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SUMMARY 

 

Leusenko D.V. Physico-chemical processes of increasing the lubricating effect of 

lubricants with multifunctional additives under the conditions of operation of gears. 3 

Qualifying scientific work on manuscript rights. 

Dissertation for the degree of Doctor of Philosophy in the field of knowledge G 

"Engineering, Production and Construction" in the specialty G9 - Applied Mechanics. - 

State Non-Profit Enterprise "State University "Kyiv Aviation Institute" Kyiv, 2025. 

The dissertation is devoted to the solution of the actual scientific and technical 

problem of researching the physico-chemical processes of increasing the lubricating 

effect of lubricants with multifunctional additives under the conditions of operation of 

gears. 

The content of the work consists of four chapters, in which the main results of the 

dissertation are presented and substantiated. 

The introduction substantiates the relevance of the dissertation topic, formulates 

the purpose and tasks of the research, describes the research methods, provides 

information about scientific novelty and the practical significance of the obtained results. 

In the first chapter, based on the results of the analysis of literary sources on the 

study of the problems of the lubricating effect of lubricants with multifunctional additives 

in the conditions of operation of gears, the ways of their solution are determined. In order 

to evaluate the lubricating action of lubricants with multifunctional additives under the 

operating conditions of gears, the expediency of measuring the thickness of the 

lubricating layer by measuring the voltage drop in the normal glow discharge mode (VPN 

method in the NTR mode) is substantiated. 

The review of literary sources in the field of theory and practice of the formation 

of lubricating layers in the local contact of gears made it possible to identify the main 

directions aimed at: 

the development of criteria for evaluating the effectiveness of the lubricating action of 

lubricants in local contact during stationary and non-stationary modes of operation of 

gears; 



- assessment of the influence of additives and additives to lubricants on the running-in of 

friction pairs and the formation of lubricating layers; 

- development of recommendations for the correct selection of gear oils by increasing the 

efficiency of their lubricating action; 

- study of the mechanism of the lubricating effect of fluorocarbon additives to lubricants 

and their effect on the antifriction and antiwear properties of friction pairs with local 

contact; 

- research of physico-chemical processes of increasing the lubricating effect of lubricants 

with multifunctional additives under the conditions of operation of gears. 

Based on the results of the literature analysis, the goal and objectives of the 

research were formulated. 

The second chapter describes the general methodology of conducting scientific 

and experimental research, which suggests the use of a complex of methods and 

techniques. As the main method of evaluating the effectiveness of the lubricating action 

of lubricants with additives, the method of measuring the thickness of the lubricating layer 

by measuring the voltage drop in the normal glow discharge mode (VPN method in the 

NTR mode), developed by M. V. Raiko, was used to achieve the goal and solve the 

research problems in The work used methods developed with the participation of the 

author: evaluation of the effectiveness of the oil action of oils with additives in stationary 

and non-stationary modes of friction, the influence of carbon fluoride additives on the 

quality indicators of the lubricating action of lubricants during the running-in process of 

gears, evaluation of the components of the lubricant layer in the local contact of gears . 

The developed methods for evaluating the tribotechnical indicators of lubricants at 

the stage of laboratory research allow analyