?0@0<5B@>< �� (@8A. 2.2), >B@8<0=V 2 ?>?5@54=VE 5:A?5@8<5=B0;L=8E 

4>A;V465==OE ?@8 ?@>2545==V ?@8A:>@5=8E 28?@>1C20=L =0 2B><=C <VF=VABL 

70 <5B>48:>N, 28:;045=>N C @>74V;V 2 [90]. !0 @8A. 2.2: 

– :@* 53 812n ý – :@8B8G=0 :V;L:VABL F8:;V2 :>=B0:B=>W 270є<>4VW =0 

<><5=B ?>G0B:C CB><=>3> @C9=C20==O ?>25@E=52>3> H0@C, 7<VF=5=>3> 

F5<5=B0FVєN;  

– :@� 97 875n ý  – :@8B8G=0 :V;L:VABL F8:;V2 :>=B0:B=>W 270є<>4VW =0 

<><5=B ?>G0B:C CB><=>3> @C9=C20==O ?>25@E=52>3> H0@C, 7<VF=5=>3> 

07>BC20==O<; 
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– :@* 322 000z ý  – :@8B8G=0 <V@0 ?>H:>46C20=>ABV, 5:2V20;5=B=0 

V=B53@0;L=V9 25;8G8=V ?>BC6=>ABV �� :@W
ú  C 2V4=>A=8E >48=8FOE [8, 108, 112, 

182] =0 <><5=B ?>G0B:C CB><=>3> @C9=C20==O ?>25@E=52>3> H0@C, 

7<VF=5=>3> F5<5=B0FVєN; 

– :@� 587 000z ý  – :@8B8G=0 <V@0 ?>H:>46C20=>ABV, 5:2V20;5=B=0 

V=B53@0;L=V9 25;8G8=V ?>BC6=>ABV �� :@W
ú  C 2V4=>A=8E >48=8FOE =0 <><5=B 

?>G0B:C CB><=>3> @C9=C20==O ?>25@E=52>3> H0@C, 7<VF=5=>3> 07>BC20==O<. 
 

 

$8AC=>: 2.2 – �=0;V7 70:>=><V@=>ABV 7<V=8 <V@8 ?>H:>465==O 70 ?0@0<5B@>< 

��: 1 – 70;56=VABL 4;O &%, 7<VF=5=>3> F5<5=B0FVєN; 2 – 70;56=VABL 4;O &%, 

7<VF=5=>3> 07>BC20==O< AVINIT N 

 

*V;:>< ;>3VG=>, I> ?;>IV ?V4 4V;O=:>N 3@0DV:C 4> 4>AO3=5==O :@n  

?@>?>@FV9=V 25;8G8=V <0:A8<0;L=>W IV;L=>ABV ?@8E>20=>W 5=5@3VW, ?@8 O:V9 

<0B5@V0; ?>G8=0є @C9=C20B8AO. &>1B> FV ?;>IV 40NBL <>6;82VABL 28:>=0B8 

?>@V2=O;L=C >FV=:C 5=5@3VW 0:B820FVW @C9=C20==O @V7=8E <0B5@V0;V2 (01> 

@V7=8E A?>A>1V2 <>48DV:0FVW ?>25@E>=L B5@BO) ?@8 28:>@8AB0==V ?@8A:>@5=>W 

<5B>48:8 B0:>W >FV=:8 [89]. 

�V=5B8G=V @V2=O==O 4;O <V@8 ?>H:>465==O ?>25@E=52>3> H0@C 

:>=AB@C:FV9=>3> <0B5@V0;C ø ù0:z ô  є @V2=O==O< DV;LB@0 4;O 287=0G0;L=>3> 

z×10
3
, 

2V4=.>4 
600 

400 

200 

z:@ * 

20 n×10
3
 40 80 n:@* n:@� 

z:@ � 

1 2 
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?0@0<5B@0 =04V9=>ABV ø ù0:ü ô , 70 @0EC=>: ?@>F5AV2 453@040FVW =0 0B><=>-

<>;5:C;O@=><C @V2=V:  

 

 

 

1 2

( )
( ), ( ), ( ) ;

( )
( ) ( ) ( ),

( )

dz t
F z t t R t

dt

d t $ $ n t
d t

ü ý üÿÿ
ý üÿ ý ü û ü
ÿþ

 (2.15) 

 

45 ø ù ø ù ø ù, ,F z t t R tüù ùû   – 45B5@<V=>20=0 2V4’є<=0 4;O :C<C;OB82=8E 

<>45;59 =0:>?8G5==O 45D5:BV2 =0 � 5B0?V A:0;O@=0 ;V=V9=0 01> =0 �� 5B0?V 

=5;V=V9=0 DC=:FVO ?@8 >1’є4=0==V 45D5:BV2 B0 B@VI8=;  

ø ùR t  – 25:B>@ ?0@0<5B@V2 107>2>W 70;56=>ABV 4;O 7040=>W <>45;V 

=0:>?8G5==O ?>H:>465=L;  

1
( ( )ü  V 2

( ( )ü  – 45B5@<V=>20=V DC=:FVW, I> 704>2>;L=ONBL C<>2V 

�VDH8FO (D0:B>@8 2?;82C). (0:B>@ 1
( ( )ü  – 70;56=VABL =04V9=>ABV 2V4 

3@0=8G=>W 5=5@3>є<=>ABV <0B5@V0;C, 2
( ( )ü  – D0:B>@, I> E0@0:B5@87Cє 

<5E0=V7< 48A8?0FVW ?V42545=>W 4> &% 5=5@3VW 

�87=0G0;L=89 ?0@0<5B@ =04V9=>ABV ø ùtü  =0?@O<C ?>2’O70=89 7 

DC=:FVєN, I> >?8ACє :V=5B8:C @>728B:C ?>H:>465=L ø ù:@n f t  C @V2=O==OE 

(2.1), (2.3) B0 C7030;L=5=> A8AB5<>N (2.15). 

+0A>289 4V0?07>= 28<V@N20==O <V@8 ?>H:>465==O 287=0G0єBLAO 

H284:VABN 7<V=8 <5E0=VG=8E 2;0AB82>AB59 :>=AB@C:FV9=>3> <0B5@V0;C ø ùz t  

70 >48=8FN G0AC. � FL><C 28?04:C ?@>F5A ø ùz t , H284:VABL O:>3> >?8ACєBLAO 

?5@H8< @V2=O==O< (2.1), <>6=0 22060B8 ?@81;87=> >4=><V@=8< <0@:V2AL:8< 

4;O G0A>28E V=B5@20;V2 ø ù ø ù, , 0t t t  , O:I> 25;8G8=0 t  704>2>;L=Oє 

=5@V2=>ABO<: 

 k c
t t t  (2.16) 
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45 
k

t  – G0A :>@5;OFVW ø ùtü , O:89 <0є ?>@O4>: B8AOG 28<V@N20=L 

(15 000 28<V@N20=L 70 5 E2 28?@>1C20=L);  

ct  – AB0;0 G0AC �� A8AB5<8 @5єAB@0FVW ?>H:>465=L (20 <A).  

'=0A;V4>: FL>3>, 28:>=0==O ;V2>W G0AB8=8 =5@V2=>ABV (2.16) =5 28:;8:0є 

AC<=V2V2, B>4V O: 28:>=0==O ?@02>W G0AB8=8 28<030є ?5@52V@:8 C :>6=><C 

:>=:@5B=><C 28?04:C. !02545=V D0:B8 ?@> <>6;82VABL @>73;O4C ?@>F5AC 

=0:>?8G5==O ?>H:>465=L C ?>25@E=52><C H0@V, O: <0@:V2AL:>3> ?@>F5AC 

=>AOBL O:VA=89 E0@0:B5@. %B@>35 4>2545==O FL>3> B25@465==O є A:;04=>N 

?@>1;5<C B0 ?>B@51Cє ?@>2545==O 28?@>1C20=L =0 1>30B>F8:;>2C 2B><C 

:>=AB@C:FV9=>3> <0B5@V0;C. 

� @V2=O=L (2.15) <>6=0 =0 ?V4AB02V @>1>B8 [197] AB25@46C20B8, I> 

<=>68=0 ø ù ø ù,z t tüù ùû   AB0=>28B8<5 42>28<V@=89 <0@:V2AL:89 ?@>F5A, 

>4=>28<V@=0 IV;L=VABL V<>2V@=>ABV O:>3> ø ù, ,f z tü  704>2>;L=Oє @V2=O==N 

(>:5@0–#;0=:0–�>;<>3>@>20 [197]: 

 

 ø ù ø ù1 1
,

df d d
A f A z f

dt d dz
ý  ü  ü ûù ù ù ùû  û ü

ø ù
2

2

1

2

d
B f

d
üù ùû ü

. (2.17) 

7 3@0=8G=8<8 C<>20<8: 

 ø ù, , 0f z tü þ  (2.18) 

V ?>G0B:>28<8 C<>20<8: 

 ø ù ø ù ø ù, , , 0.f z t f z f tü ý ü þ  (2.19) 

'<>28 (2.18) D>@<C;NNBLAO 28E>4OG8 7 DV78G=>W ACBV 7040GV. � C<>2V 

(2.19) ?5@5410G0єBLAO, I> ø ùz t  V ø ùtü  C ?>G0B:>289 <><5=B G0AC 0t ý  

AB>E0AB8G=> =570;56=V. �V4?>2V4=> 4> 7030;L=>W B5>@VW <0@:V2AL:8E ?@>F5AV2 

[194, 197] VA=Cє 270є<=> >4=>7=0G=0 2V4?>2V4=VABL <V6 :>5DVFVє=B0<8 

@V2=O==O (2.17) V :>5DVFVє=B0<8 AB>E0AB8G=8E 48D5@5=FV0;L=8E @V2=O=L 

(2.15): 

 ø ù 0 2
1 1 2

( ( )( ( ) ( ( ) ;
4

N d
A

d

ü
ü ý ü û ü

ü
 (2.20) 



75 

 

 ø ù2
( , ) , , , ;

m
A z F z y Rü ý ü  (2.21) 

 ø ù20( ) ( .
2

N
B ü ý ü  (2.22) 

&0:8< G8=><, @>72’O702H8 @V2=O==O (2.20), O:5 107CєBLAO =0 <5B>4V 

E0@0:B5@8AB8G=8E DC=:FV9, <>6=0 287=0G8B8 >4=>28<V@=C IV;L=VABL 

V<>2V@=>ABV 25;8G8=8 <V@8 ?>H:>465=L ?>25@E=52>3> H0@C ø ù,f z t , 70 O:>N 

287=0G0NBLAO 2AV >A=>2=V ?>:07=8:8 <VF=>ABV 4;O :C<C;OB82=8E ;V=V9=8E 

<>45;59 =0:>?8G5==O ?>H:>465=L 2 ?>25@E=52><C H0@V 2 C<>20E 

7=0:>7<V==8E =020=B065=L :>=AB@C:FV9=>3> <0B5@V0;C: 

 ø ù ø ù
1

0

, ,P t f z t dzý    

 ø ù ø ù1

0

,
,

df z tdP
q t dz

dt dt

ö ö
ý  ý  ÷ ÷

ø ø
  (2.23) 

45 ø ùP t  – G0A =0:>?8G5==O 3@0=8G=>3> @V2=O ?>H:>465==O, O:89 287=0G0є 

CB><=C <VF=VABL � ;  

ø ùq t  – A5@54=L>V<>2V@=VA=5 7=0G5==O H284:>ABV 453@040FVW 70 ?5@V>4 

@5єAB@0FVW =0 0B><=>-<>;5:C;O@=><C @V2=V 2 H0@0E 1, 2, 3 (@8A. 2.1). 

&0:89 ?V4EV4 4> 287=0G5==O CB><=>W <VF=>ABV :>=AB@C:FV9=>3> 

<0B5@V0;C A?@0254;8289 4;O ;V=V9=>W <>45;V =0:>?8G5==O ?>H:>465=L =0 

0B><=>-<>;5:C;O@=><C @V2=V (45D5:B8 1-3> B8?C). 

�0@>465==O 45D5:BV2 B8?C B@VI8=0 (45D5:B8 2-3> B8?C) 2V41C20єBLAO 

?@8 :@8B8G=><C =0:>?8G5==N 45D5:BV2 1-3> B8?C. ' FL><C 28?04:C 

?>є4=0==O 45D5:BC 1-3> B8?C C D>@<V AB@C:BC@=> D07>28E ?5@5B2>@5=L [193, 

196] V D>@<C20==O AC1<V:@>A:>?VG=8E, 0 =040;V V <0:@>A:>?VG=8E B@VI8=, 

?@872>48BL 4> ?VB8=3>2>3> @C9=C20==O, B>1B> 4> 70:V=G5==O @5AC@AC 

:>=AB@C:FV9=>3> <0B5@V0;C (B>G:0 ?5@5E>4C 2V4 ;V=V9=>W 4V;O=:8 4> 

=5;V=V9=>W, @8A. 2.2). 
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"A>1;82>ABV 7<V=8 ?0@0<5B@V2 <VF=>ABV :>=AB@C:FV9=8E <0B5@V0;V2 
(7<5=H5==O <VF=>ABV 0B><=8E 72’O7:V2) @5єAB@CNBLAO 2 >48=8FOE ?0@0<5B@V2 
�� 7 ?5@5E>4>< 2V4 ;V=V9=>W 70;56=>ABV 4> =5;V=V9=>W.  

&0:8< G8=><, <5B>4 �� 40є V=AB@C<5=B :V;L:VA=>W >FV=:8 ?>:07=8:V2 
:V=5B8:8 @>728B:C ?>H:>465=L 2 C<>20E :>=B0:B=>3> CB><=>3> 7=>HC20==O 
?@8 ?@>2545==V ?@8A:>@5=8E 28?@>1C20=L. *O B5>@5B8G=0 <>45;L 
?@8A:>@5=8E 28?@>1C20=L =0 :>=B0:B=C <VF=VABL ?>B@51Cє 
5:A?5@8<5=B0;L=>3> ?V4B25@465==O.  

/: 265 707=0G0;>AO, ?>?5@54=V 5:A?5@8<5=B0;L=V 4>A;V465==O ?@8 
?@>2545==V ?@8A:>@5=8E 28?@>1C20=L =0 2B><=C <VF=VABL [90] ?>:070;8, I> 
4V03@0<0 70?8AC ?0@0<5B@C �� 70 G0A>< 28?@>1C20=L <VAB8BL 42V 4V;O=:8: 
?5@H0 – 45<>=AB@Cє ;V=V9=C 70;56=VABL 71V;LH5==O @V2=O ?>H:>46C20=>ABV, 0 
=0 4@C3V9 4V;O=FV – =5;V=V9=0 70;56=VABL 70 @0EC=>: ?>є4=0==O 45D5:BV2 B0 
D>@<C20==O 25;8:8E G0AB>: 7=>AC, E0@0:B5@=8E 4;O ?VB8=3>28E O28I 
(@8A. 2.2). &>G:0 ?>G0B:C CB><=>3> 7=>HC20==O (?5@5EV4 4> =5;V=V9=>W 
4V;O=:8) =0 FL><C 3@0DV:C <>65 1CB8 >FV=5=0 O: <0B5<0B8G=5 A?>4V20==O 
?>H:>46C20=>AB59 M(z) – 4;O ?>@V2=O==O <0B5@V0;V2 G8 A?>A>1V2 7<VF=5==O) 
B0 48A?5@AVєN (0<?;VBC4>N A83=0;C ��) D(z) – 4;O 287=0G5==O <><5=BC 
>FV=N20==O M(z). "FV=:0 @5AC@A=8E ?>:07=8:V2 <0B5@V0;C 28:>=CєBLAO 70 
:V;L:VABN F8:;V2 :@n  4> ?5@5E>4C 2V4 ;V=V9=>W 4V;O=:8 =0 3@0DV:C 4> 

=5;V=V9=>W. *5 ?>2=VABN ?V4B25@46Cє 70?@>?>=>20=C <>45;L B0 40є >A=>2C 
4;O ?@>2545==O :><?;5:A=8E ?>@V2=O;L=8E 4>A;V465=L @V7=8E <0B5@V0;V2 
73V4=> 70?@>?>=>20=>3> :@8B5@VN CB><=>W <VF=>ABV – ?8B><>N 5=5@3VєN 

@C9=C20==O 70 >48= F8:; =020=B065==O C<F�  (2.4). *V @57C;LB0B8 1C4CBL 
28:;045=V C =0ABC?=><C @>74V;V. 

 

 

��%!"��� �� $"����"  2 
 

&5>@5B8G=89 0=0;V7 :>=B0:B=>W 270є<>4VW 40є <>6;82VABL @>7@>18B8 
<5B>48:C ?@8A:>@5=8E 28?@>1C20=L ?@8 >FV=FV CB><=>W <VF=>ABV ?>25@E>=L, 
7<VF=5=8E @V7=8<8 <5B>40<8. 
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1. �=0;V7 AB@C:BC@=>-5=5@35B8G=>3> 10;0=AC 5=5@3VW ?>25@E=52>3> H0@C 

2 C<>20E :>=B0:B=>W 270є<>4VW 4>72>;82 AD>@<C;N20B8 :@8B5@VW CB><=>W 

<VF=>ABV <0B5@V0;V2: ?8B><0 5=5@3VO @C9=C20==O 70 >48= F8:; =020=B065==O 

C<F� . 

2.  5B>4 @5єAB@0FVW A83=0;C �� 287=0G5=> O: 7@CG=89 B0 B>G=89 

V=AB@C<5=B :V;L:VA=>W >FV=:8 ?0@0<5B@0 CB><=>W ?>H:>46C20=>ABV :@n . 

3. %D>@<C;L>20=> C<>28 ?@>2545==O ?@8A:>@5=8E 28?@>1C20=L =0 
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01A>;NB=5 =020=B065==O – 1 500 ! (σmax  500  #0); H284:VABL 

=020=B065==O V=02 = 450 !/A; G0A 4>AO3=5==O =020=B065==O – 10 A5:C=4; G0A 

3V4@02;VG-

=89 :;8= 
 
%28;52V4

�0BG8: 
�� 

�5@E=V9 
@07>: 

�5@E=V9 7@07>: 

!86=V9 7@07>: 
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28?@>1C20=L – 8 3>48=. "FV=:0 7=>AC 28:>=CєBLAO 203>28< <5B>4><, 

?>@V2=O;L=89 0=0;V7 – 70 ?0@0<5B@0<8 ��. 
 

 

3.2 �81V@ <0B5@V0;V2 4;O 4>A;V465=L 
 

#>@V2=O;L=V 5:A?5@8<5=B0;L=V 4>A;V465==O ?@>2>48;8AO =0 ?>@V2=O==O 

:>=B0:B=>W CB><=>W <VF=>ABV ?@8 B5@BV :>G5==O 7 ?@>:>27C20==O< ?>25@E>=L, 

7<VF=5=8E B@048FV9=>N 307>2>N F5<5=B0FVєN V ?;07<>28< 07>BC20==O< ?> 

B5E=>;>3VW AVINIT N (�& <(��=).  

�;O ?>@V2=O==O :>=B0:BCNGV ?>25@E=V 7@07:V2 1C;8 7<VF=5=V: 

– 307>2>N F5<5=B0FVєN 70 B@048FV9=>N B5E=>;>3VєN, H;VD>20=V ?VA;O 

7030@BC20==O; 

– 07>BC20==O< AVINIT N 70 B5E=>;>3VєN �& <(��= [119, 120]. 

"1’є:B0<8 28?@>1C20=L 1C;8 7@07:8 C 283;O4V 48A:V2 4V0<5B@>< 50 << V 

28A>B>N 12 << – AB0=40@B=V 4;O <0H8= B5@BO % *-2 V 2070 % &-1.  

�8?@>1C20;8 7@07:8 7 >4=>3> <0B5@V0;C – 60@><VF=0 

@5;0:A0FV9=>ABV9:0 AB0;L 20)3 �( �"%& 20072-74.  0@:C <0B5@V0;C 1C;> 

>1@0=> 7 C<>28, I> FO AB0;L <>65 7<VF=N20B8AO O: F5<5=B0FVєN, B0: V 

07>BC20==O<. �@07:8 ?V44020;8AO B5@<>>1@>1FV B0 DV=VH=V9 >1@>1FV, O:V 

70157?5GC20;8 B0:V DV78:>-<5E0=VG=V E0@0:B5@8AB8:8 (B01;. 3.1): 

&01;8FO 3.1 – �>40B:>2V B5E=VG=V 28<>38 4> 283>B>2;5==O 7@07:V2 7V 

AB0;V 20)3 �( 

%?>AV1 
7<VF=5==O 

&5E=VG=V 28<>38 

 
*5<5=B0-
FVO 

1. #>25@E=N B5@BO F5<5=BC20B8 =0 3;818=C 0,4…0,7 << ?VA;O 
:V=F52>W <5E0=VG=>W >1@>1:8 > 88HRN15. 
&25@4VABL A5@F528=8 > 24HRC. 
2. "1@>18B8 E>;>4><. 
3. ,>@AB:VABL ?>25@E=V B5@BO R0 = 0,05 μm. 
4. #>25@E=N B5@BO 2 :V=FV >1@>18B8 :V;LF528< ?@8B8@>< V7 
70AB>AC20==O< 0;<07=>W ?0AB8.  
5.  V:@>B@VI8=8 =5 4>?CA:0NBLAO.  5B>4 :>=B@>;N 
<03=VB>?>@>H:>289. 
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�7>BC20=-
=O 

1. #>25@E=N B5@BO 07>BC20B8 =0 3;818=C 0,15…0,38 << ?VA;O 
:V=F52>W <5E0=VG=>W >1@>1:8 > 800HV. 
&25@4VABL A5@F528=8 > 30…38,5HRC. 
2. ,>@AB:VABL ?>25@E=V B5@BO R0 = 0,12 μ<. 
3. #>25@E=N B5@BO ?5@54 07>BC20==O< >1@>18B8 :V;LF528< 
?@8B8@>< V7 70AB>AC20==O< 0;<07=>W ?0AB8.  

 

�8EV4=89 EV<VG=89 A:;04 <0B5@V0;C, I> 28?@>1C202AO, =02545=> 2 

B01;. 3.2. 

&01;8F0 3.2 – )V<VG=89 A:;04 <0B5@V0;V2 7@07:V2 7 20)3 �( 

)V<VG=89 A:;04 AB0;V 20)3 �(, % 

Fe Si Cu Ni P Cr Mn W S C Mo V 

93 
0,17-
0,37 

4> 0,2 4> 
0,3 

4> 
0,03 

2,8-
3,3 

0,25-
0,5 

0,3-
0,5 

4> 
0,025 

0,15-
0,23 

0,35-
0,55 

0,6-
0,85 

 

�>6=89 7@07>: 4>A;V46C202AO  ?@8;04>< 4;O 28<V@N20==O ?0@0<5B@V2 

<V:@>35><5B@VW JENOPTIK (�& <(��=). �@V< B>3>, 28<V@N20;8AO ?>:07=8:8 

H>@AB:>ABV, B25@4>ABV B0 <V:@>B25@4>ABV ?>25@E>=L 70 3;818=>N 

?>25@E=52>3> H0@C.  

$57C;LB0B8 <5B0;>3@0DVG=>3> 0=0;V7C, 287=0G5==O B25@4>ABV B0 3;818=8 

7<VF=5=>3> H0@C @>18;8 =0 42>E ?0@0E 7@07:V2 7 :>6=8< 284>< 7<VF=5==O (7 

=><5@0<8 6%, 10% 4;O F5<5=B>20=8E B0 1�, 5� 4;O 07>B>20=8E) =02545=> C 

B01;8FV 3.3.  

&01;8FO 3.3 – $57C;LB0B8 287=0G5==O B25@4>ABV B0 3;818=8 7<VF=5=>3> 

H0@C 

&8? 7@07:0 
&25@4VABL �;818=0 

7<VF=5=>3> 
H0@C, << 

7<VF=5=>W ?>25@E=V, 
HV/HRN15 

A5@F528=8, HRC 

6% (F5<5=B0F.) 679/89,0 34,5–36,0 1,2 

10% (F5<5=B0F.) 731/90,0 35,0 1,2 

1� (07>BC20=.) 831/91,5 27,0–28,5 0,25 

5� (07>BC20=.) 800/90,0 27,0–28,0 0,25 
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3.2.1. #@>3=>7C20==O <0:@>A:>?VG=8E ?0@0<5B@V2 :>=B0:B=>W 270є<>4VW 

 

#@>3=>7C20==O <0:@>A:>?VG=8E ?0@0<5B@V2 :>=B0:BC 7@07:V2 ?@>2>48;8 
=0 >A=>2V B0:>W @>7@0EC=:>2>W AE5<8 (BV;0 1 V 2) (@8A. 3.5) [9]. 

 
$8AC=>: 3.5 –  >45;L :>=B0:B=>W 270є<>4VW ?0@8 B5@BO: 

 r1, r2 – @04VCA8 7@07:V2 B@81>A8AB5<8; h – 3;818=0 <>48DV:>20=>3> H0@C;    
V1, V2 – H284:>ABV :>270==O 4;O ?5@H>3> B0 4@C3>3> 7@07:0 2V4?>2V4=>;       
ω1, ω1 – :CB>2V H284:>ABV ?5@H>3> B0 4@C3>3> 7@07:0; N – ?@8:;045=5 
=020=B065==O; 2b – H8@8=0 35@FV2AL:>W ?;O<8 :>=B0:BC; l – 4>268=0 
:>=B0:BC 

 

&>2I8=0 <>48DV:>20=>3> H0@C h BV; 1, 2 7@07:V2, 7<VF=5=8E 
07>BC20==O< AVINIT N 7 3;818=>N H0@C 0,25 <<, C 5 @07V2 =86G5, =V6 
7@07:V2, 7<VF=5=8E F5<5=B0FVєN 7 3;818=>N H0@C 1,2 <<. 

,;OE B5@BO S 70 >48= F8:; :>=B0:BC20==O ?V4 =020=B065==O< N 

7=0945<> V7 B0:8E <V@:C20=L (@8A. 3.5): G0A :>=B0:BC20==O BV;0 1 – 
1

2b
t

V
ý ; BV;0 

2 – 
2

2b
t

V
ý , 45 2b – 35@FV2AL:0 ?;O<0 :>=B0:BC; V1, V2 – H284:>ABV :>270==O 4;O 

?5@H>3> B0 4@C3>3> 7@07:V2 2V4?>2V4=>. 

!5E09 H;OE 1
1

2

2
V

S b
V

ý , B>4V 70 G0A 4VW >4=>3> :>=B0:BC20==O: 

 

1 2

2

2 .
V V

S b
V


ý   (3.3) 

  
 

 

G   

N   

r 1   

T 2   

ω 1   
T 1   

ω 2   

N   

V 1   

V 2   
x   

2   

1   

r 2   

ω 1 > ω 2   

σ A   
1 

  

l   

2 
  

2b   

h   
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�0;56=VABL H;OEC B5@BO 2V4 ?>;>65==O B>G:8 :>=B0:BC20==O 

287=0G0єBLAO @V2=O==O<:  

 
ø ù 1 2

2

,
V V

S x b
V


ý û  (3.4) 

45 S – H;OE B5@BO 70 >48= F8:; :>=B0:BC20==O; b – ?>;>28=0 35@FV2AL:>W 

?;O<8 :>=B0:BC; V1, V2 – H284:>ABV :>270==O 4;O ?5@H>3> B0 4@C3>3> 7@07:C 

2V4?>2V4=>. 

&0:8< G8=><, G0A V=B53@C20==O 0<?;VBC4 ?@8 D>@<C20==V CA5@54=5=>W 

?>BC6=>ABV �� ?>28=5= ?@>E>48B8 70 G0A :>=B0:B=>W 270є<>4VW =0 4V;O=FV 2b  

(@8A. 3.5). #@>2545=V @>7@0EC=:8 ?>:07CNBL, I> F59 G0A AB0=>28BL 20 <A, 

O:89 ?>BV< 1C2 22545=89, O: AB0;0 V=B53@C20==O 0<?;VBC4 A83=0;V2 �� ?@8 

D>@<C20==V CA5@54=5=>W ?>BC6=>ABV ��. 

 

 

3.3  5B>48 4>A;V465==O 

3.3.1 �8<V@N20==O <0:@>- V <V:@>B25@4>ABV 

 

�8<V@N20==O B25@4>ABV 7@07:V2 ?@>2>48;8 70 <5B>4>< $>:25;;0, 0 ?VA;O 
<5E0=VG=>W >1@>1:8 – 70 <5B>4>< �V::5@A0. �0 G8A;> B25@4>ABV ?@89<0;>AO 
A5@54=є 0@8D<5B8G=5 7=0G5==O @57C;LB0BV2 ?’OB8 28<V@N20=L. 

�8<V@N20==O B25@4>ABV 70 $>:25;;>< 74V9A=N20;8 =0 02B><0B8G=><C 
AB0FV>=0@=><C B25@4><V@V UIT HR-300 2V4?>2V4=> 4> ASTM �-18-22  

(ISO 6508-2:2015). �=45=B>@>< 1C2 AB0=40@B=89 0;<07=89 :>=CA 7 :CB>< ?@8 
25@H8=V 120°. �V0?07>= =020=B065=L – 98,07…1471 !, 4V0?07>= 7=0G5=L 
B25@4>ABV – 20…70 HRC.  

�8<V@N20==O B25@4>ABV 70 �V::5@A>< ?@>2>48;8 =0 AB0FV>=0@=><C 
B25@4><V@V UIT HV-10/30/50 2V4?>2V4=> 4> �"%& 2999-75 (ISO 14271:2017). ' 
?@8;04V 70AB>A>20=89 =020=B06C20;L=89 <5E0=V7< 7V 7=865=8< B5@BO<, I> 
7=0G=> ?V428ICє B>G=VABL 28?@>1C20=L. �=0;V7 >B@8<0=8E 2V418B:V2 
?@>2>482AO 70 4>?><>3>N 2AB0=>2;5=>3> =0 ?@8;04V >:C;O@-<V:@><5B@0 7V 
71V;LH5==O< 20 V 10 :@0B. �;O 28<V@N20==O 2V418B:0 4> 9>3> 25@H8= 
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?V42>48;8 <0@:5@8 V 28<V@N20;8 4V03>=0;V. �=0G5==O B25@4>ABV 
@>7@0E>2C20;>AO 02B><0B8G=> V 282>48;>AO =0 5:@0= B25@4><V@0. �V0?07>= 
28:>@8AB>2C20=8E =020=B065=L AB0=>282 9,8…49,03 !, G0A 28B@8<:8 ?V4 
=020=B065==O< – 10 A. 

 V:@>B25@4VABL 28<V@N20;8 70 4>?><>3>N B25@4><V@0 # &-3 2V4?>2V4=> 
4> �"%& 9450-76 (0=0;>3VG=> ISO 4516:2002). #@8;04 ?@87=0G5=89 4;O 
287=0G5==O <V:@>B25@4>ABV ?@8 <0;8E =020=B065==OE (4> 19,6 !) 7 
28:>@8AB0==O< AB0=40@B=>W 0;<07=>W ?V@0<V48 �V::5@A0 7 :CB>< ?@8 25@H8=V 
136°. �V0?07>= =020=B065=L – 0,098…19,61 !, G0A 28B@8<:8 – 10…15 A, 
4V0?07>= 28<V@N20=L <V:@>B25@4>ABV – 5…2500   #0. ' ?@8;04V @50;V7>20=> 
?>2=VABN 02B><0B87>20=89 ?@>F5A 28<V@N20=L, 4;O V=VFV0;V70FVW O:>3> 4>A8BL 
2AB0=>28B8 25;8G8=C 7CA8;;O V 281@0B8 =5>1EV4=5 <VAF5 =0 ?>25@E=V 
B@81>5;5<5=B0 7 28:>@8AB0==O< 21C4>20=>3> <V:@>A:>?0 (7030;L=5 71V;LH5==O 
×100 V ×400). ' B25@4><V@V 70AB>A>20=89 =020=B06C20;L=89 <5E0=V7< 7V 
7=865=8< B5@BO<, I> 70157?5GCє AB0;VABL ?@8:;045=>3> 7CA8;;O V ?V428I5==O 
B>G=>ABV 28?@>1C20=L. 

�8:>=C20;0AL A:VA=0 (=5?@O<0) >FV=:0 <V:@>B25@4>ABV 70 3;818=>N 
@>1>G>3> H0@C 7@07:V2 ?VA;O 28?@>1C20=L. �;O FL>3> ?@>2>48;8 28<V@N20==O 
<V:@>B25@4>ABV ?@8 =020=B065==OE 0,5; 1 B0 2 !. #5@5@0EC=>: 4V03>=0;V ?> 
3;818=V 2V418B:C 28:>=0=> 70 D>@<C;>N h = d/7, 45 h – 3;818=0 2V418B:C,  
d – 4V03>=0;L 2V418B:C ?VA;O 9>3> @>720=B065==O.  

 V:@>B25@4VABL 287=0G0;8 O: A5@54=є 70 10 28<V@N20==O< 1. 

 

3.3.2 �8<V@N20==O H>@AB:>ABV V ?@>DV;N ?>25@E=V 

 

�:A?;C0B0FV9=V 2;0AB82>ABV 28@>1V2 7=0G=>N <V@>N 70;560BL 2V4 

35><5B@8G=8E E0@0:B5@8AB8: ?>25@E=V (2V4E8;5==O D>@<8, E28;OABVABL V 

H>@AB:VABL ?>25@E=V). ,>@AB:VABL 2?;820є =0 :>5DVFVє=B B5@BO, 

7=>A>ABV9:VABL, AB0B8G=C, B@820;C V CB><=C <VF=VABL, :>@>7V9=C ABV9:VABL, 

<VF=VABL 7’є4=0=L 7 =0BO3>< [1767, 177]. ' 72’O7:C 7 F8< =5>1EV4=> @5B5;L=> 
                                                 
1 �>A;V465==O 28:>=C20;8AO 2 ;01>@0B>@VW B@81>;>3VW �# <�02>4 V<. �. ".  0;8H520= 
". �.";V9=8:><  
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@53;0<5=BC20B8 >A=>2=V E0@0:B5@8AB8:8 H>@AB:>ABV. &><C 2 70?@>?>=>20=V9 

@>1>BV ?@84V;5=> C203C 282G5==N 7<V= 35><5B@8G=8E ?0@0<5B@V2 ?>25@E=V 

?VA;O @V7=8E >1@>1>:. 

,>@AB:VABL V ?@>DV;L ?>25@E=V 7@07:V2 ?5@54 28?@>1C20==O<8, 0 B0:>6 

?@8 >?B8<V70FVW @568<V2 DV=VH=>W >1@>1:8 287=0G0;8 70 4>?><>3>N 

?@>DV;><5B@0-?@>DV;>3@0D0 TR200 DV@<8 JENOPTIK, 2V4?>2V4=>3> 4> 

AB0=40@BV2 ISO 4287-1997. ' ?@8;04 <0є 21C4>20=89 AB0=40@B=89 RS232 ?>@B 

4;O 157?>A5@54=L>3> 72’O7:C 7 :><?’NB5@><, I> 40є <>6;82VABL 

A8AB5<0B87C20B8 >B@8<0=V 40=V.  

+CB;82VABL 40BG8:0 ?@>DV;><5B@0 AB0=>28BL 0,002 <:<. *5 4>72>;Oє 

>?8AC20B8 @5;LєD =5@V2=>AB59 28A>B>N 2V4 0,005 <:<. �V0?07>= 28<V@N20=L – 

0,01…160 <:<, @04VCA >?>@8 – 125 <<, @04VCA 2VAB@O 0;<07=>W 3>;:8 – 5 <:<. 

,>@AB:VABL >FV=N20;8 A5@54=V< 0@8D<5B8G=8< 01A>;NB=8E 7=0G5=L 

2V4E8;5=L Ra. #>E81:0 28<V@N20==O Ra =5 ?5@528IC20;0 10 %, 

2V4B2>@N20=VABL AB0=>28;0 ≤ 6 %. �8<V@N20==O ?@>2>48;8 ?@8 :V<=0B=V9 

B5<?5@0BC@V V 2V4=>A=V9 2>;>3>ABV ?>2VB@O =5 1V;LH5 70 %.   

�>A;V465==O ?@>2>48;8AL C ;01>@0B>@VW �& <(��=. 

 

3.3.3 �8:>@8AB0==O 5;5:B@>==>W <V:@>A:>?VW B0 

<V:@>@5=B35=>A?5:B@0;L=>3> 0=0;V7C 

 

�?9>FDBAA4 @V>DBE>BCVS.  V:@>AB@C:BC@0 ?@8 25;8:8E 71V;LH5==OE V 7 

28A>:>N 3;818=>N @V7:>ABV 282G0;0AO =0 @0AB@>2><C 5;5:B@>==><C 

<V:@>A:>?V $� -106 28@>1=8FB20 "�" SELMI. #@8;04 <0є :><?’NB5@=5 

:5@C20==O, I> 7=0G=> A?@>ICє ?@>F5A 4>A;V465==O V 40є <>6;82VABL 

715@V30B8 >B@8<0=V 7>1@065==O 157?>A5@54=L> 2 F8D@>2><C 283;O4V. 

 V:@>A:>? 4>72>;Oє 282G0B8 AB@C:BC@8 7V 71V;LH5==O< 2V4 15 4> 
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300 000 @07V2. $>74V;L=0 740B=VABL 2 @568<V 28A>:>3> 20:CC<C AB0=>28BL 4 =<, 

2 @568<V =87L:>3> 20:CC<C – 6 =<.  0:A8<0;L=89 @>7<V@ >1’є:B0 – 55 <<. 

' @0AB@>2><C 5;5:B@>==><C <V:@>A:>?V 7>1@065==O 70728G09 

D>@<CєBLAO 70 4>?><>3>N 2B>@8==8E V 2V418B8E 5;5:B@>=V2, 7>=0 28E>4C O:8E 

>1<565=0 <0;>N >1;0ABN =02:>;> <VAFO ?CG:0, B><C 4>AO30єBLAO 28A>:0 

@>74V;L=0 740B=VABL. *5 4>72>;Oє 4>A;V46C20B8 =094@V1=VHV 45B0;V @5;LєDC 

?>25@E=V, 0 B0:>6 70157?5GCє 1V;LHC @V7:VABL 2 ?>є4=0==V 7 =0>G=VABN 

7>1@065==O, I> 40є <>6;82VABL 4>A;V46C20B8 >1’є:B8 7 A8;L=> @>728=5=>N 

?>25@E=5N [178]. 

�>A;V46C20=V >1’є:B8 ?>?5@54=L> ?@>B@CNNBL 2 4 % @>7G8=V 07>B=>W 

:8A;>B8, ?@8G><C B@820;VABL B@02;5==O 1C;0 71V;LH5=0 2 ?>@V2=O==V 7 

?V43>B>2:>N B@81>5;5<5=BV2 4;O >?B8G=>W <V:@>A:>?VW 7 <5B>N >B@8<0==O 

1V;LH 3;81>:>3> @5;LєDC. �>1@065==O 282G0;8 C 2B>@8==8E (C @568<V 

28A>:>3> 20:CC<C, ?@8A:>@NG0 =0?@C30 30 :�) V 2V4>1@065=8E (C @568<V 

=87L:>3> 20:CC<C, ?@8A:>@NG0 =0?@C30 20 :�) 5;5:B@>=0E. 

 

3.3.4 $5=B35=>AB@C:BC@=V 4>A;V465==O 

 

�;O V45=B8DV:0FVW D07>2>3> A:;04C ?>25@E=52>3> H0@C 07>B>20=8E 

7@07:V2 1C;> 28:>=0=> @5=B35=>AB@C:BC@=V 4>A;V465==O. �>=8 ?@>2>48;8AO 

=0 48D@0:B><5B@V �$"!-2.0 C DV;LB@>20=><C 28?@><V=N20==V Fe-Kɑ. �9><:0 

48D@0:B>3@0< 4;O D07>2>3> 0=0;V7C 74V9A=N20;0AO C AE5<V ϴ-20 A:0=C20==O 7 

D>:CAC20==O< 70 �@53><–�@5=B0=> 2 V=B5@20;V :CBV2 2V4 25 4> 140 3@04. �;O 

?>@V2=O==O 1C;> >B@8<0=> 48D@0:B>3@0<8 7 ?>25@E=V 07>B>20=>3> 7@07:C 5� V 

B0:>3> 6 D@03<5=B0, 28@V70=>3> 7 FL>3> 7@07:C, ?>25@E=O O:>3> 1C;0 

7VH;VD>20=0 =0 3;818=C 1 << 4;O 2840;5==O 07>B>20=>3> H0@C.  

#VA;O >1@>1:8 48D@0:B>3@0<, 287=0G5==O :CB>2>3> ?>;>65==O 

48D@0:FV9=8E <0:A8<C<V2 B0 V45=B8DV:0FVW D07 70 D>@<C;>N �C;LD0–�@5330 

@>7@0E>2C20;0AO <V6?;>I8==0 2V4AB0=L dhkl 4;O :@8AB0;>3@0DVG=8E ?;>I8= 
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(hkl). �=0G5==O ?0@0<5B@0 @5HVB:8 4 4;O 28O2;5=8E D07 287=0G0;>AO 7V 

A?V22V4=>H5==O:  

 
2 2 2

.
hkl

a d h k lý û û  (3.5) 

 

3.3.5 �:CAB8:>-5<VAV9=89 <5B>4 :>=B@>;N 7=>HC20==O  

 

"A=>2=>N ?@>1;5<>N 5=5@35B8G=>W B5>@VW @C9=C20==O, I> >?5@Cє 

?0@0<5B@0<8 ?>H:>46C20=>ABV, є B5, I> 2>=8 70 A2>єN ?@8@>4>N 206:> 

A?>AB5@56C20=V [15, 16, 71]. %CG0A=89 @>728B>: =5@C9=V2=8E <5B>4V2 

:>=B@>;N, 0 A0<5 <5B>4C 0:CAB8G=>W 5<VAVW (��), 4>72>;82 :>=B@>;N20B8 

?@>F5A8 O: <0;>-, B0: V 1030B>F8:;>2>W 2B><8 =0 CAVE 5B0?0E @>728B:C [89-92, 

132, 133, 179]. *5 V 40;> ?@0:B8G=V >A=>28 4;O @>7@>1:8 <5B>48:8 

?@8A:>@5=>W >FV=:8 ?>:07=8:V2 CB><=>W ?>H:>46C20=>ABV.  

�>A;V465==O 70 ?0@0<5B@0<8 �� 28:>=C20;8AL 70 4>?><>3>N 

V=D>@<0FV9=>-4V03=>AB8G=>W A8AB5<8 (��%) �� [89-92, 132, 133, 179]. 

&5E=VG=V E0@0:B5@8AB8:8 ��% =02545=> C B01;. 3.4. �>2=VH=V9 283;O4 ��%, 

1;>:0 @5єAB@0FVW V >1@>1:8 A83=0;V2 �� 2 ��% B0 40BG8:0 �� ?@54AB02;5=V =0 

@8A. 3.6. �0AB>A>2C202AO H8@>:>A<C3>289 40BG8: 0:CAB8G=>W 5<VAVW ��% 1 7 

@>1>G>N A<C3>N G0AB>B 2V4 200 :�F 4> 1 200 :�F (@8A. 3.6., 6). ' :>=AB@C:FVW 

40BG8:0 70AB>A>20=> <5B>4 45<?DC20==O B8;L=>W AB>@>=8 ?’є7>?;0AB8=8 – 

GCB;82>3> 5;5<5=B0 40BG8:0 0:CAB8G=>W 5<VAVW. 

&01;8FO 3.4  &5E=VG=V E0@0:B5@8AB8:8 B0 :><?;5:B=VABL ��% 

)0@0:B5@8AB8:0  #>:07=8:8 
�EV4=89 >?V@,  "< 1 

+CB;82VABL 2E>4C, <:� 10 

+0AB>B=89 4V0?07>=, :�F 200…2000 
�>5DVFVє=B ?>A8;5==O, 4� 65…90 
�8=0<VG=89 4V0?07>=, 4� 40…65 
�@>: 48A:@5B870FVW, <A 20 
$>7<V@ 2V4=>A=>W ?>E81:8, % 0,7 
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#@>4>265==O B01;. 3.4 

�><?;5:B=VABL 
1. �0BG8: B8?C ��% -1 (H8@>:>A<C3>289 ?’є7>5;5:B@8G=89 
?5@5B2>@N20G) 7 @>1>G>N A<C3>N G0AB>B 200…2000 :�F, 2EV4=89 >?V@ – 
2,3·10-11 "<, =5@V2=><V@=VABL �+) – 8,5 4�, є<=VABL – 1,45 =(, GCB;82VABL 
– 125 <�/<·A2. 
2. �;>: @5єAB@0FVW >1@>1:8 A83=0;V2 0:CAB8G=>W 5<VAVW 

 
 

      
4     5    6 

 
$8AC=>: 3.6 – �>2=VH=V9 283;O4 ��%: 4 – 7030;L=89 283;O4 ��%;  

5 – 1;>: >1@>1:8 A83=0;V2 ��; 6 – 40BG8: �� 

 

$57C;LB0B8 >FV=:8 H284:>ABV 7=>HC20==O <5B>4>< 0:CAB8G=>W 5<VAVW 

4>72>;8;8 ?@>25AB8 >FV=:C GCB;82>ABV FL>3> <5B>4C ?@8 @5єAB@0FVW 7=>AC 2 

B@81>A?>;CG5==OE, I> 0=0;V7CNBLAO [89-92, 132, 133, 179]. �>=0 7=0E>48BLAO 

C <560E 4V0?07>=C 7<V=8 ?8B><>W 5<VAV9=>W 0:B82=>ABV 

AEø  = 1,2·10-11…1,45·10-11 3/2V4=. >4. #8B><0 5<VAV9=0 0:B82=VABL 

71V;LHCєBLAO ?@8 71V;LH5==V <VF=>ABV <0B5@V0;C. #@8 =>@<0;L=><C 

<5E0=>EV<VG=><C 7=>AV ?>E81:0 ?@>3=>7C20==O 70157?5GCєBLAO =0 @V2=V =5 

1V;LH5 2…2,5 %. � C<>20E ?5@5E>4C 4> ?>H:>46C20=>ABV ?>E81:8 @V7:> 

7@>AB0NBL V 70AB>AC20==O <5B>4C �� 2 FL><C 28?04:C >1<56CєBLAO 

4V03=>AB8G=8<8 >7=0:0<8 (@8A. 3.7). !0 F8E 3@0DV:0E W
ú  є 25;8G8=>N 

?>BC6=>ABV A83=0;C 0:CAB8G=>W 5<VAVW C �0B0E, 0 W – C 2V4=>A=8E >48=8FOE, 

<V6 O:8<8 є ?@O<0 ;V=V9=0 70;56=VABL [94, 180, 181]. 
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 V:@>7048@ 
�B>@8==5 

?@8?@0FN20==O 

0 

W* 
×10–8, 
 �B 

W, 
2V4=. 
>4. 

  200 

200 

400 
  300 

  100 x300 

�V4;V: 7 ?5@V>4>< 20 <A (50 �F)  

4 

      
0 

W* 
×10–8, 
 �B 

W, 
2V4=. 
>4. 

 800 

500 

1000 

1200 

 400  x300 

�V4;V: 7 ?5@V>4>< 20 <A (50 �F)  
5 

      
0 

W* 
×10–8, 
 �B 

W, 
2V4=. 
>4. 

  100 

100 

150 
  140 

    60 

50 

�V4;V: 7 ?5@V>4>< 20 <A (50 �F)  
6 

$8AC=>: 3.7 – �V03@0<0 7<V=8 H284:>ABV 7=>HC20==O 2 >48=8FOE 
28<V@N20==O ?>BC6=>ABV �� 70 =0O2=>ABV <V:@>?>H:>46C20=>ABV: 

4 – <V:@>7048@; 5 – ?5@5EV4 4> 7048@C; 6 – ?VB8=3>25 @C9=C20==O (3;818=0 
?VB8=3>28E 28@07>: AB0=>28BL A:;040є 0,05…0,052 <<) 

 

$>7@>1;5=0 <5B>4>;>3VO 28<V@N20==O H284:>ABV 7=>HC20==O 7@07:V2 2 
>48=8FOE 28<V@N20==O ?>BC6=>ABV [182] 4>72>;8;0 @>74V;8B8 A83=0;8 �� 
?@8 =>@<0;L=><C 7=>HC20==V B0 ?@8 ?>H:>46C20=>ABV 70;56=> 2V4 WE 
5=5@3>є<=>ABV (@8A. 3.7, B01;. 3.5). 



95 

 

&01;8FO 3.5 – �=5@3>є<=VABL A83=0;V2 �� 4;O @V7=8E <5E0=V7<V2 

=0:>?8G5==O ?>H:>465=L C 7@07:0E 

№ 
7/?  5E0=V7<8 ?>H:>465=L (7=>HC20==O) 

�=5@3>є<=VABL 2 >48=8FOE 
28<V@N20==O ?>BC6=>ABV 

2V4=>A=V 
>48=8FV �B·10-8 

1. #@>F5A8 ?;0AB8G=>W 45D>@<0FVW V 
CB2>@5==O <V:@>B@VI8= C 
?>25@E=52><C H0@V 

0…3 0…3,75 

2. �V44V;5==O >48=8G=8E G0AB8=>: 7=>AC 3…10 3,75…12,5 
3. �V;O=:0 AB0FV>=0@=>3> 7=>HC20==O 
(?VA;O ?@8?@0FN20==O) 10…25 12,5…31,25 

4. #VB8=3>25 @C9=C20==O 60…80 75…100 
5. %C?CB=V <5E0=V7<8 
<V:@>?>H:>46C20=>ABV (<V:@>7048@) 300…600 375…750 

 

�;O ?@89<0==O A83=0;V2 ��, 72060NG8 =0 70240==O @>1>B8, 

28:>@8AB>2C20;8 E28;52>4 (482. @8A. 3.4 5, 6), O:89 2AB0=>2;N20;8 =0 

2V4AB0=V 0,2 << 2V4 =86=L>3> @CE><>3> 7@07:0 B0 :>=B0:B 74V9A=N202AO G5@57 

<0A;O=89 (30A>289) H0@ C 707>@V.  

 

3.4  5B>48:0 ?@8A:>@5=>W >FV=:8 ?>:07=8:V2 CB><=>W <VF=>ABV 

?>25@E=528E H0@V2 ?VA;O WE <>48DV:0FVW  

 

�@C=BCNG8AL =0 >A=>2=8E ?>;>65==OE 5=5@35B8G=>W B5>@VW, DV78G=89 

7<VAB ?0@0<5B@0 ?>H:>46C20=>ABV u <>6=0 CO28B8 O: ?8B><C ?>BC6=VABL 

48A8?8@3>20=>W 5=5@3VW 70 >48= F8:; =020=B065==O �F 2 <560E G0AC t*, B>1B> 

?> ACBV F5 :@8B5@V9, I> >FV=Nє 48A8?0FVN 5=5@3VW @C9=C20==O, =0:>?8G5=C 70 

F59 G0A t*, >A=>2=0 @>;L C O:V9 2V42>48BLAO ?@8E>20=V9 5=5@3VW ?;0AB8G=>W 

45D>@<0FVW [71, 183]. !0 ?V4AB02V FL>3> 70?@>?>=>20=0 <5B>48:0 ?@8A:>@5=>W 

?>@V2=O;L=>W >FV=:8 ?>:07=8:V2 CB><=>W <VF=>ABV 7@07:V2 ?@8 :>G5==V 7 

?@>:>27C20==O< 7 28:>@8AB0==O< <5B>4C ��. 
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�>=F5?FVO @>7@>1:8 <5B>48:8 >A=>20=0 =0 :V;L:VA=V9 >FV=FV 

5=5@35B8G=>3> ?0@0<5B@0 ?>H:>46C20=>ABV � . %B@C:BC@=0 AE5<0 <5B>48:8 

A:;040єBLAO 7 45:V;L:>E 5B0?V2 V =02545=0 =0 @8A. 3.8. 
 

 
 

$8AC=>: 3.8 – %B@C:BC@=0 AE5<0 <5B>48:8 ?@8A:>@5=>W ?>@V2=O;L=>W 
>FV=:8 ?>:07=8:V2 2B><=>W <VF=>ABV &% ?@8 :>G5==V 7 ?@>:>27C20==O< 7 

28:>@8AB0==O< <5B>4C �� 

 
 

1 5B0?: <>45;N20==O @>1>B8 @50;L=>W &%. �87=0G5==O  max.  

2 5B0?: V<?C;LA=5 =020=B065==O &% 4> 7=0G5==O  max.  

3 5B0?: @>1>B0 &% 4> ?>G0B:C CB><=8E ?>H:>465=L.  
4 5B0?: 287=0G5==O 5=5@35B8G=>3> ?0@0<5B@C CB><=>W <VF=>ABV � : 

?8B><0 5=5@3VO @C9=C20==O 70 1 F8:; =020=B065==O ?8B�  @>7@0EC=:>28< 
<5B>4>< B0 5:A?5@8<5=B0;L=>. #>@V2=O==O <0B5@V0;V2, I> 28?@>1CNBLAO.  

5 5B0?: <5B0;>DV78G=5 ?V4B25@465==O CB><=8E ?>H:>465=L 
?VB8=3>2>3> E0@0:B5@C. $VH5==O =0 4>FV;L=VABL ?@>2545==O 4>23>B@820;8E 
28?@>1C20=L.  

6 5B0?. #V4B25@465==O 4>AB>2V@=>ABV @57C;LB0BV2 ?@8A:>@5=>W >FV=:8. 
#@>2545==O 4>23>B@820;8E ?>@V2=O;L=8E 28?@>1C20=L �  =0 CB><=C 
<VF=VABL B0 :V;L:VA=0 >FV=:0 ?>:07=8:V2 CB><=>W ?>H:>46C20=>ABV 203>28< 

1 5B0? 
 >45;N20==O @>1>B8 @50;L=>W 

&%. �87=0G5==O  max 

 

#0@0<5B@8 &% 

#0@0<5B@8 �� 

�%&' 

2 5B0? 
�<?C;LA=5 =020=B065==O &% 4> 

7=0G5==O  max 

3 5B0? 
$>1>B0 &% 4> ?>G0B:C CB><=8E 

?>H:>465=L 
 

 

#0@0<5B@8 &% 

#0@0<5B@8 �� 

 

 B@, " 

#0@0<5B@8 �� 

@>7@0EC=:>28< <5B>4>< 5:A?5@8<5=B0;L=> 

4 5B0? 
�87=0G5==O 5=5@35B8G=>3> ?0@0<5B@0 CB><=>W <VF=>ABV 

<0B5@V0;C: ?8B><0 5=5@3VO @C9=C20==O 70 1 F8:; =020=B065==O ?8B�   

5 5B0? 
 5B0;>DV78G=5 ?V4B25@465==O CB><=8E 
?>H:>465=L ?VB8=3>2>3> E0@0:B5@C. 
$VH5==O =0 4>FV;L=VABL ?@>2545==O 
4>23>B@820;8E 28?@>1C20=L  

 

6 5B0? 
#V4B25@465==O 4>AB>2V@=>ABV @57C;LB0BV2 

?@8A:>@5=>W >FV=:8 
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<5B>4>< B0 @>7@0EC=:>< A5@54=L>W 3;818=8 ?VB8=3>28E ?>H:>465=L (=5 
<5=H5 106 F8:;V2 :>=B0:B=>W 270є<>4VW). $5:><5=40FVW =0 ?@>2545==O 
AB5=4>28E 28?@>1C20=L >@30=V70FVєN, O:0 <0є ;VF5=7V9=89 4>72V; 7 5:A?5@B=>W 
>FV=:8 (#�&  >B>@ %VG). 

!0 4@C3><C 5B0?V FVєW <5B>48:8 ?@>2>4OBL V<?C;LA=5 =020=B065==O 4> 
3@0=8G=> <>6;828E 7=0G5=L.  0:A8<0;L=V 7=0G5==O 287=0G0;8 70 :;0A8G=>N 
<5B>48:>N: AEV4G0AB5 =020=B065==O 7 28B@8<C20==O< =0 =L><C 4> 
AB01V;V70FVW ?0@0<5B@V2 &% ( B@, ", ?0@0<5B@8 ��) 7 ?@>4>265==O< B0:>3> 
AEV4G0AB>3> =020=B065==O 7 28B@8<:>N 4> <><5=BC =0AB0==O 7048@C. +0A 
28B@8<:8 =0 :>6=V9 AE>48=FV AB0=>28BL 20 E2.  

�3V4=> 7 FVєN <5B>48:>N H284:VABL =020=B065==O &% ?>28==0 
4>@V2=N20B8 H284:>ABV @5;0:A0FVW =0?@C65=L C ?>25@E=52><C H0@V [89].  

�048@ 287=0G0єBLAO 70 ?0@0<5B@0<8 &% ( B@, ", (@8A. 3.9) B0 
?0@0<5B@0<8 �� (@8A. 3.10). $57C;LB0B8 287=0G5==O  max 4;O 107>2>W &% 
(F5<5=B0FVO) =02545=> =0 (@8A. 3.9, 3.10.) 

 
 

$8AC=>: 3.9 – �<V=0 B@81>B5E=VG=8E ?0@0<5B@V2 ?@8 AEV4G0AB><C 
=020=B065==V ?@8 287=0G5==V  max 4;O 107>2>W &% (F5<5=B0FVO) 

 

#V4 G0A 28?@>1C20=L @5єAB@C20;8 A5@54=L>?>25@E=52C B5<?5@0BC@C B0 
<><5=B B5@BO, O:89 ?5@5@0E>2C202AO C :>5DVFVє=B B5@BO 70 D>@<C;>N 

B@ 2 /f �  Dý , 45   – <><5=B B5@BO;   – =020=B065==O; D – 4V0<5B@ 7@07:0. 
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 5B>4 �� @5єAB@Cє ?5@5EV4 &% 4> 7048@C ?@8 =020=B065==V 5 000 !. 

#@8 FL><C DV:AC20;8AO 71V;LH5==O :>5DVFVє=BC B5@BO B0 B5<?5@0BC@8. *5 

?V4B25@46CєBLAO <V:@>D>B>3@0DVO<8 ?>25@E=V 7V A;V40<8 7048@C (@8A. 3.11.). 

&0:8< G8=>< <0:A8<0;L=5 7=0G5==O =020=B065==O 4;O 40=>3> 7@07:0 

AB0=>28BL 4 500 !. 

 

 

4 

 

5 

 

$8AC=>: 3.10 – �V03@0<0 7<V=8 ?0@0<5B@C �� 4;O 107>2>3> 7@07:0 

(F5<5=B0FVO) ?VA;O =020=B065==O: 4 – =020=B065==O   = 4 500 !;  

5 – =020=B065==O 5 000 ! 

 
 

�V4;V:8 G0AC 7 ?5@V>4>< 20 <A 

 
W 

 W 

�V4;V:8 G0AC 7 ?5@V>4>< 20 <A
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$8AC=>: 3.11 –  V:@>D>B>3@0DVO ?>25@E=V 7V A;V40<8 7048@C ?@8 

71V;LH5==V =020=B065==O 4> 5 000 ! (E532) 

 

' @57C;LB0BV V<?C;LA=>3> =020=B065==O @5єAB@Cє<> 4V03@0<C 7<V=8 

A83=0;V2 �� (@8A. 3.12) V 4> ?>G0B:C 2B><=>3> @C9=C20==O 0<?;VBC40 �� 

7@>AB0є 4> 7=0G5=L 1V;LH5 100 2V4=. >4., (@8A. 3.13).  

 

 

$8AC=>: 3.12 – �V03@0<0 7<V=8 A83=0;V2 �� ?@8 V<?C;LA=><C =020=B065==V  
 

�<?C;LA=5 =020=B065==O 

%B@C:BC@C20==O B0 
7<VF=5==O ?>25@E=52>3> 

H0@C #@>F5A8 =0:>?8G5==O 
2=CB@VH=L>W 5=5@3VW 70 @0EC=>: 
?;0AB8G=>W 45D>@<0FVW B0 
<V:@>?>H:>465=L 
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�<?C;LA=5 =020=B065==O ?@0:B8G=> 28:;NG0є ?@>F5A8 <0;>F8:;>2>3> 

7=>HC20==O. !04;8H:>25 =0:>?8G5==O 5=5@3VW �0 ?@8 V<?C;LA=><C 

=020=B065==V 2V41C20єBLAO C ?V4?>25@E=52><C H0@V, I> 7C<>2;Nє ?@>F5A8 

=0:>?8G5==O ?;0AB8G=>W 45D>@<0FVW B0 <V:@>?>H:>465=L. �5;8G8=0 FVєW 

5=5@3VW >FV=NєBLAO ;V=V9=8< =0:>?8G5==O< A?5:B@0;L=>W ?>BC6=>ABV �� 4> 

?>G0B:C ?>H:>465=L (?VB8=3C).  

 

 

$8AC=>: 3.13 – #5@5EV4 7@07:0 4> O28I 7048@C 70 ?0@0<5B@0<8 �� 

 

!0 B@5Bь><C 5B0?V 287=0Gє<> :V;L:VABL F8:;V2 4> ?>G0B:C 2B><=>3> 

@C9=C20==O. 

!0 G5B25@B><C 5B0?V 287=0G0є<> @>7@0EC=:>25 7=0G5==O 

5=5@35B8G=>3> ?0@0<5B@0 CB><=>W <VF=>ABV �  ?8B�  (?8B><C 5=5@3VN 

@C9=C20==O 70 1 F8:; =020=B065==O) B0 5:A?5@8<5=B0;L=> 7’OA>2Cє<> 9>3> 

7=0G5==O 70 ?>:07=8:0<8 ��. �0;V 287=0G0є<> @V7=8FN <V6 25;8G8=>N 

5=5@3VW 72’O7:C 0B><V2 2 H0@V max
�  V ?8B><>N ?>BC6=VABN 48A8?>20=>W 5=5@3VW. 

*O @V7=8FO є 5:2V20;5=B>< ?0@0<5B@0 ?>H:>46C20=>ABV u . 

�V4;V:8 G0AC 7 ?5@V>4>< 20 <A 

W 

#@>F5A8 =0:>?8G5==O 
2=CB@VH=L>W 5=5@3VW 70 @0EC=>: 
?;0AB8G=>W 45D>@<0FVW B0 
<V:@>?>H:>465=L 

 

#5@5EV4 4> 2B><=>3> 
@C9=C20==O 
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' 2V4?>2V4=VABL 7 F8< 70?@>?>=>20=> >FV=N20B8 2B><=C <VF=VABL 
?8B><>N 5=5@3VєN @C9=C20==O 70 >48= F8:; =020=B065==O: 

 max 0 V<?
?8B

F

( )� � ��
n

 û
ý , (3.4) 

45 ?8B�  – ?8B><0 5=5@3VO @C9=C20==O 70 >48= F8:; =020=B065==O; 

max
�  – <0:A8<0;L=0 ?8B><0 5=5@3VO, ?@8 O:V9 <0B5@V0; @C9=CєBLAO, 

11

max
const 10� ý ý  �6/<3 (4;O <0B5@V0;V2 7 1;87L:8<8 DV78:>-<5E0=VG=8<8 

2;0AB82>ABO<8) [72]; 

0
�  – ?>G0B:>20 ?8B><0 5=5@3VO @C9=C20==O 2V4 45D5:BV2, 70:;045=8E 

?@8 283>B>2;5==V 45B0;V (D0:B>@ ?@8A:>@5==O); 

V<?�  – ?8B><0 5=5@3VO V<?C;LA=>3> =020=B065==O; 

Fn  – :V;L:VABL F8:;V2 4> ?>G0B:C 2B><=>3> @C9=C20==O. 

#@>F5A8 =0:>?8G5==O ?>H:>465=L @5єAB@CNBLAO <5B>4>< �� B0 

?V4?>@O4:>2CNBLAO ;V=V9=><C 70:>=C =0:>?8G5==O ?>H:>465=L 4> 

28=8:=5==O ?VB8=3>28E ?>H:>465=L (@8A. 3.13). 

 

 

3.5 %B0B8AB8G=0 >FV=:0 A5@54=L>W 3;818=8 CB><=8E ?>H:>465=L 70 

@57C;LB0B0<8 4>23>B@820;8E 28?@>1C20=L 

 

' =>@<0B82=8E 4>:C<5=B0E ?@8 45D5:B0FVW 7C1G0AB8E :>;VA ?@82>4V2 

[184, 185] >FV=NєBLAO A5@54=O 3;818=8 ?>H:>465=L, O:V ?>4V;ONBLAO =0 

?@8?CAB8<V B0 =5?@8?CAB8<V. �@0E>2CNG8 F5, ?@>2>48;8 >FV=:C 7040=8E 

?>:07=8:V2 4;O >1>E 20@V0=BV2 7<VF=5==O 70 @57C;LB0B0<8 4>23>B@820;8E 

28?@>1C20=L. �;O FL>3> 28:>@8AB>2C20;8 B0:C <5B>48:C [186] (4>4. �). 

$>7?>4V; 3;818= ?VB8=3>28E CB><=8E ?>H:>465=L 70 2V4ACB=>ABV 

4>40B:>28E 2?;820NG8E D0:B>@V2, <0є ?V4?>@O4:>2C20B8AO @>7?>4V;C 

�591C;;0 [186]. ' 45O:8E ?C1;V:0FVOE @>7?>4V; ?>H:>465=L >?8ACNBL 

=>@<0;L=8< 01> ;>30@8D<VG=>-=>@<0;L=8< 70:>=><. "4=0: G0ABVH5 
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4>A;V4=8:8 >?8ACNBL @>7?>4V; 3;818= ?VB8=3>28E @0:>28= 70:>=>< 

5:AB@5<0;L=8E 7=0G5=L (?>42V9=8< 5:A?>=5=FV9=8<) [12, 29, 31]. &0:><C 

70:>=C ?V4?>@O4:>2CєBLAO @>7?>4V; <0:A8<0;L=>W 25;8G8=8 7 n 7=0G5=L, O:V 

@>7?>4V;5=V 70 70:>=>< V7 70BCE0NG>N IV;L=VABN @>7?>4V;C (=>@<0;L=8<, 

;>30@8D<VG=>-=>@<0;L=8<, 30<<0, �591C;;0 B0 V=.). (C=:FVO FL>3> @>7?>4V;C 

<0є B0:89 283;O4: 

 ø ù (( ) exp exp
n n

I a x uù ùý   û   (3.5) 

45 na  – ?0@0<5B@ V=B5=A82=>ABV (@>7<V@=VABL 72>@>B=0 @>7<V@=>ABV I); 

nu  – E0@0:B5@8AB8G=5 =091V;LH5 7=0G5==O 25;8G8=8 I. 

#0@0<5B@8 @>7?>4V;C <>6=0 287=0G8B8 7 B0:8E A?V22V4=>H5=L: 

 /
n n n

X u aý û ÷ , / 6
n n

aó ý   (3.6) 

n
X  – <0B5<0B8G=5 A?>4V20==O <0:A8<0;L=>W 25;8G8=8 In; 

÷  = 0,57721… – AB0;0 �9;5@0; 

nó  – A5@54=є :204@0B8G=5 2V4E8;5==O In. 

�8:>@8AB0==O FL>3> @>7?>4V;C 4;O >FV=:8 ?>H:>465=>ABV ?>25@E=V 

<>6;825 B0:8< G8=><. !0 28?04:>2> >1@0=8E 4V;O=:0E ?>25@E=V B5@BO 

?;>I5N F (V7 A5@54=L>N :V;L:VABN 45D5:BV2 102), 28<V@OB8 <0:A8<0;L=V 

25;8G8=8 45D5:BV2 I; ?>BV< 287=0G8B8 I B0 70 D>@<C;0<8 (3.6) 7=09B8 

?0@0<5B@8 @>7?>4V;C. 

�0;V 70 D>@<C;>N (3.5) 287=0G0NBL V<>2V@=VABL 2V4ACB=>ABV =0 4>2V;L=V9 

4V;O=FV F 45D5:BV2 @>7<V@>< 1V;LH5 I. �<>2V@=VABL 2V4ACB=>ABV B0:8E 45D5:BV2 

=0 2AV9 ?>25@E=V B5@BO ?;>I5N F: 

   0/( ( ) (( ) F F

F
I Iý .  (3.7) 

#@8 =5>1EV4=>ABV 287=0G5==O <0:A8<0;L=>3> 9<>2V@=>3> @>7<V@C 

45D5:BC I 7040NBL 4>?CAB8<C 9<>2V@=VABL =0O2=>ABV B0:>3> 45D5:BC 

(1-( ( )
F
I ) V >1G8A;NNBL I 70 D>@<C;0<8 (3.7) B0 (3.6) C 72>@>B=><C ?>@O4:C. 

!5>1EV4=> B0:>6 2V47=0G8B8, I> V=482V4C0;L=0 >FV=:0 ?>:07=8:V2 

CB><=>W <VF=>ABV <0B5@V0;V2 H;OE>< ACFV;L=>3> :>=B@>;N 45D5:BV2 V 
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?>H:>465=L, I> 28=8:;8 =0 ?>25@E=OE, 4C65 B@C4><VAB:0, 0 V=>4V 9 

=5<>6;820 G5@57 2V4ACB=VABL >:@5<8E 4V;O=>:, ?@8G><C 100 %-9 :>=B@>;L =5 

30@0=BCє 28O2;5==O 2AVE 45D5:BV2. +0AB:0 28?04:>2>ABV ?@8 70AB>AC20==V 

=02VBL =09:@0I8E ACG0A=8E <5B>4V2 45D5:B>A:>?VW 2A5 I5 25;8:0 V =04V9=VABL 

28O2;5==O =02VBL 25;8:8E ?@8E>20=8E 45D5:BV2 AB0=>28BL ;8H5 1;87L:> 80 % 

?@8 28A>:V9 V<>2V@=>ABV =528O2;5==O F8E 45D5:BV2 ?V4 G0A 4@C3>W ?5@52V@:8 

[188]. 

/: 10G8<> 7 B01;. �.1 4>40B:C �, ?@8 28A>:V9 =5>1EV4=V9 4>AB>2V@=>ABV 

>FV=:8 B0 <0;V9 25;8G8=V ?@8?CAB8<>W ?><8;:8 =5>1EV4=> ?@>25AB8 25;8:C 

:V;L:VABL 28<V@N20=L. �C;> 707=0G5=>, I> :V;L:VABL 28<V@N20=L <>6=0 

7=0G=> A:>@>B8B8, 28:>@8AB>2CNG8 70;56=VABL (3.7), O:I> є <>6;82VABL 

28<V@N20==O <0:A8<0;L=8E 3;818= =0 4V;O=:0E ?52=>W ?;>IV. &0:0 

<>6;82VABL 28=8:0є ?@8 28@065=V9 =5@V2=><V@=>ABV @C9=C20=L, :>;8 

?>H:>465==O <0:A8<0;L=>W 3;818=8 28O2;ONBLAO 265 ?@8 7>2=VH=L><C 

>3;O4V. ' FL><C 28?04:C =5>1EV4=> 287=0G8B8 ?;>IC ?>25@E=V S0, I> 

?@8?040є =0 >4=5 =570;56=5 28<V@N20==O (=0 >4=C :025@=C, ?VB8=3) V ?;>IC 

?>25@E=V S1, I> >E>?;NєBLAO >4=>@07>28< >3;O4>< (70728G09 25;8G8=0 S1 

AB0=>28BL (1–10 4<2)). �0 25;8G8=>N 2V4=>H5==O S1/S0 287=0G0єBLAO 

>@Vє=B>2=89 :>5DVFVє=B 20@V0FVW <0:A8<0;L=8E 3;818= Vh (B01;. 3.6). 

&01;8FO 3.6 – �87=0G5==O :>5DVFVє=B0 Vh 

M = S1/S0 10 102
 103

 104
 

Vh 0,3 0,2 0,15 0,1 

 

#>BV< 70 B01;. �.1 4>4. � 287=0G0єBLAO =5>1EV4=0 :V;L:VABL B>G>: N 4;O 

28<V@C <0:A8<0;L=8E 3;818=. #VA;O 28:>=0==O 28<V@N20=L >1G8A;NNBL 

D0:B8G=5 Vh V 70 ?>B@518 CB>G=NNBL N. �0;V 70 3@0DV:0<8 (@8A. �.1 4>4. �) 

287=0G0NBL 7=0G5==O :>5DVFVє=B0 20@V0FVW ?>2=>3> @>7?>4V;C 3;818= 

@C9=C20==O, ?@89<0NG8 M = S1/S0. �=0G5==O A5@54=L>W 3;818=8 @C9=C20==O h 

<>65 1CB8 287=0G5=> 70 25;8G8=>N A5@54=L>3> 7=0G5==O <0:A8<0;L=8E 

28<V@O=8E 3;818= h 7 28:>@8AB0==O< 3@0DV:V2 (@8A. �.2 4>4. �). 
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�;O FL>3> 2V4 7=0G5==O M = S1/S0 2V4=>2;NєBLAO ?5@?5=48:C;O@ 4> 

?5@5B8=C 7 :@82>N, I> 2V4?>2V40є 287=0G5=><C 7=0G5==N Vh, V ?> B>GFV 

?5@5B8=C 287=0G0NBL =0 >AV >@48=0B 7=0G5==O Ehmax = hmax/h, 70 O:8< 

>1G8A;NNBL h. 

&0:0 <5B>48:0 4>72>;Oє 1V;LH5 =V6 C ?’OBL @07V2 7<5=H8B8 ?;>IC 

AC:C?=>W ?>25@E=V, O:C B@510 :>=B@>;N20B8. 

 

3.6 �:A?5@8<5=B0;L=0 >FV=:0 ?>:07=8:V2 <0;>F8:;>2>W B0 

1030B>F8:;>2>W ?>H:>46C20=>ABV <0B5@V0;V2, 7<VF=5=8E F5<5=BC20==O< B0 

V>==>-?;07<>28< 07>BC20==O<  

 

�?@>4>26 1030BL>E @>:V2 2 ':@0W=V ?@>2>4OBLAO V=B5=A82=V 

4>A;V465==O V @>7@>1:8 1030B>:><?>=5=B=8E 1030B>DC=:FV>=0;L=8E 

?>:@8BBV2 B0 <5B>4V2 WE =0=5A5==O =0 ?>25@E=V 7 ?@5F87V9=>N >1@>1:>N, O:C 

?>B@51CNBL 45B0;V 2C7;V2 ACG0A=8E 03@530BV2 ;VB0:>1C4C20==O, :>A<VG=>W 

B5E=V:8 B0 V=H8E 30;C759 [78, 79, 118-120]. &0:V 6 4>A;V465==O ?@>2>4OBLAO V 

70 :>@4>=>< [15, 16]. �;O 2?@>20465==O F8E B5E=>;>3V9 =5>1EV4=V :><?;5:A=V 

5:A?5@8<5=B0;L=V 4>A;V465==O 7 >FV=:8 ?>:07=8:V2 <0;>F8:;>2>W B0 

1030B>F8:;>2>W CB><=>W <VF=>ABV B0 ?>@V2=O==O WE 7 107>28< <5B>4>< – 

F5<5=B0FVєN.  

 

3.6.1 #>@V2=O;L=0 >FV=:0 B5E=>;>3VG=8E <5B>4V2 F5<5=B0FVW B0 V>==>-

?;07<>2>3> 07>BC20==O 70 <5B>48:>N ?@8A:>@5=>W >FV=:8 ?>:07=8:V2 CB><=>W 

?>H:>46C20=>ABV :>=AB@C:FV9=8E <0B5@V0;V2  

 

�;O ?@>2545==O 28?@>1C20=L 1C;8 ?V43>B>2;5=V G>B8@8 ?0@8 7@07:V2, 

7<VF=5=V 70 B@048FV9=>N B5E=>;>3VєN 307>2>W F5<5=B0FVW V H;VDC20==O< 

?>25@E=V ?VA;O 30@BC, V G>B8@8 ?0@8 7@07:V2, 7<VF=5=8E 07>BC20==O< AVINIT N 

70 B5E=>;>3VєN �& <(��= 157 <5E0=VG=>W >1@>1:8 ?>25@E=V ?VA;O 7<VF=5==O.  
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�8?@>1C20==O< ?V440=V 4 >4=>9<5==8E ?0@8 7@07:V2 7 V=45:A>< <%= 
(F5<5=B0FVO / F5<5=B0FVO) V 4 ?0@8 7@07:V2 7 V=45:A>< <�= (07>BC20==O / 
07>BC20==O). %E5<0 28?@>1C20=L <48A:-48A:=. 

'<>28 28?@>1C20=L: 
– H284:VABL >15@B0==O 254CG>3> 7@07:0 – 500 >1/E2; 
– ?@>:>27C20==O <V6 7@07:0<8 – 20 %;  

– <0:A8<0;L=5 01A>;NB=5 =020=B065==O – 4 500 ! (@>7@0EC=:>25 
?8B><5 :>=B0:B=5 =020=B065==O σmax = 1 140  #0), H284:VABL =020=B065==O 
– 450 !/A; 

– G0A 4>AO3=5==O =020=B065==O 10 A5:.; 
– <0AB8;> – <V=5@0;L=5 <0A;>  -8� �"%& 10541; 
– G0A 28?@>1C20==O – 4> <><5=BC 71V;LH5==O 0<?;VBC4 0:CAB8G=>W 

5<VAVW 1V;LH5 =V6 C 10 @07V2, V<>2V@=>, 4> ?>G0B:C ?5@28==8E ?@>O2V2 
2B><=>3> @C9=C20==O. 

&>2I8=0 7<VF=5=>3> F5<5=B0FVєN H0@C 70 40=8<8 <5B0;>3@0DVG=8E 
4>A;V465=L 7@07:V2 AB0=>28;0 1,2 <<, 07>B>20=>3> H0@C – 0,25 <<. &25@4VABL 
?>25@E=V HRN15 F5<5=B>20=8E V 07>B>20=8E 7@07:V2 AB0=>28;0, 2V4?>2V4=>, 
89-90 V 90-91,5, 0 B25@4VABL A5@F528=8 HRC – (34,5-36) V (27-28,5). �>:;04=> 
@57C;LB0B8 <V:@>AB@C:BC@=8E 4>A;V465=L 1C45 =02545=> C ?V4@>74V;V 3.9 

 

3.6.2 $57C;LB0B8 ?@8A:>@5=8E 28?@>1C20=L =0 CB><=C <VF=VABL 2V4 
CB><8 

 

� C@0EC20==O< B5@<>48=0<VG=>W :>=F5?FVW @C9=C20==O <0B5@V0;V2 ?@8 
?;0AB8G=V9 45D>@<0FVW V ?@8 7=>HC20==V, @C9=C20==O >1C<>2;5=> 
:>=:C@5=FVєN 42>E 270є<>?>2’O70=8E, 0;5 ?@>B8;56=8E B5=45=FV9 7@>AB0==O 
IV;L=>ABV ?>H:>46C20=>ABV V 7=865==O (282V;L=5==O) FVєW 5=5@3VW 70 @0EC=>: 
@5;0:A0FVW. #@8 4>AO3=5==V :@8B8G=>W IV;L=>ABV ?@8E>20=>W 5=5@3VW 
2V41C20єBLAO @C9=C20==O.  

�:A?5@8<5=B8 28:>=C20;8AO 70 <5B>48:>N ?@8A:>@5=>3> >FV=N20==O 
?>:07=8:V2 CB><=>W <VF=>ABV ?>25@E=528E H0@V2 ?VA;O WE <>48DV:0FVW, 
@>7:@8B>W C ?V4@>74. 3.5. 

' ?@>F5AV ?@>2545==O 28?@>1C20=L 2AB0=>2;5=>, I> :>65= F8:; 
28?@>1C20=L A:;040єBLAO 7 B@L>E E0@0:B5@=8E 5B0?V2: ?5@H89 – 5B0? 
=020=B065==O; 4@C389 – 28EV4 =0 AB0;89 @568< =0:>?8G5==O ?>H:>465=L 2 
?>25@E=52><C H0@V; B@5BV9 – ?5@5EV4 4> ?>G0B:>28E @C9=C20=L CB><=>3> 
E0@0:B5@C. !0 @8A. 3.14 V 3.15 =02545=V 2848 4V03@0<8 0:CAB8:>-5<VAV9=>3> 
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28?@><V=N20==O ?@8 28?@>1C20==OE >4=VєW 7 ?0@ 7@07:V2, 7<VF=5=8E 
F5<5=B0FVєN (@8A. 3.14) V 07>BC20==O< (@8A. 3.15). 

Рі
в5

=ь
 А

Е,
 в

і4
=.

 >
4.

Кі?ь>іEFь ци>?ів

�BG4FB> 
DG=AG64AAя 

 9:<@ 
A4>BC<G9AAя 

ЕF4C 
A464AF4:9AAя7

 
$8AC=>: 3.14 – #0@0 7@07:V2 6% / 10% (59 000 F8:;V2 4> 28=8:=5==O 

?>H:>465==O) 
 

Рі
в5

=ь
 А

Е,
 в

і?
=.

 >
4.

Кі?ь>іEFь ци>?ів

�BG4FB>  
DG=AG64AAя

 9:<@ 
A4>BC<G9AAя 

ЕF4C 
A464AF4:9AAя

 
$8AC=>: 3.15 – #0@0 7@07:V2 9� / 3� (97 500 F8:;V2 4> 28=8:=5==O ?>G0B:C 

?>H:>465==O) 
 

'A5@54=5=V @57C;LB0B8 B@81>B5E=VG=8E ?0@0<5B@V2 ?@8 28?@>1C20==OE 
7@07:V2 =0 2B><=C <VF=VABL =02545=V 2 B01;. 3.7. 

 

&01;8FO 3.7 – 'A5@54=5=V @57C;LB0B8 B@81>B5E=VG=8E ?0@0<5B@V2 ?@8 
?@8A:>@5=8E 28?@>1C20==OE 

�84 
7<VF=5==O 7@07:V2 

�>5DVFVє=B B5@BO / A5@54=O 
B5<?5@0BC@0 ?>25@E=V, °% 

�V;L:VABL F8:;V2 
4> ?>G0B:C O28I 
CB><=>3> 
@C9=C20==O 

2=� ,  

�6/<3 

 

2= :@/� n , 

�6/<3 �54CG89 �545=89 
!0 ?>G0B:C 
28?@>1C20=L 

� :V=FV 
28?@>1C20=L 

*5<5=B0FVO *5<5=B0FVO 0,054/43 0,045/45 53812 2,6·1011 4,832·106 

�7>BC20==O �7>BC20==O 0,08/50 0,063/52 97875 4,7·1011 8,734·106 
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#VA;O 28?@>1C20=L ?@>2545=> >FV=N20==O @>1>G8E ?>25@E>=L 2AVE 7@07:V2 

70 4>?><>3>N <V:@>A:>?0. �030;L=89 283;O4 ?>25@E>=L ?VA;O 28?@>1C20=L 

?>:070=> =0 @8A. 3.16. �>1@065==O ?>H:>465=L ?>25@E>=L ?VA;O 28?@>1C20=L 

=02545=> =0 (@8A. 3.17–3.19). 
 

                
                          4  (×6,5)                                                  6  (×6,5) 
 

     
                          5  (×100)                                                 7  (×100) 
$8AC=>: 3.16 – �>1@065==O ?>25@E=V 7@07:V2 ?VA;O 28?@>1C20=L: 4, 5 – 

?>25@E=V @>;8:V2, 7<VF=5=8E F5<5=B0FVєN; 6, 7 – ?>25@E=V @>;8:V2, 7<VF=5=8E 
07>BC20==O< 

 

  
4                                     5  

$8AC=>: 3.17 – �>1@065==O ?>H:>465=L ?VA;O 28?@>1C20=L:  
4 – F5<5=B0FVO; 5 – 07>BC20==O 

 

20 µm 20 µm 
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4       5 

$8AC=>: 3.18 – %;V48 28:@8HC20==O =0 F5<5=B>20=><C 7@07:C 7 1>:C 
:>=B0:B=>W ?>25@E=V: 4 – ?>74>26=V9 H;VD (×500);  

5 –  ?>?5@5G=89 H;VD (×200) 
 

   

4                                           5 

$8A. 3.19. %;V48 28:@8HC20==O =0 07>B>20=><C 7@07:C 7 1>:C :>=B0:B=>W 
?>25@E=V: 4 –  ?>74>26=V9 H;VD (×500); 5 – ?>?5@5G=89 H;VD (×500) 

 

�0 @57C;LB0B0<8 ?@>2545=8E 5:A?5@8<5=BV2 <0є<> 28EV4=V 40=V 4;O 
@>7@0EC=:C :@8B5@VN <VF=>ABV 4;O :>=AB@C:FV9=8E <0B5@V0;V2, 7<VF=5=8E 
F5<5=B0FVєN B0 07>BC20==O<, 0 B0:>6 <>65<> =0 WE >A=>2V ?@>25AB8 
?>@V2=O;L=C >FV=:C <0B5@V0;V2 (7 C@0EC20==O< D>@<C;8 3.7). 

/:I> 2 =0H><C 28?04:C ?@89=OB8 B>2I8=C H0@C 4;O 07>B>20=8E V 
F5<5=B>20=8E 7@07:V2 @V2=8< 0,2 <<�   0 =0?@C65==O ?@8 B5@BV 
σ 1400  #0 , B> ?@8 H284:>ABV 7AC2C B5@ 0,65 </AV  /A ?@8 :>=B0:B=V9 

270є<>4VW =0 :>6=><C F8:;V B0 ?@8 7=0G5==V 28<V@N20=>3> :>5DVFVє=B0 B5@BO 
μ≈0,04, ?8B><0 ?>BC6=VABL 5=5@3VW, I> ?V42>48BLAO 4> 5D5:B82=>3> >1’є<C &% 
70 >48= F8:; 1C45 AB0=>28B8 1;87L:> �2=1≈4,8·106 �6/<3. $V7=8FN <V6 

20 µm 10 µm 

20 µm 
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B>2I8=>N H0@V2, O:V <>48DV:>20=V F5<5=B0FVєN B0 07>BC20==O<, =5 
2@0E>20=> =02<8A=>: ?@8 B0:><C ?V4E>4V <>6=0 >FV=8B8 2?;82 <5E0=V7<C 
48A8?0FVW 5=5@3VW 70 @0EC=>: @V7=8E <5E0=V7<V2, O:C <>65 70157?5G8B8 
<>48DV:C20==O <0B5@V0;C.  

�AB0=>2;5=>, I> 28EV4=V @5;LєD8 :>=B0:BCNG8E ?>25@E>=L 2AVE 
28?@>1C20=8E 7@07:V2 ?@8:0B0=V, 70 28=OB:>< B>3>, I> =0 :>=B0:BCNG8E 
?>25@E=OE 07>B>20=8E 7@07:V2, I> =5 ?V44020;8AO H;VDC20==N, ?@>3;O40єBLAO 
28EV4=89 @5;LєD ?>?5@54=L>W >1@>1:8. 

�0 @57C;LB0B0<8 4>A;V465==O H>@AB:>ABV ?>25@E>=L 4> 28?@>1C20=L 
(@8A. 3.20) B0 ?VA;O 28?@>1C20=L (@8A. 3.21) 10G8<>, I> 7<V=8 H>@AB:>ABV 
2V41C20NBLAO 70 @0EC=>: ?>B@0?;O==O C :>=B0:B=C >1;0ABL B25@48E G0AB>: 
@V7=>W 25;8G8=8 2 ?@>F5AV B5@BO (482. @8A. 3.16, 3.17).  

 

 
4 

 
5 

$8AC=>: 3.20 – #@>DV;L H>@AB:>ABV 2545=8E 7@07:V2 4> 28?@>1C20=L: 
4 – 7<VF=5=8E F5<5=B0FVєN (Ra = 0,05); 5 – 7<VF=5=8E 07>BC20==O< 

(Ra = 0,12) 

#@>DV;L H>@AB:>ABV 
Ra 

#@>DV;L H>@AB:>ABV 

Ra 
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!0 :>=B0:BCNG8E ?>25@E=OE 7@07:V2 є @8A:8 @V7=>W 25;8G8=8 2V4 

?@>A;870==O V ?>B@0?;O==O 2 7>=C :>=B0:BC B25@48E G0AB8=>:, A;V48 

2402;5==O, I> E0@0:B5@87CNBLAO 28?8=0==O< <0B5@V0;C ?> :>=BC@C, 0 B0:>6 

3@C?>2V A:C?G5==O A;V4V2 2402;5==O @V7=>W 25;8G8=8 2V4 @>7402;N20==O 1V;LH 

B25@4>W G0AB8=:8 (482. @8A. 3.16, 3.17). 

!0 ?>25@E=OE 7@07:V2, 7<VF=5=8E F5<5=B0FVєN, є <=>68==V A;V48 

28:@8HC20==O 7 =0O2=VABN ?@8;53;8E B>=:8E 28@07:>28E B@VI8=, I> 

A2V4G8BL ?@> 2B><=89 E0@0:B5@ 28:@8HC20==O. #>25@E=O 07>B>20=8E 7@07:V2 

B0:>6 <VAB8BL G8A;5==V A;V48 28:@8HC20==O @V7=>W 25;8G8=8, >4=0: 7 >3;O4C 

=0 1V;LH 3@C189 @5;LєD ?>25@E=V, 28@07:>2V B@VI8=8 =5 ?@>3;O40NBLAO. 

 

4 

 

5 

$8AC=>: 3.21 – #@>DV;L H>@AB:>ABV 2545=8E 7@07:V2 ?VA;O 28?@>1C20=L: 

4 – 7<VF=5=8E F5<5=B0FVєN; 5 – 7<VF=5=8E 07>BC20==O< 

 

#@>DV;L H>@AB:>ABV 

Ra2 Rmax 

Rmax 

#@>DV;L H>@AB:>ABV 

Ra3 
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�AB0=>2;5=>, I> :>=B0:BCNGV ?>25@E=V 2545=8E 7@07:V2 ?>H:>465=V 
1V;LH V=B5=A82=>, =V6 254CG8E 7@07:V2 =570;56=> 2V4 A?>A>1C WE 7<VF=5==O 
(F5<5=B0FVєN 01> 07>BC20==O<). 

�8<V@N20==O 3;818=8 ?>H:>465=L =0 ?>25@E=V 7@07:V2 70 4>?><>3>N 
V=B5@D5@><5B@0  ��-4'4.2 ?>:070;8, I> 4;O F5<5=B>20=8E ?>25@E>=L 2>=0, 
70;56=> 2V4 4V0<5B@0 ?>H:>465==O, <>65 7=0E>48BLAO 2 <560E 2V4 0,01 4> 
0,027 <<. �;O 07>B>20=8E ?>25@E>=L 3;818=0 ?>H:>465=L =5 ?5@528IC20;0 
0,003 <<. 

&0:8< G8=><, ?@>2545=V ?>@V2=O;L=V 28?@>1C20==O 7@07:V2, 7<VF=5=8E 
70 @V7=>N B5E=>;>3VєN ?>:070;8, I> ?@8 ?8B><><C :>=B0:B=><C 
=020=B065==V σ = 1 140  #0 =0 @>1>G8E ?>25@E=OE 2AVE 28?@>1C20=8E 7@07:V2 
CB2>@8;8AO ?>G0B:>2V >A5@54:8 2B><=>3> 28:@8HC20==O. 'A5@54=5=0 
:V;L:VABL F8:;V2 4> @5єAB@0FVW <><5=BC ?5@5E>4C B@81>A8AB5< 2V4 
=>@<0;L=>3> 7=>AC 4> ?>G0B:>2>3> @C9=C20==O 2V4 2B><8 4;O 7@07:V2, 
7<VF=5=8E 70 B5E=>;>3VєN 07>BC20==O AVINIT N, 28I5 2 1,82 @078 2 
?>@V2=O==V 7V 7@07:0<8, 7<VF=5=8<8 B@048FV9=>N 307>2>N F5<5=B0FVєN. 
 5=H0 H284:VABL =0:>?8G5==O ?>H:>46C20=>ABV ?>25@E=V, I> ?5@54Cє 
2B><=><C @C9=C20==N, 40є ?V4AB02C 7@>18B8 28A=>2>: ?@> 1V;LH 28A>:V 
2B><=V E0@0:B5@8AB8:8 07>B>20=8E 7@07:V2 7 B>2I8=>N 7<VF=5=>3> H0@C 
0,25 << C ?>@V2=O==V 7 F5<5=B>20=8<8 7@07:0<8 7 B>2I8=>N 7<VF=5=>3> 
H0@C 1,2 <<.  

!0 :>=B0:BCNG8E ?>25@E=OE 2AVE 7@07:V2 є <=>68==V B>G:>2V @0:>28=8 
157 28?8=0==O <5B0;C ?> :>=BC@C, O:V 9<>2V@=>, O2;ONBL A>1>N >A5@54:8 
2B><=>3> 28:@8HC20==O. 

 V:@>AB@C:BC@=8<8 4>A;V465==O<8 <0B5@V0;C 7@07:V2 2AB0=>2;5=>: 
– =0 F5<5=B>20=><C 7@07:C 7 1>:C :>=B0:BCNG>W ?>25@E=V є 28@07:>20 

B@VI8=0 V 4@V1=V ;C=:8 2V4 28:@8HC20==O, 3;818=0 O:8E AB0=>28BL ≈0,005 << 
(482. @8A. 3.18). (0:B8G=0 3;818=0 F5<5=B>20=>3> H0@C AB0=>28BL ≈1,2 <<; 

– =0 07>B>20=><C 2545=><C 7@07:C 7 1>:C :>=B0:BCNG>W ?>25@E=V є 
28@07:>2V B@VI8=8 V >@Vє=B>20=V ?> =8E ;C=:8 2V4 28:@8HC20==O, 3;818=0 
O:8E AB0=>28BL ≈0,010 << (482. @8A. 3.19). (0:B8G=0 3;818=0 07>B>20=>3> 
H0@C AB0=>28BL ≈0,2 << (@8A. 3.22 4).  
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' <V:@>AB@C:BC@V 07>B>20=>3> H0@C 2 :@09=L><C 7>2=VH=L><C H0@V є 

ξ-D070 B>2I8=>N ≈0,03 <<, 0 B0:>6 ?@8;53;V 4> =5W 25;8:V =04;8H:>2V 

=VB@848, 3;818=>N 70;O30==O 2V4 ?>25@E=V ≈0,07 << (@8A. 3.22 5).  

�0;V ?> ?5@5@V7C 07>B>20=89 H0@ O2;Oє A>1>N 07>B8AB89 <0@B5=A8B 

2V4?CA:0==O, 0 =04;8H:>2V =VB@848 D0:B8G=> 2V4ACB=V. 

�8:>=0=> 287=0G5==O <V:@>B25@4>ABV ?> ?5@5@V7C 7<VF=5=8E H0@V2. 

$57C;LB0B8 =02545=V 2 B01;8FOE 3.8 V 3.9. 
 

      

4                                                                5 

$8AC=>: 3.22 –  V:@>AB@C:BC@=V 4>A;V465==O ?>25@E=52>3> H0@C 

07>B>20=8E 7@07:V2: 4 – 7@07>: 2545=89, (×6,5) H0@ 07>BC20==O; 5 – 7@07>: 

2545=89, (×500), <V:@>AB@C:BC@0 H0@C 07>BC20==O 

 

�D5:B82=0 3;818=0 F5<5=B>20=>3> H0@C, 2V4?>2V4=0 500 HV, AB0=>28BL 

≈1,15 <<. &25@4VABL A5@F528=8 2545=>3> F5<5=B>20=>3> 7@07:C – 39,5 HR% 

(B01;. 3.8). �D5:B82=0 3;818=0 07>B>20=>3> H0@C, 2V4?>2V4=0 500 HV, 

AB0=>28BL ≈0,15 <<. &25@4VABL A5@F528=8 2545=>3> 07>B>20=>3> 7@07:0 – 

29 HR% (B01;. 3.9). 

&01;8FO 3.8 –  V:@>B25@4VABL ?> ?5@5@V7C F5<5=B>20=>3> H0@C 

 
�@07>: 
2545=89  

�V4AB0=L 2V4 ?>25@E=V, << 
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1 1,2 

<V:@>B25@4VABL, HV (HRN15) 
671,5 
(89) 

658 
(89) 

656,5 
(88,5) 

610,5 
(88) 

597 
(87,5) 

546,5 
(87) 

535 
(86) 

535 
(86) 

524,5 
(85,5) 

513 
(85,5) 

512 
(85,5) 

478,5 
(84) 
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&01;8FO 3.9 –  V:@>B25@4VABL ?> ?5@5@V7C 07>B>20=>3> H0@C 
�@07>: 

2545=89 3� 
�V4AB0=L 2V4 ?>25@E=V, << 

0,05 0,1 0,15 0,2 
<V:@>B25@4VABL, HV (HRN15) 

821,5 (92) 801,5 (91,5) 501,5 (85) 402 (80,5) 
 

�8:>=0=> D@0:B>3@0DVG=V 4>A;V465==O B>G:>28E @0:>28= 157 

28?8=0==O <5B0;C ?> :>=BC@C 70 4>?><>3>N 5;5:B@>==>3> <V:@>A:>?0 7V 

71V;LH5==O< 4> ×5500, 2 @57C;LB0BV O:>3> ?> 4>=FO< @0:>28= 28O2;5=V 

:>=F5=B@8G=V V AEV4G0ABV ;V=VW 2V4?>G8=:C, I> є E0@0:B5@=>N >7=0:>N 

@C9=C20==O ?> 2B><=><C <5E0=V7<C (@8A. 3.23). 
 

      

    4 – (×3500), ;V=VW 2V4?>G8=:C             5 – (×5000), ;V=VW 2V4?>G8=:C 

$8AC=>: 3.23 – (@0:B>3@0DVG=V 4>A;V465==O 7 ?>:070=8<8 ;V=VO<8 
2V4?>G8=:C:  

4 – 7030;L<>20=>3> F5<5=B>20=>3> 7@07:C, (×3500); 5 – 7030;L<>20=>3> 
07>B>20=>3> 7@07:C, (×5000) 

 
�=0;V7 @57C;LB0BV2 ?@8A:>@5=8E 28?@>1C20=L V ?>40;LH8E 4>A;V465=L 

7@07:V2 ?V4B25@46CNBL ?@02><V@=VABL ?V4E>4V2 4> ?@>2545==O B0:8E 

28?@>1C20=L. *59 0=0;V7 ?>:07Cє, I> ?@8 ?8B><><C :>=B0:B=><C 

=020=B065==V σ = 1140  #0 =0 @>1>G8E ?>25@E=OE 2AVE 28?@>1C20=8E 7@07:V2 

CB2>@8;8AO ?>G0B:>2V >A5@54:8 2B><=>3> 28:@8HC20==O. 

 5B>4 �� 4>2V2 28A>:C 5D5:B82=VABL @5єAB@0FVW <><5=BC ?5@5E>4C 

B@81>A8AB5< 2V4 =>@<0;L=>3> 7=>AC 4> ?>G0B:>2>3> 2B><=>3> @C9=C20==O. 
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�V;L:VABL F8:;V2 4> 28=8:=5==O ?>G0B:>28E >A5@54:V2 CB><=>3> 
28:@8HC20==O =0 7@07:0E, O:V 4>A;V46C20;8AL, ?VA;O 28?@>1C20=L =0 CB><=C 
<VF=VABL AB0=>2;OBL: 

1. �@07>: 2545=89, 7<VF=5=89 07>BC20==O< AVINIT N 3;818=>N 0,2 <<, 
2V4?@0FN202 97 500 F8:;V2. 

�@07>: 2545=89, 7<VF=5=89 307>2>N F5<5=B0FVєN 3;818=>N 1,2 <<, 
2V4?@0FN202 47 000 F8:;V2. 

2. ' A5@54=L><C 70 @57C;LB0B0<8 G>B8@L>E 28?@>1C20=L, ?0@8 7@07:V2 4> 
CB2>@5==O ?>G0B:>28E >A5@54:V2 CB><=>3> 28:@8HC20==O 2V4?@0FN20;8: 

– 7<VF=5=V 07>BC20==O< AVINIT N – 97 875 F8:;V2; 
– 7<VF=5=V 307>2>N F5<5=B0FVєN – 53 812 F8:;V2. 
3. $>1>GV ?>25@E=V 2545=8E (7030;L<>20=8E) 7@07:V2 <0NBL 1V;LH 

V=B5=A82=V ?>H:>465==O, =V6 254CG8E 7@07:V2. 
&0:8< G8=><, ACB=VABL 28:;045=>3> 40є <>6;82VABL AB25@46C20B8, I> 

70?@>?>=>20=0 <5B>48:0 ?@8A:>@5=>W >FV=:8 ?>:07=8:V2 CB><=>W 
?>H:>46C20=>ABV :>=AB@C:FV9=8E <0B5@V0;V2 VAB>B=8< G8=>< 7<5=HCє G0A 
5:A?5@B=>W >FV=:8. �>=0 <>65 1CB8 28:>@8AB0=0 ?@8 @>7@>1FV =>28E 
:>=AB@C:FV9=8E <0B5@V0;V2 B0 A?>A>1V2 WE 7<VF=5==O.  

 

3.7 #>@V2=O;L=0 >FV=:0 B5E=>;>3VG=8E <5B>4V2 F5<5=B0FVW B0 V>==>-
?;07<>2>3> 07>BC20==O H;OE>< 4>23>B@820;8E 28?@>1C20=L =0 CB><=C <VF=VABL 

3.7.1 "1’є:B 28?@>1C20=L V C<>28 ?@>2545==O 28?@>1C20=L 

 

�>23>B@820;V ?>@V2=O;L=V 28?@>1C20==O =0 CB><=C <VF=VABL >1>E 
<5B>4V2 7<VF=5==O ?>25@E>=L 1C;8 A?;0=>20=V, C B><C G8A;V, V 4;O 
?V4B25@465==O 4>AB>2V@=>ABV @57C;LB0BV2 <5B>48:8 ?@8A:>@5=>W >FV=:8 
?>:07=8:V2 CB><=>W ?>H:>46C20=>ABV, @>7:@8B>W C ?V4@>74V;V 3.4. 

#@>2545=V 5:A?5@8<5=B8 ?>:070;8, I> ?VA;O 74V9A=5==O <>45@=V70FVW 
<0H8=8 B5@BO 240;>AO 4>AO3B8 :>=B0:B=8E =020=B065=L, I> 4>72>;ONBL 
>FV=8B8 2V4=>A=C :>=B0:B=C CB><=C <VF=VABL ?@8 F8:;VG=8E =020=B065==OE 2 
C<>20E :>G5==O 7 ?@>:>27C20==O< (@>74V; 2). ' F8E 4>A;V465==OE 7@07:8 7V 
7<VF=5==O< F5<5=B0FVєN ?@89=OBV 70 5B0;>=.  

�8?@>1C20=> ?> B@8 >4=>9<5==8E ?0@8 B5@BO. '<>28 28?@>1C20=L: 
H284:VABL >15@B0==O 254CG>3> 7@07:0 – 500 >1/E2; ?@>A;870==O <V6 7@07:0<8 
– 20 %; 01A>;NB=5 =020=B065==O – 4 500 ! (@>7@0EC=:>25 ?8B><5 :>=B0:B=5 
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=020=B065==O σmax = 1 140  #0), =020=B065==O – AEV4G0AB5 ?> 500 ! 7 
28B@8<C20==O< =0 :>6=><C :@>FV =020=B065==O 5 E2 4> AB01V;V70FVW 
?0@0<5B@V2 &%; G0A 28?@>1C20=L – 32 3>48=8 @>1>B8 ?5@V>40<8 ?> 8 3>48= 7 
16 3>48==8<8 ?5@5@20<8, I> 2V4?>2V40;> 960 000 F8:;V2 :>=B0:B=>W 
270є<>4VW. 

 

3.7.2 $57C;LB0B8 4>23>B@820;8E 28?@>1C20=L =0 CB><=C <VF=VABL 2V4 
CB><8 

 

' O:>ABV >FV=>G=>3> ?>:07=8:0 1C;> ?@89=OB> 203>289 7=>A 70 25AL 
?5@V>4 28?@>1C20=L. ' =0H><C 28?04:C >FV=N20;0AO V=B53@0;L=0 
E0@0:B5@8AB8:0 7=>A>ABV9:>ABV 2 C<>20E 25;8:8E :>=B0:B=8E =0?@C65=L. *O 
E0@0:B5@8AB8:0 2:;NG0;0 2B@0BC <0A8 G5@57 =>@<0;L=89 <5E0=>EV<VG=89 
7=>A V 70 @0EC=>: 2B><=>3> 28:@8HC20==O. �0 B0:8E C<>2 28?@>1C20=L 
@>74V;8B8 FV 42V A:;04>2V 7=>HC20==O =5 <>6;82>. 

�8?@>1C20;8 ?> B@8 ?0@8 B5@BO 7 ?52=8<8 =><5@0<8. $57C;LB0B8 
=02545=V 2 B01;. 3.10, 3.11. /28I 7048@C =5 28O2;5=> 70 25AL ?5@V>4 
28?@>1C20=L =0 6>4=V9 ?0@V 7@07:V2. 

#V4 G0A 28?@>1C20=L @5єAB@C20;8 A5@54=L>?>25@E=52C B5<?5@0BC@C V 
<><5=B B5@BO, O:89 ?5@5@0E>2C202AO 2 :>5DVFVє=B B5@BO (B01;. 3.10). 

 

&01;8FO 3.10. – $57C;LB0B8 28<V@N20==O :>5DVFVє=BC B5@BO V B5<?5@0BC@8 
�<VF=5==O 7@07:V2 �>5DVFVє=B B5@BO / 

B5<?5@0BC@0, ˚% �54CG>3> �545=>3> 
*5<5=B0FVO 

+5
@5
7 2
40
00
0 
F8
:;
V2

 

0,036/50,4 

+5
@5
7 9
60

 0
00
 F
8:
;V
2 

0,036/50,4 
№6%* №10% 7030;L<. 

�7>BC20==O 0,043/54,2 0,036/50,4 
№5� № 1� 7030;L<. 

*5<5=B0FVO 0,036/50,4 0,036/50,4 
№8% № 2% 7030;L<. 

�7>BC20==O 0,043/54,2 0,036/50,4 

№2� №10� 7030;L<. 
*5<5=B0FVO 0,036/50,4 0,036/50,4 

№4% №5% 7030;L<. 
�7>BC20==O 0,043/54,2 0,036/50,4 

№11� №4� 7030;L<. 
* #>7=0G5==O =><5@V2 7@07:V2, O:V 2 ?>40;LH><C 28:>@8AB>2C20;8AO 4;O 
<5B0;>DV78G=8E 4>A;V465=L  
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�> V ?VA;O 28?@>1C20=L 7@07:8 7206C20;8 =0 0=0;VB8G=8E ;01>@0B>@=8E 

B5@570E ���-200 7 B>G=VABN 4> 10–4 3@. �87=0G0;8 7=>A 254CG>3> V 2545=>3> 

7@07:V2, 0 B0:>6 AC<0@=89 7=>A (B01;. 3.11). 

 

&01;8FO 3.11 – $57C;LB0B8 287=0G5==O 203>2>3> 7=>AC 7@07:V2 

�<VF=5==O 
7@07:V2 

�03>289 7=>A 7@07:V2, 3@ %C<0@=89 7=>A, 
3@ �54CG8E (=86=VE) �545=8E (25@E=VE) 

*5<5=B0FVO/ 
*5<5=B0FVO 

6% – 0,1816 
8% – 0,1690 
4% – 0,2004 

10% – 0,1052 
2% – 0,1163 
5% – 0,1105 

0,2868 
0,2853 
0,3109 

�AL>3>/A5@54=є 
70 3 7@07:8 

0,551/ 
0,1837 

0,332/ 
0,1107 

0,883/ 
0,2943 

�7>BC20==O / 
�7>BC20==O 

5� – 0,0164 
2� – 0,0185 
4� – 0,0163 

1� – 0,0104 
10� – 0,0132 
11� – 0,0122 

0,0268 
0,0317 
0,0285 

�AL>3>/A5@54=є 
70 3 7@07:8 

0,0512/ 
0,0171 

0,0358 / 0,0119 
0,087/ 
0,029 

 

' <><5=B 2V44V;5==O 25;8:>W G0AB:8 7=>AC 70 <5E0=V7<>< ?VBB8=3C =0 

4V03@0<V 7<V=8 :>5DVFVє=B0 B5@BO A?>AB5@V30єBLAO AB@81>:, B@820;VABL O:>3> 

10–12 E28;8=. !0 =0H ?>3;O4, F5 >1C<>2;5=> <5E0=V:>N @C9=C20==O. 

%?>G0B:C 2V41C20єBLAO 28?8=0==O, 0 ?>BV< – 2V44V;5==O >1’є<C <0B5@V0;C 

(@8A. 3.24). #VA;O G>3> <><5=B B5@BO AB01V;V7CєBLAO V ?>G8=0єBLAO 

28I5@1;5==O ?> <56V 45D5:BC. &0:8< G8=>< ?>ABC?>2> CB2>@NєBLAO 

E0@0:B5@=0 A<C30ABVABL =0 7@07:0E 7 F5<5=B0FVєN. 

 

$8AC=>: 3.24 – %B@81>: <><5=BC B5@BO ?@8 ?VB8=3>2><C @C9=C20==V 
?>25@E=52>3> H0@C F5<5=B>20=>3> 7@07:0 

 

 

#VB8=3>25 @C9=C20==O 
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"B@8<0=V 40=V A2V4G0BL ?@> B5, I> 7@07:8, 7<VF=5=V V>==>-?;07<>28< 

07>BC20==O< 70 B5E=>;>3VєN AVINIT N, <0NBL 1V;LH 28A>:V ?>:07=8:8 

7=>A>ABV9:>ABV 2 ?>@V2=O==V 7 F5<5=B0FVєN 7 C@0EC20==O< CB><=>3> 

<5E0=V7<C ?>25@E=52>3> @C9=C20==O (C 10 @07V2). 

&0:>6 D@0:B>3@0DVG=V 4>A;V465==O ?>:07CNBL (@8A. 3.25), I> =0 

?>25@E=OE B5@BO A?>AB5@V30NBLAO ;>:0;L=V 28:@8HC20==O 2B><=>3> E0@0:B5@C 

(4;O 07>B>20=8E 7@07:V2 3;818=>N 2 <560E 0,006...0,009 <<, 4;O 

F5<5=B>20=8E – 3;818=0 71V;LHCєBLAO 4> 0,015...0,03 <<). �=0;V7 

<V:@>D>B>3@0DV9 ?>25@E>=L V 2V7C0;L=5 A?>AB5@565==O ?> 2AV9 ?>25@E=V 

7@07:V2 ?>:0702, I> 254CG89 @>;8: 7 F5<5=B0FVєN 2B@0G0є 203C 2 >A=>2=><C 2 

@57C;LB0BV 2B><=8E ?>H:>465=L V G0AB:>2> 70 @0EC=>: <5E0=>EV<VG=>3> 

7=>AC. ' 2545=>3> @>;8:0 2B@0B0 2038 2 >A=>2=><C 2V41C20єBLAO 70 @0EC=>: 

=>@<0;L=>3> <5E0=>EV<VG=>3> 7=>AC V G0AB:>2> – 2B><=>3>. 

#@8G><C, 3;818=0 ?>H:>465=L 2 FL><C 28?04:C 7=0G=> 1V;LH5 

(482. @8A. 3.25). ' 07>B>20=8E 7@07:V2 2B@0B0 2038 4;O 254CG>3> V 2545=>3> 

7@07:V2 28=8:0є @V2=>FV==> 70 @0EC=>: <5E0=>EV<VG=>3> 7=>AC V 2B><=8E 

?>H:>465=L (@8A. 3.25). 

   

4                                5                              6                             7 

$8AC=>: 3.25 – (@0:B>3@0DVG=V 4>A;V465==O ?>25@E>=L B5@BO ?VA;O 

28?@>1C20=L (×534): 4, 5 – E0@0:B5@=89 283;O4 ?>H:>465=L 4;O @>;8:V2 7 

F5<5=B0FVєN; 6, 7 – E0@0:B5@=89 283;O4 ?>H:>465=L 4;O @>;8:V2 7 

07>BC20==O< 

�;O ?V4B25@465==O 3V?>B578 ?@> ?5@52038 AB@C:BC@=>W V=65=5@VW 

?>25@E=V 7 07>BC20==O< ?5@54 ?>25@E=5N 7 F5<5=B0FVєN 1C;8 ?@>2545=V 

28<V@N20==O <V:@>B25@4>ABV ?> 3;818=V ?>25@E=52>3> H0@C 2 4V0?07>=V 

10 µm 10 µm 10 µm 10 µm 
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4> 0,2 << (B01;. 3.12, 3.13) V :>5@F8B82=>W A8;82 [201, 202] (B01;. 3.14). 

�>A;V465==O ?@>2>48;8 4> 28?@>1C20=L V ?VA;O 32 3>48= =0?@0FN20==O. 

�=0;V7CNG8 >B@8<0=V @57C;LB0B8, <>6=0 7@>18B8 B0:89 28A=>2>:: C 

F5<5=B>20=><C H0@V ?VA;O 960 000 F8:;V2 A?>AB5@V30єBLAO 7=0G=5 7=865==O 

<V:@>B25@4>ABV 70 @0EC=>: =0:>?8G5==O 2 ?>25@E=52><C H0@V 2B><=8E 

45D5:BV2 <V:@>AB@C:BC@=>3> @V2=O. *5 V є ?@8G8=>N ?V428I5==O V=B53@0;L=>W 

25;8G8=8 7=>AC (728G09=89 <5E0=>EV<VG=89 7=>A ?;NA ?VB8=3>2V 

@C9=C20==O). 

&01;8FO 3.12 – $57C;LB0B8 287=0G5==O <V:@>B25@4>ABV �μ 4> 28?@>1C20=L 

№ 7@07:0 

!020=B065==O  , ! 
0,5 1,0 2,0 0,5 1,0 2,0 0,5 1,0 2,0 
�V03>=0;L 2V418B:C 

d, <:< 
�;818=0 2V418B:C h, 

<:< 
 V:@>B25@4VABL �μ, 

:3/<<2 
6� 

(07>BC20==O) 
9,4 12,7 17,7 1,34 1,81 2,53 1049 1149 1184 

7% 
(F5<5=B0FVO) 

21,2 24,0 24,6 3,02 3,43 3,52 780 1060 1160 

&01;8FO 3.13 – $57C;LB0B8 287=0G5==O <V:@>B25@4>ABV �μ ?VA;O 28?@>1C20=L 7 

960 000 F8:;V2 =020=B065==O (32 3>48=8 @>1>B8) 

№ 7@07:0 

!020=B065==O  , ! 

0,5 1,0 2,0 0,5 1,0 2,0 0,5 1,0 2,0 
�V03>=0;L 2V418B:C 

d, <:< 
�;818=0 2V418B:C h, 

<:< 
 V:@>B25@4VABL �μ, 

:3/<<2 

4� 
(07>BC20==O) 

10,3 12,0 17,9 1,5 1,7 26 873 1287 1157 

5% 
(F5<5=B0FVO) 

11,9 16,9 22,3 1,7 2,4 3,2 655 649 746 

&01;8FO 3.14 – $57C;LB0B8 287=0G5==O :>5@F8B82=>W A8;8 

%?>AV1 7<VF=5==O �=0G5==O :>5@F8B82=>W A8;8 !A, �/A< 

�> 28?@>1C20=L #VA;O 32 3>48= 
28?@>1C20=L 

*5<5=B0FVO 20,6 26,2 
�7>BC20==O 10,2 8,0 

 

                                                 
2 �>5@F8B8<5B@VO є 4>2>;V 5D5:B82=8< <5B>4>< =5@C9=V2=>3> :>=B@>;N. �>=0 4>72>;Oє 70 28<V@N20==O<8 <03=VB=>W 
E0@0:B5@8AB8:8 <5B0;C – :>5@F8B82=>W A8;8  – AC48B8 ?@> <5E0=VG=V 2;0AB82>ABV, =0?@C65=>-45D>@<>20=89 AB0= B0 
ABC?V=L CB><;5=>ABV <0B5@V0;C. �>A;V465==O 28:>=0=V =0 �# < 0;8H520=, (<. )0@:V2, ':@0W=0). 
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�;O 7@07:V2 V7 07>BC20==O< 7=0G5==O <V:@>B25@4>ABV 70;8H0NBLAO 

?@0:B8G=> =57<V==8<8, I> є ?V4B25@465==O< 0<>@DV70FVW ?>25@E=52>3> 

H0@C, V, 2=0A;V4>: FL>3>, 7=0G=> <5=H>3> =0:>?8G5==O 2B><=8E 45D5:BV2. 

�8<V@N20==O :>5@F8B82=>W A8;8 (B01;. 3.14) B0:>6 ?V4B25@46CNBL FV 
28A=>2:8: :V;L:VABL 3@0=8FL 75@5= 2 <V:@>AB@C:BC@V F5<5=B>20=>3> H0@C 
7@>AB0є, 0 C 07>B>20=>3> – =02VBL 45I> 7<5=HCєBLAO 70 @0EC=>: 0<>@DV70FVW 
?>25@E=52>3> H0@C 2 ?@>F5AV B@820;>W @>1>B8. *5 4>A8BL 4>1@5 
A?>AB5@V30єBLAO =0 <V:@>H;VD0E, ?@54AB02;5=8E 40;V. 

&0:8< G8=><, @57C;LB0B8 ?>@V2=O;L=8E 28?@>1C20=L ?>:070;8 ACBBє2C 
?5@5203C 7@07:V2, I> <0NBL 7<VF=5==O 07>BC20==O< C ?>@V2=O==V 7 
F5<5=B0FVєN. �0 ?>:07=8:0<8 :>5DVFVє=B0 B5@BO B@81>A8AB5<0 7V 7<VF=5==O< 
07>BC20==O< :V;L:0 ?>ABC?0єBLAO B@81>A8AB5<V 7 F5<5=B0FVєN 2 ?5@H><C 
F8:;V @>1>B8 (8 3>48=). *5, 9<>2V@=>, ?>2’O70=> 7 28=8:=5==O< C ?@>F5AV 
@>1>B8 =0 ?>25@E=OE 7@07:V2 7 F5<5=B0FVєN E0@0:B5@=>3> A<C30AB>3> @5;LєDC. 
#VA;O 32 3>48= 28?@>1C20=L :>5DVFVє=B8 B5@BO 4;O >1>E 4>A;V46C20=8E 
B@81>A8AB5< 28@V2=NNBLAO (482. B01;. 3.10). �=B53@0;L=5 7=0G5==O 25;8G8=8 
7=>AC 7@07:V2, 7<VF=5=8E 07>BC20==O<, 1V;LH =V6 C 10 @07V2 <5=H5 2 
?>@V2=O==V 7V 7<VF=5==O< F5<5=B0FVєN. 

�>A;V465==O @>;8:V2 6%/10% (F5<5=B0FVO) B0 5�/1� (07>BC20==O) 
28:>=C20;8AO D0EV2FO<8 V =0 >1;04=0==V �& < >B>@ %VG= (<. �0?>@V66O, 
':@0W=0). "3;O4 7@07:V2 6% V 10% 70 4>?><>3>N 1V=>:C;O@=>3> B0 >?B8G=>3> 
<V:@>A:>?V2 2AB0=>282, I> @5;LєD ?@8:0B0=8E ?>25@E>=L є E0@0:B5@=8< 4;O 
B5@BO 7 ?@>:>27C20==O<, O:5 AC?@>2>46CєBLAO CB2>@5==O< ?>25@E=528E @8A>: 
B0 703;818= C 283;O4V B>G:>28E @0:>28= =0 2AVE 4V;O=:0E, O:V 1@0;8 CG0ABL C 
:>=B0:BV. "3;O4 7@07:V2 5� V 1� 70 4>?><>3>N 1V=>:C;O@=>3> B0 >?B8G=>3> 
<V:@>A:>?V2 2AB0=>282, I> =0 WE ?>25@E=OE ?@>3;O40єBLAO @5;LєD 28EV4=>W 
<5E0=VG=>W >1@>1:8 7 =0O2=VABN @8A>: B0 703;818= C 283;O4V B>G:>28E 
@0:>28=, E0@0:B5@=8E 4;O ?>25@E=52>3> 2V4;CIC20==O B0 28:@8HC20==O, =0 
2AVE 4V;O=:0E, 704VO=8E C :>=B0:BV. �;O ?V4B25@465==O CB><=>3> E0@0:B5@C 
@0:>28= =0 ?>25@E=OE 7@07:V2 7@>1;5=> D@0:B>3@0DVG=5 4>A;V465==O 70 
4>?><>3>N 5;5:B@>==>3> <V:@>A:>?0 ?@8 71V;LH5==V 4> ×5 500. ' @57C;LB0BV 
?V4B25@465=>, I> @0:>28=8 O2;ONBL A>1>N A;V48 2B><=>3> 2V4;CIC20==O V 
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28:@8HC20==O: ?> 45=FOE @0:>28= A?>AB5@V30NBLAO ;V=VW 2V4?>G8=:C, 
E0@0:B5@=V 4;O 2B><=>3> @C9=C20==O (@8A. 3.26). 

   

4                                                 5  

  

6                                                     7  

   
8                                                 9 

  

:                                                  < 
 

$8AC=>: 3.26 – (@0:B>3@0DVG=V 4>A;V465==O: 4 – 7@07>: 6% (×1500); 5 – 7@07>: 

6% (×3500); 6 – 7@07>: 10% (×1500); 7 – 7@07>: 10% (×2500); 8 – 7@07>: 1� 

(×2700); 9 – 7@07>: 1� (×3500); : – 7@07>: 5� (×4500); < – 7@07>: 5� (×5000) 

10 µm 

5 µm 10 µm 

10 µm 

5 µm 
5 µm 

5 µm 5 µm 
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 V:@>4>A;V465==O< ?>?5@5G=8E H;VDV2 (@8A. 3.27, 3.28) 2AB0=>2;5=>, 

I> 3;818=0 ;C=>: 2V4 28:@8HC20==O AB0=>28BL:  

– =0 F5<5=B>20=8E 7@07:0E 6% B0 10% D0:B8G=> >4=0:>20 V AB0=>28BL 

≈5 <:< (@8A. 3.27 4, 5); 

– =0 07>B>20=8E 7@07:0E 5� B0 1� D0:B8G=> >4=0:>20 V AB0=>28BL 

≈4...5 <:<, >48=8G=8E ;C=>: – 4> 8 <:< (@8A. 3.28 4, 5, 6) 
 

                    

4                                                 5   

$8AC=>: 3.27 – �;818=0 ;C=>: 2V4 28:@8HC20==O F5<5=B>20=8E 7@07:V2:  

4 – @>;8: 6%; 5 – @>;8: 10% 

               

4                                          5                                         6   

$8AC=>: 3.28 – �;818=0 ;C=>: 2V4 28:@8HC20==O 07>B>20=8E 7@07:V2:  
4, 5 – @>;8: 1�; 6 – @>;8: 5� 

#@8=F8?>2>N 2V4<V==VABN є E0@0:B5@ ?5@5EV4=>3> ?@>F5AC ?> 7<V=V 
<><5=BC B5@BO ?VA;O =020=B065==O =0 ?>G0B:C G5@3>2>3> F8:;C @>1>B8 &% 
(@8A. 3.29). 

– =0 07>B>20=8E &% =0 :>6=><C =0ABC?=><C F8:;V 28?@>1C20=L 
25;8G8=0 <><5=BC B5@BO ?VA;O =020=B065==O 2AB0=>2;NєBLAO ?>ABC?>2> 
?@>BO3>< 10–12 E2. (@8A. 3.29 4, 5), B>1B> B@81>A?@O65==O =V18 7=>2C 
?@8?@0FL>2CєBLAO; 
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– =0 F5<5=B>20=8E 7@07:0E =0 :>6=><C =0ABC?=><C F8:;V 
28?@>1C20=L 25;8G8=0 <><5=BC B5@BO ?VA;O =020=B065==O 2AB0=>2;NєBLAO 
2V4@07C (@8A. 3.29 6, 7). 

  
4                                   5 

     
6                                   7 

$8AC=>: 3.29 – )0@0:B5@ ?5@5EV4=>3> ?@>F5AC ?> 7<V=V <><5=BC B5@BO ?VA;O 
=020=B065==O:  

4 – 07>BC20==O AVINIT N ?5@H89 F8:; 28?@>1C20=L (8 3>4);  
5 – 07>BC20==O AVINIT N G5B25@B89 F8:; 28?@>1C20=L (32 3>4);  
6 – F5<5=B0FVO ?5@H89 F8:; 28?@>1C20=L (8 3>4);  
7 – F5<5=B0FVO G5B25@B89 F8:; 28?@>1C20=L (32 3) 
 

!0 @>1>G8E ?>25@E=OE 2AVE 7@07:V2 є :V;LF52V @8A:8: 
– <=>68==V – =0 F5<5=B>20=8E 7@07:0E; 
– >48=>G=V =0 D>=V A;V4C ?@8?@0FN20==O – =0 07>B>20=8E 7@07:0E. ' 

B>9 65 G0A =0 7@07:0E ?@>3;O40NBLAO 28EV4=V @5;LєD8 ?>?5@54=L>W 

<5E0=VG=>W >1@>1:8, 28:>=0=>W 4> 07>BC20==O. 

 5B0;>3@0DVG=8<8 4>A;V465==O<8 ?VA;O B@820;8E 28?@>1C20=L =0 

CB><=C <VF=VABL 2AB0=>2;5=>, I> @5;LєD ?@8:0B0=8E ?>25@E>=L, 

E0@0:B5@=89 4;O @>1>B8 7 ?@>:>27C20==O<, AC?@>2>46CєBLAO CB2>@5==O< 

?>25@E=528E @8A>: V 703;81;5=L C 283;O4V B>G:>28E @0:>28=. 

�07=0G5=V CH:>465==O є =0 2AVE 4V;O=:0E, 704VO=8E C :>=B0:BV. 
$0:>28=8 O2;ONBL A>1>N A;V48 2B><=>3> 2V4;CIC20==O V 

28:@8HC20==O: =0 ?>25@E=V 4>=5FL @0:>28= A?>AB5@V30NBLAO ;V=VW 
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2V4?>G8=:C, E0@0:B5@=V 4;O 2B><=>3> @C9=C20==O (@8A. 3.30). )0@0:B5@ 7<V= 
A83=0;V2 �� =02545=> =0 @8A. 3.31. 

         
4                                                        5 

$8AC=>: 3.30 – $57C;LB0B8 D@0:B>3@0DVG=>3> 4>A;V465==O CB><=8E 

@0:>28= =0 ?>25@E=OE 7@07:V2: 4 – F5<5=B0FVO; 5 – 07>BC20==O 

 

$8AC=>: 3.31 – )0@0:B5@ 7<V= A83=0;V2 ��, E0@0:B5@=8E 4;O CB><=>3> 

@C9=C20==O  
 

&0:8< G8=><, @57C;LB0B8 4>23>B@820;8E 28?@>1C20=L =0 107V 1 <;=. 

F8:;V2 (:>G5==O 7 20 %-8< ?@>:>27C20==O< 7 :>=B0:B=8< =020=B065==O< 

σmax = 1 140  #0, E0@0:B5@=8< 4;O A5@54=L>- B0 28A>:>=020=B065=8E 

03@530BV2) ?V4B25@48;8 28A=>2:8, 7@>1;5=V ?VA;O ?>@V2=O;L=8E 28?@>1C20=L 70 

@>7@>1;5=>N 2 ?V4@>74V;V 3.4 <5B>48:>N ?@8A:>@5=>W >FV=:8 ?>:07=8:V2 

CB><=>W ?>H:>46C20=>ABV �  ?V4@>74V; 3.6. �=B53@0;L=0 1030B>F8:;>20 

ABV9:VABL 4> CB><=>3> 7=>HC20==O (@C9=C20==O) 7@07:V2, 7<VF=5=8E 

07>BC20==O< (V>==>-?;07<>25 07>BC20==O AVINIT N 7 3;818=>N H0@C 

W, 
2V4=.>4. 

 �B 

�V4;V:8 7 ?5@V>4>< 20 <A (50 �F) 
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0,25 <<), 2 10 @07V2 28I5, =V6 C 7@07:V2, 7<VF=5=8E F5<5=B0FVєN (7 3;818=>N 

H0@C 1,2 <<) 70 ?>:07=8:>< 203>2>3> 7=>AC.  

!0 >A=>2V F8E 4>A;V465=L 2 ?>40;LH><C <>6;825 2?@>20465==O B0 

28:>@8AB0==O V>==>-?;07<>28E B5E=>;>3V9 07>BC20==O 70<VABL F5<5=BC20==O 7 

<5B>N 71V;LH5==O :>=B0:B=>W <VF=>ABV ?>25@E>=L 45B0;59, 72060NG8 =0 B0:V 

?5@52038 07>BC20==O, O: 715@565==O @>7<V@V2 B0 28A>:>W G8AB>B8 >1@>1:8 

?>25@E>=L, 2=0A;V4>: G>3> 2V4?040є =5>1EV4=VABL WE <5E0=VG=>W 4>@>1:8 ?VA;O 

7<VF=5==O. 

#V4B25@482H8 ?5@5203C V>==>-?;07<>2>3> 07>BC20==O ?5@54 

B@048FV9=>N F5<5=B0FVєN, FV 5:A?5@8<5=B8 ?V4B25@48;8 >1�@C=B>20=VABL 

@>7@>1;5=>W C ?V4@>74V;V 3.4 <5B>48:8 ?@8A:>@5=>W >FV=:8 ?>:07=8:V2 

CB><=>W ?>H:>46C20=>ABV � . 

 

 

3.8 #>@V2=O;L=0 >FV=:0 B5E=>;>3VG=8E <5B>4V2 F5<5=B0FVW B0 V>==>-

?;07<>2>3> 07>BC20==O H;OE>< 28?@>1C20=L =0 7=>A>ABV9:VABL 2 C<>20E 

<0;>F8:;>2>3> 7=>HC20==O 

 

� C<>20E 4>23>B@820;8E 28?@>1C20=L =5<>6;82> 2V4@V7=8B8 

<0;>F8:;>289 7=>A (O:89 2V41C20єBLAO 70 <5E0=V7<>< CB2>@5==O B0 

@C9=C20==O =0 ?>25@E=OE B5@BO 2B>@8==8E AB@C:BC@) 2V4 1030B>F8:;>2>3> 

CB><=>3> 7=>AC (?@8 O:><C 45D5:B8 =0:>?8GCNBLAO C 25;8:8E >1’є<0E 

?>25@E=52>3> H0@C). &><C FV;:>< 0:BC0;L=8< є 70240==O ?@>2545==O B0:8E 

5:A?5@8<5=B0;L=8E 28?@>1C20=L, :>;8 1030B>F8:;>289 7=>A =5<>6;8289 – 

4;O >FV=:8 ?0@0<5B@V2 7=>A>ABV9:>ABV A0<5 ?@8 <0;>F8:;>2><C 7=>H5==V. �;O 

FL>3> 25;8G8=0 ?8B><>3> =020=B065==O 2 7>=V :>=B0:BC 2 5:A?5@8<5=B0;L=8E 

4>A;V465==OE 1C;0 7=865=0 (C ?>@V2=O==V 7 28?@>1C20==O<8, ?@>2545=8<8 C 

?>?5@54=VE 4>A;V465==OE C ?V4@>74V;0E 3.6, 3.7) 4> σmax500  #0. �1A>;NB=5 

=020=B065==O ?@8 FL><C A:;040;> 1 500 !. �<0IC20==O 74V9A=N20;8 

02V0FV9=8< 30A>< &%-1 H;OE>< 70=C@5==O 2 =L>3> =86=L>3> 7@07:0.  
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�:A?5@8<5=B8, ?@>2545=V =0 :>=B0:B=C 2B><C ?@8 25;8:8E 
=020=B065==OE (σmax1 140  #0, 1030B>F8:;>25 2B><=5 7=>HC20==O) 
?>:070;8 1030B>:@0B=C ?5@5203C FL>3> <5B>4C 7<VF=5==O ?>25@E>=L 70 
?0@0<5B@>< AC<0@=>3> 7=>AC (1V;O 10 @07V2) C ?V4@>74V;0E 3.6, 3.7.  

$5HB0 C<>2 B0 ?0@0<5B@V2 28?@>1C20=L 2V4?>2V40;8 28?@>1C20==O< =0 
7=>A>ABV9:VABL 70 <5E0=V7<>< 1030B>F8:;>2>W CB><=>W <VF=>ABV (@>74. 2). 

&@81>B5E=VG=V E0@0:B5@8AB8:8 >FV=N20;8AL 70 ?>:07=8:0<8 203>2>3> 
7=>AC, :>5DVFVє=B0 B5@BO V A5@54=L>?>25@E=52>W B5<?5@0BC@8 28?@>1C20=8E 
7@07:V2. �V4ACB=VABL ?>G0B:>28E ?>H:>465=L 2B><=>3> E0@0:B5@C 
>FV=N20;8AO 70 ?>:07=8:0<8 �� [96, 97, 106, 161]. 

$57C;LB0B8 287=0G5==O B@81>B5E=VG=8E ?0@0<5B@V2 4>A;V46C20=8E 
B@81>A8AB5< =0 ?>G0B:C B0 2 :V=FV 28?@>1C20=L =02545=V 2 (B01;. 3.15.) 

&@81>B5E=VG=V ?0@0<5B@8 4>A;V46C20=8E B@81>A8AB5< 287=0G0;8 O: A5@54=V 
0@8D<5B8G=V 7=0G5==O ?0@0<5B@V2, I> 28<V@NNBLAO 70 :>6=>N 3@C?>N 
>4=>9<5==8E 7@07:V2 (?> 5 ?0@ 7@07:V2 4;O :>6=>3> 7 284V2 7<VF=5==O). 

&01;8FO 3.15. – $57C;LB0B8 287=0G5==O B@81>B5E=VG=8E ?0@0<5B@V2 ?@8 
28?@>1C20==OE =0 7=>A>ABV9:VABL 2 C<>20E <0;>F8:;>2>3> 7=>HC20==O 

�<VF=5==O 
7@07:V2 

�>5DVFVє=B B5@BO / 
A5@54=L>?>25@E=520 
B5<?5@0BC@0, º% 

�03>289 7=>A 
7@07:V2, 3 �030;L=89 

7=>A 
!0 ?>G0B:C 
28?@>1C20=L 

� :V=FV 
28?@>1C20=L 

�54CG>3> �545=>3> 

F5<5=B0FVO 0,108/59 0,099/58 0,0020 0,0060 0,0080 

AVINIT N 0,080/56 0,069/44 0,0008 0,0007 0,0015 

 

$57C;LB0B8 0=0;V7C 0:CAB8:>-5<VAV9=>3> 28?@><V=N20==O 70 25AL ?5@V>4 
28?@>1C20=L ?>:0702, I> ?0@0<5B@0<8 �� GVB:> @5єAB@CєBLAO ?5@V>4 
=020=B065==O, ?@8?@0FN20==O B0 CAB0;5=>W @>1>B8 B@81>A8AB5< (@8A. 3.32, 
3.33). "4=0: ?@8 @>1>BV B@81>A8AB5<8 7 07>BC20==O< ?@8?@0FN20==O 
2V41C20єBLAO 7V 71V;LH5=>N H284:VABN 7=>HC20==O, I> >1C<>2;5=> 28EV4=8< 
AB0=>< ?>25@E=V B5@BO (H>@AB:VABN) B0 WE <V:@>?;0AB8G=8<8 
E0@0:B5@8AB8:0<8, 4>A;V465==O O:8E 1C45 =02545=> C =0ABC?=><C ?V4@>74V;V.  

�V03@0<8 7<V=8 ?0@0<5B@0 0:CAB8G=>W 5<VAVW 4;O 2AVE B@81>A8AB5<, I> 
4>A;V46CNBLAO, ?@54AB02;5=V 4;O B@L>E 4V;O=>: (=0 ?>G0B:C 28?@>1C20=L, 
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A5@548=0 28?@>1C20=L, :V=5FL 28?@>1C20=L). �;O B@81>A8AB5< 7 F5<5=B0FVєN 
?@8?@0FN20==O <0є <5=H 28@065=89 E0@0:B5@, I> B0:>6 >1C<>2;5=> 
?>G0B:>28< AB0=>< ?>25@E=V B5@BO (?>;V@C20==O). 

 

 

4 

 
5 

 

$8AC=>: 3.32 – �V03@0<0 7<V=8 ?0@0<5B@0 CA5@54=5=>W ?>BC6=>ABV 
0:CAB8G=>W 5<VAVW (07>BC20==O) =0 @V7=8E 5B0?0E 28?@>1C20=L: 4 – =0 5B0?V 

?@8?@0FN20==O; 5 – 70 ?5@V>40<8 28?@>1C20=L  
 

$V7=8FO C 740B=>ABV 4> ?@8?@0FN20==O 4>A;V46C20=8E 7@07:V2 

?>OA=NєBLAO @V7=8F5N 28EV4=>W H>@AB:>ABV 7@07:V2 7 @V7=8<8 2840<8 7<VF=5==O 

(@8A. 3.20, 3.21) 2=0A;V4>: ?>?5@54=L>W >1@>1:8.  
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4=
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4 

 

!020=B065==O  

#5@HV 100 E2 
28?@>1C20=L 

!0ABC?=V 100 E2 
�025@H5==O ?@8-
?@0FN20==O 

�V;L:VABL 2V4;V:V2 

 

КB?<G9EF6B BFEG9FB6
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З469DH9A<9 !D98<A4 
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4=
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�V;L:VABL 2V4;V:V2 

#>G0B>:  

%5@548=0 �025@H5==O 
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�;O 2AVE 4>A;V46C20=8E 7@07:V2 A83=0;8 0:CAB8G=>W 5<VAVW, O:V <>6=0 1C;> 

1 2V4=5AB8 4> 2B><=>3> 1030B>F8:;>2>3> ?>H:>465==O – =5 28O2;5=>. 

�=0;V7 @57C;LB0BV2 28?@>1C20=L =0 7=>A>ABV9:VABL ?V4B25@482 WE 

2V4?>2V4=VABL @57C;LB0B0<, >B@8<0=8< =0 >A=>2V 0=0;V7C 0:CAB8G=>-

5<VAV9=>3> 28?@><V=N20==O B@81>A8AB5<. �5;8G8=8 7=>AV2 ?0@ B5@BO, 

7<VF=5=8E 70 B5E=>;>3VєN AVINIT N 28@V2=NNBLAO B0 <0NBL 1;87L:V 

?>:07=8:8, I> ?V4B25@46Cє 40=V, >45@60=V ?@8 0=0;V7V 0:CAB8G=>3> 

28?@><V=N20==O ?V4 G0A 28?@>1C20=L. 

 

 

$8AC=>: 3.33 – �V03@0<0 7<V=8 ?0@0<5B@0 CA5@54=5=>W ?>BC6=>ABV �� 

(F5<5=B0FVO) 70 ?5@V>40<8 28?@>1C20=L 

 

#>G0B:>2V ?>H:>465==O 2B><=>3> E0@0:B5@C =0 2AVE ?0@0E, I> 

4>A;V46CNBLAO, =5 28O2;5=>. 

!0 70:;NG=><C 5B0?V @>1>B8 7@07:V2 :>5DVFVє=B8 B5@BO 4;O ?0@, 

7<VF=5=8E 07>BC20==O<, =0 30 % =86G5 70 7@07:8, 7<VF=5=V F5<5=B0FVєN. 

,>@AB:VABL 7@07:V2 ?VA;O 28?@>1C20=L ?@0:B8G=> 28@V2=NєBLAO (@8A. 3.34). 

&><C 7=865==O :>5DVFVє=B0 B5@BO 4;O 07>BC20==O <>6=0 ?>OA=8B8 7<V=>N 

DV78:>-<5E0=VG=8E 2;0AB82>AB59 ?>25@E=52>3> H0@C (<V:@>?;0AB8G=VABN). 

 

КB?<G9EF6B BFEG9FB6

УD
B6
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FA
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Н4G4?B 

!D98<A4 З469DH9A<9 

#>G0B>:  

%5@548=0 �025@H5==O 
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4 

 

5 

$8AC=>: 3.34 – #@>DV;L H>@AB:>ABV 2545=8E 7@07:V2, ?VA;O 28?@>1C20=L: 

4 – 7<VF=5=8E F5<5=B0FVєN (Ra = 0,08);  

5 – 7<VF=5=8E 07>BC20==O< (Ra = 0,09) 

 

�8?@>1C20==O =0 7=>A>ABV9:VABL 4>A;V46C20=8E 7@07:V2 ?>:070;8, I> 

2B><=5 1030B>F8:;>25 7=>HC20==O (?VB8=3) 70 8 3>48= 28?@>1C20=L =0 2AVE 

4>A;V46C20=8E ?0@0E B5@BO 70 ?>:07=8:0<8 0:CAB8G=>W 5<VAVW =5 28O2;OєBLAO. 

*5 >1C<>2;5=> ?@028;L=8< ?V41>@>< @V2=O :>=B0:B=8E =020=B065=L 4;O 

<0B5@V0;V2, O:V <0NBL 28A>:V ?@>B8?VB8=3>2V 2;0AB82>ABV (F5<5=B0FVO V 

07>BC20==O).  

�=0;V7 4V03@0<8 7<V=8 0:CAB8G=>W 5<VAVW ?>:0702, I> 7@07>: 7 

07>BC20==O< ?@>BO3>< 100 E28;8= @>1>B8 ?@8 :>G5==V 7 20 % 

?@>:>27C20==O< ?>:07Cє 7=0G=C H284:VABL 7=>HC20==O =0 ?5@H><C 5B0?V 

(?@8?@0FN20==O), I> 7C<>2;5=> AB0=>< ?>25@E=52>3> H0@C, 9>3> 7=0G=>W 

H>@AB:>ABV.  

#@>DV;L H>@AB:>ABV 

Ra 

#@>DV;L H>@AB:>ABV 

Ra 
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&@81>A8AB5<0 7 F5<5=B0FVєN ?@8 B8E 65 C<>20E 28?@>1C20=L =5 <0є 

GVB:> 287=0G5=>3> 70 G0A>< ?@8?@0FN20==O. ,284:VABL 7=>HC20==O ?;02=> 

7<5=HCєBLAO 70 25AL ?5@V>4 7=>HC20==O (8 3>4). 

�=0;V7 @57C;LB0BV2 287=0G5==O :>5DVFVє=BV2 B5@BO A2V4G8BL ?@> B5, I> 

:>5DVFVє=B8 B5@BO 7@07:V2, 7<VF=5=8E 70 B5E=>;>3VєN AVINIT N ACBBє2>, 

(?@81;87=> =0 30 %) <5=HV, =V6 :>5DVFVє=B8 B5@BO, >45@60=V ?@8 

28?@>1C20==OE 7@07:V2 7<VF=5=8E F5<5=B0FVєN. 

�=>A>ABV9:VABL 7@07:V2, 7<VF=5=8E 70 B5E=>;>3VєN AVINIT N 7=0G=> 

?5@528ICє 7=>A>ABV9:VABL F5<5=B>20=8E 7@07:V2 (C 6 @07V2) (B01;. 3.15), I> 

<>6=0 ?>OA=8B8 28A>:8<8 <V:@>?;0AB8G=8<8 E0@0:B5@8AB8:0<8 07>BC20==O. 

#V4B25@465==O FL>3> 28<030;> ?>40;LH8E <V:@>AB@C:BC@=8E 4>A;V465=L, O:V 

=02545=> 40;V.  

�0 ?>:07=8:0<8 0:CAB8G=>W 5<VAVW (@8A. 3.32, 3.33) 7=>A>ABV9:VABL 

4>A;V46C20=8E B@81>A8AB5< ?@8 2>AL<8 3>48=0E 28?@>1C20=L 2V4@V7=ONBLAO 

=57=0G=> V @>7?>4V;ONBLAO B0:8< G8=><: F5<5=B>20=V 7@07:8 – @V25=L 

0:CAB8G=>W 5<VAVW 4...5 2V4=. >4.; 07>B>20=V 7@07:8 – @V25=L 0:CAB8G=>W 5<VAVW – 

5...7 2V4=. >4. 

 

3.9  V:@>AB@C:BC@=V B0 D07>2V >A>1;82>ABV ?>25@E=528E H0@V2, O: D0:B>@ 

?V428I5==O 2B><=>W <VF=>ABV 

 

�;O 2AB0=>2;5==O DV78G=8E <5E0=V7<V2 28A>:8E ?>:07=8:V2 7=>A>ABV9:>ABV 

B0 2B><=>W <VF=>ABV &%, 7<VF=5=8E V>==>-?;07<>28< 07>BC20==O<, ?@>2>48;8 

:><?;5:A=V <V:@>AB@C:BC@=V 4>A;V465==O 7@07:V2, O:V ?V44020;8AO ?>@V2=O;L=8< 

28?@>1C20==O<. 

!0 >1;04=0==V �& < >B>@ %VG= (<. �0?>@V66O, ':@0W=0) 1C;> 28:>=0=> 

:><?;5:A=V <V:@>AB@C:BC@=V 9 D07>2V 4>A;V465==O >A>1;82>AB59 

?>25@E=52>3> H0@C ?0@ 7@07:V2 6%/10% (7<VF=5=8E F5<5=BC20==O<) B0 5�/1� 

(7<VF=5=8E V>==>-?;07<>28< 07>BC20==O<).  
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�>A;V465==O 7>2=VH=L>3> 283;O4C >1:0B0=>W ?>25@E=V, 

<V:@>AB@C:BC@=89 AB0= <0B5@V0;C, 0 B0:>6 <V:@>B25@4VABL 70 ?5@5@V7>< 

7<VF=5=>3> H0@C 287=0G0;8 =0 :>6=><C 7@07:C C G>B8@L>E 7>=0E, (@8A. 3.35).  

�>=8 1 – AB0= 4> 28?@>1C20=L (>A:V;L:8 FV 7>=8 =5 1C;8 704VO=V C 
:>=B0:BV), 7>=8 2, 3, 4 – ?VA;O 4VW :>=B0:B=8E =020=B065=L @V7=>W 25;8G8=8, I> 
>1C<>2;5=> 2838=>< 25@E=L>3> B0 =86=L>3> 20;V2 <0H8=8 B5@BO % & 2070 
2V4 4VNG>3> =020=B065==O. 

 

 

$8AC=>: 3.35 – %E5<0 @>7B0HC20==O 4>A;V46C20=8E 7>= C 2V4?>2V4=>ABV 4> 
270є<=>3> @>7B0HC20==O 7@07:V2 C ?@>F5AV 28?@>1C20=L  

 

' @57C;LB0BV <V:@>4>A;V465=L 1C;> 2AB0=>2;5=> B0:5. �>=B0:BCNGV 

?>25@E=V 7@07:V2 № 6% V № 10% F5<5=B>20=V C 2V4?>2V4=>ABV 7 C<>20<8 

283>B>2;5==O. (0:B8G=0 3;818=0 F5<5=B>20=>3> H0@C AB0=>28BL ≈1,2 << 

(@8A. 3.36, 4, 3.37, 4). 

$57C;LB0B8 287=0G5==O <V:@>B25@4>ABV V 5D5:B82=0 3;818=0 H0@C, I> 

2V4?>2V40є <V:@>B25@4>ABV 500 HV 4;O F5<5=B0FVW =02545=V 2 (B01;. 3.16.) 

&01;8FO 3.16 –  V:@>B25@4VABL ?> ?5@5@V7C F5<5=B>20=>3> H0@C =0 

7@07:0E № 6% V № 10%. 
№№  �V4AB0=L 2V4 ?>25@E=V, << 

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1 1,2 1,3 �D. 3;81., <<)
 
№ 6%: 

1 
2 
3 
4 

№ 10%: 
1 
2 
3 
4 

 V:@>B25@4VABL, HV (HRN15) 
 

679 
696 
703 
699 

 
731 
731 
731 
705 

 
730 
705 
670 
665 

 
725 
716 
743 
745 

 
731 
689 
657 
635 

 
714 
736 
727 
716 

 
727 
678 
649 
630 

 
702 
739 
710 
688 

 
710 
652 
621 
622 

 
666 
694 
670 
657 

 
697 
628 
597 
611 

 
662 
664 
657 
649 

 
681 
605 
587 
587 

 
637 
660 
628 
616 

 
667 
585 
562 
560 

 
609 
637 
598 
593 

 
652 
581 
554 
544 

 
585 
623 
585 
579 

 
637 
550 
522 
529 

 
556 
591 
558 
562 

 
598 
529 
505 
524 

 
543 
558 
544 
541 

 
528 
510 
486 
510 

 
537 
544 
535 
537 

 
506 
486 
478 
474 

 
501 
506 
506 
475 

 
~1,3 
~1,25 
~1,1 
~1,25 

 
~1,3 
~1,3 
~1,3 
~1,25 
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 V:@>B25@4VABL ?> ?5@5@V7C 07>B>20=>3> H0@C =02545=> C B01;. 3.17. 
 

&01;8FO 3.17 –  V:@>B25@4VABL ?> ?5@5@V7C 07>B>20=>3> H0@C =0 7@07:0E 

№ 1� V № 5� 

!><5@ 
7@07:0 

�V4AB0=L 2V4 ?>25@E=V, << 
0,05 0,1 0,15 0,2 �D. 3;81., << (500HV)

 
      №1�: 

1 
2 
3 
4 

      №5�: 
1 
2 
3 
4 

 V:@>B25@4VABL, HV (HRN15) 
 

972 
1024 
977 
965 

 
932 
918 
930 
927 

 
831 
876 
892 
783 

 
800 
788 
829 
813 

 
         741 
         754 
         793 
         749 

 
734 
718 
777 
750 

   
379 

        388 
        388 

352 
 

420 
374 
421 
420 

 
~0,155 
~0,155 
~0,155 
~0,155 

 
~0,155 
~0,155 
~0,155 
~0,155 

 
 V:@>AB@C:BC@0 F5<5=B>20=>3> H0@C =0 7@07:0E O2;Oє A>1>N <0@B5=A8B V 

:0@1V48: 7 ?>25@E=V 4> 3;818=8 ≈0,18 << – :0@1V48 1V;LH :@C?=V, >:@C3;>W V 

AB>21G0B>W D>@<8, =54>?CAB8<V 70 ,:0;>N <V:@>AB@C:BC@, 40;V 70 ?5@5@V7>< 

H0@C :0@1V48 4@V1=>48A?5@A=V, I> 2V4?>2V40є 8-<C, 4>?CAB8<><C 10;C 70 

H:0;>N <V:@>AB@C:BC@ (@8A. 3.36, 5, 3.37, 5). %B@C:BC@=8E 2V4<V==>AB59 70 

H8@8=>N @>1>G>W ?>25@E=V 7@07:V2 2 7>=0E :>=B0:BC № 1...№ 4 (@8A. 3.35) =5 

2V4<VG5=>.  
 

 

4      5  
 

$8AC=>: 3.36 –  V:@>AB@C:BC@0 F5<5=B>20=>3> H0@C  

4 – (×6,5) V A5@F528=8 7@07:0 5 – (×500) 6% 
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4   5  

$8AC=>: 3.37 –  V:@>AB@C:BC@0 F5<5=B>20=>3> H0@C 4 – (×6,5) V A5@F528=8 

7@07:C 5 – (×500) 10% 

 V:@>AB@C:BC@0 A5@F528=8 – <0;>2C3;5F5289 <0@B5=A8B, 2V4?>2V40є 
AB0;V 20)3 �(, B5@<>>1@>1;5=V9 =0 2:070=C B25@4VABL. �>=B0:BCNGV 
?>25@E=V 7@07:V2 № 1� V № 5� 07>B>20=V. (0:B8G=0 3;818=0 07>B>20=>3> H0@C 
AB0=>28BL ≈0,25 << (@8A. 3.38, 4, 3.39, 4). 

 V:@>AB@C:BC@0 07>B>20=>3> H0@C =0 7@07:0E V45=B8G=0. � 
?>25@E=52><C H0@V 28O2;OєBLAO D070 B>2I8=>N ≈0,01 <<, 40;V ?> ?5@5@V7C 
<V:@>AB@C:BC@0 07>B>20=>3> H0@C <0є 283;O4, E0@0:B5@=89 4;O 07>B8AB>3> 
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2V4<>2 01> 28=8:=5==O 703@>78 157?5FV ?V4 G0A 5:A?;C0B0FVW. 

�8<>38 4> B>G=>ABV B0 4>AB>2V@=>ABV >FV=:8 =04V9=>ABV >1;04=0==O 

?>28==V 704020B8AL C B5E=VG=V9 4>:C<5=B0FVW =0 >1;04=0==O. �0 2V4ACB=>ABV 7 

1>:C 70<>2=8:0 A?5FV0;L=8E 28<>3 I>4> 4>AB>2V@=>ABV >FV=:8 2V4?>2V4=> 4> 

[203] @V25=L 4>2V@G>W 9<>2V@=>ABV ?@89<0єBLAO @V2=8< 0,8. 

�81V@ =5>1EV4=>W :V;L:>ABV A?>AB5@565=L (28<V@N20=L) 4;O >FV=:8 

?>:07=8:V2 =04V9=>ABV @53;0<5=B>20=89 4;O @V7=8E @V2=V2 4>AB>2V@=>ABV B0 

@V7=8E 70:>=V2 @>7?>4V;C. � C@0EC20==O< 2AB0=>2;5=>3> 284C 70:>=C 

@>7?>4V;C (�591C;;0) B0 >1;0ABV <>6;828E 7=0G5=L :>5DVFVє=BV2 20@V0FVW 

3;818= @C9=C20==O 70?@>?>=>20=> @O4 @5:><5=40FV9 I>4> 281>@C :V;L:>ABV 

28<V@N20=L.  V=V<0;L=C =5>1EV4=C :V;L:VABL N B>G>: =0 ?>25@E=V 4;O 

28<V@N20=L A;V4 >18@0B8 70;56=> 2V4 ABC?5=O =5@V2=><V@=>ABV @C9=C20==O, 

I> E0@0:B5@87CєBLAO :>5DVFVє=B>< 20@V0FVW 3;818= @C9=C20==O Vh (B01;. �.1). 

�>2V@GC 9<>2V@=VABL  2818@0NBL 7 @O4C 0,8; 0,9; 0,95; 0,99.  0:A8<0;L=C 

?@8?CAB8<C 2V4=>A=C ?><8;:C 2818@0NBL V7 @O4C 0,05; 0,1; 0,15; 0,2. 

#>?5@54=L> 25;8G8=0 :>5DVFVє=B0 20@V0FVW Vh <>65 1CB8 >@Vє=B>2=> >1@0=0 =0 

B0:8E V=B5@20;0E: ?@8 :207V@V2=><V@=><C ACFV;L=><C @C9=C20==V (:>@>7VW, 

5@>7VW) 4> 0,2; ?@8 =5@V2=><V@=V9 ACFV;L=V9 :>@>7VW 0,3-0,6; 70 =0O2=>ABV 

;>:0;L=8E @C9=C20=L (:025@=, 28@07>:, ?VB8=3V2) ?>=04 0,6. 
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&01;8FO �.1 –  V=V<0;L=0 :V;L:VABL N B>G>: 4;O 28<V@N20=L 

S  
N ?@8 Vh 

0,1 0,2 0,3 0,4 0,6 0,8 1 

0,05 0,8 4 13 25 50 100 200 315 

0,9 8 25 65 100 250 500 650 

0,95 13 40 100 150 400 650 1000 

0,99 25 100 200 315 800 1 000 >1 000 

0,1 0,8 <3 5 10 13 32 50 100 

0,9 3 8 15 32 65 125 200 

0,95 5 13 25 50 100 200 400 

0,99 8 25 50 100 200 400 650 

0,15 0,8 <3 3 5 6 15 25 40 

0,9 <3 4 8 15 32 65 80 

0,95 3 6 13 25 50 100 150 

0,99 5 13 25 40 100 200 315 

0,2 0,8 <3 <3 3 5 10 20 25 

0,9 <3 4 6 10 20 40 50 

0,95 <3 5 8 15 32 50 100 

0,99 4 8 15 25 65 125 150 

 

#VA;O 28:>=0==O 28<V@N20=L A;V4 >1G8A;8B8 70 D>@<C;>N (�.3) 

D0:B8G=89 :>5DVFVє=B 20@V0FVW, V C @07V, O:I> 2V= 28O28BLAO 1V;LH8< 70 

?>?5@54=L> >1@0=89, 28:>=0B8 4>40B:>2V 28<V@N20==O 2V4?>2V4=> 4> 

@5:><5=40FV9 B01;. 3.6. �0 =0O2=>ABV C 281V@FV 7=0G5=L, I> @V7:> 284V;ONBLAO 

=0 4V;O=:0E, 45 2>=8 1C;8 >B@8<0=V, A;V4 28:>=0B8 4>40B:>2V 28<V@N20==O. 

#@8 ?>2B>@=><C >B@8<0==V B0:>3> @57C;LB0BC FN 4V;O=:C A;V4 @>73;O40B8 

>:@5<> 2V4 V=H8E, >A:V;L:8 ?V428I5=0 3;818=0 @C9=C20=L C =V9, >G5284=>, 

28:;8:0=0 :>=AB@C:B82=>-B5E=>;>3VG=8<8 ?@8G8=0<8. �@8B5@Vє< @V7:>3> 

284V;5==O 7=0G5==O 7 281V@:8 <>65 1CB8 28:>=0==O C<>28 h>hò, 45 hò 

287=0G0єBLAO 70 D>@<C;>N, =02545=>N 40;V. 

!0?@8:;04, ?@8 >1AB565==V ?>25@E=V ?;>I5N 5 <2 28O2;5=> ACFV;L=V 

?VB8=3>2V @C9=C20==O. �;O >FV=:8 ?@0F5740B=>ABV 03@530BC =5>1EV4=> 

287=0G8B8 <0:A8<0;L=C 3;818=C ?VB8=3C =0 ?>25@E=V. %5@54=O :V;L:VABL 

?VB8=3V2 =0 >48=8FN ?>25@E=V 4>@V2=Nє 100 1/4<2. "?B8<0;L=0 25;8G8=0 

4V;O=:8 S1, =0 O:V9 2V7C0;L=> 28O2;OєBLAO ?VB8=3 <0:A8<0;L=>W 3;818=8, 
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AB0=>28BL 100+100 <<2, B>1B> 1 4<2. %CFV;L=89 :>=B@>;L 7C<>282 18 

=5>1EV4=VABL >3;O4C B0 28<V@N20==O 500 B0:8E 4V;O=>:, I> ?>B@51C20;> 1 

25;8:>W ?@0FV. &><C ?@89=OB> @VH5==O I>4> >FV=:8 <0:A8<0;L=>W 3;818=8 

?VB8=3V2 281V@:>28< <5B>4>< 7 4>2V@G>N 9<>2V@=VABN 0,9 ?@8 ?><8;FV =5 

1V;LH5 10. 

$>72’O70==O: 

1. �87=0G0єBLAO A5@54=O ?;>I0 ?>25@E=V, I> ?@8?040є =0 1 ?VB8=3: 

S0 = 1/100 = 0,01 4<2. 

2. �87=0G0єBLAO 25;8G8=0 M = S1/S0 = 1/0,01 = 100. 

3. �0 B01;. 3.6 287=0G0єBLAO >@Vє=B>2=5 7=0G5==O :>5DVFVє=B0 20@V0FVW 

<0:A8<0;L=8E 3;818= Vmax = 0,2. 

4. �0 B01;. �.1 287=0G0єBLAO 4;O 7040=8E 7=0G5=L ( = 0,9;  = 0,1), 

=5>1EV4=0 :V;L:VABL 28<V@N20=L N = 8. 

5. ' @57C;LB0BV 28<V@N20==O <0:A8<0;L=8E 3;818= =0 8 4V;O=:0E 

>B@8<0=> B0:V 7=0G5==O (<<): 1,5; 1,2; 1,1; 1,7; 1,4; 1,8; 1,3 B0 1,5. 

6. �0 D>@<C;0<8 (�.1)–(�.3) 287=0G0єBLAO A5@54=є 7=0G5==O 

<0:A8<0;L=>3> ?VB8=3C B0 9>3> :>5DVFVє=B 20@V0FVW: 

 max max

1

/ 1,44
N

i

h h N

ý

ý ýõ <<;  (�.1) 

 
max

2
maxmax.

1

( )

0,245
1

N

i

i

h

h h

N

ý


ó ý ý



õ
<<;  (�.2) 

 
max max

max/ 0,17
h h

V hý ó ý  (�.3) 

"B@8<0=5 7=0G5==O Vhmax =5 ?5@528ICє 70740;53V4L >1@0=>3> (0,2), B><C 

4>AB>2V@=VABL @57C;LB0BV2 =5 1C45 =86G>N 70 7040=C. 

7. !0=>A8BLAO B>G:0 7 :>>@48=0B0<8   = 100; Vh = 0,17 =0 AVB:C 

:>>@48=0B (@8A. �.1). &>G:0 ?>B@0?;Oє =0 :@82C, O:0 15@5 ?>G0B>: (?@8   = 1) 

2V4 7=0G5==O V = 0,7. "B65, :>5DVFVє=B 20@V0FVW ?>2=>3> @>7?>4V;C 3;818= 

?VB8=3C 4>@V2=Nє 0,7. 
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8. �0 @8A. �.2 =0 ?5@5B8=V :@82>W 0,7 7 01AF8A>N   = 100 7=0E>48BLAO 

7=0G5==O Ehmax = 3. �87=0G0єBLAO 7=0G5==O A5@54=L>W 3;818=8 ?VB8=3V2: 

 

max

max 1,44
0,48

3
h

h
h

E
ý ý ý << (�.4) 

9. �0 BVєN A0<>N :@82>N 7=0E>48BLAO 7=0G5==O Eh = 5,1, I> 2V4?>2V40є 

7=0G5==N M = S/S0 = 500/0,01 = 5104 (45 S – ?;>I0 ?>25@E=V, C@065=>W 

?VB8=3><). 

�87=0G0єBLAO <>6;820 <0:A8<0;L=0 3;818=0 ?VB8=3C =0 ?>25@E=V 

S = 5<2: 

 
maxmax

0,48 5,1 2,45
h

h hEý ý  ý <<  (�.5) 

�;O ?>@V2=O==O 7=0E>48<> 70 B01;. 3.6 =5>1EV4=C :V;L:VABL 28<V@N20=L 

3;818= ?VB8=3V2, O:I> <0:A8<0;L=V 7=0G5==O =0 4V;O=:0E 2V7C0;L=> =5 

28O2;ONBLAO. ' FL><C 28?04:C (?@8 7=0945=V9 V = 0,7) 704;O 70157?5G5==O 

BVєW 6 4>AB>2V@=>ABV ( = 0,9;  = 0,1) 7=04>18;>AO 1 1;87L:> 100 28<V@020=L, 

B>1B> =0 ?>@O4>: 1V;LH5. 
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$8AC=>: �1 – �>5DVFVє=B 20@V0FVW ?>2=>3> @>7?>4V;C 3;818= ?VB8=3C  
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$8AC=>: �2 – �@0DV: 4;O 287=0G5==O A5@54=L>W 3;818=8 @C9=C20==O h 
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�3@530B �#21�  7V 
71V;LH5=8< @5AC@A><

�"��&"� � 

�:B 2?@>20465==O @57C;ьB0BV2 48A5@B0FV9=>W @>1>B8 

 

$8A. �.1. �:B 2?@>20465==O @57C;LB0BV2 48A5@B0FV9=>W @>1>B8 (1 AB>@.) 
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$8A. �.2. �:B 2?@>20465==O @57C;LB0BV2 48A5@B0FV9=>W @>1>B8 (2 AB>@.) 
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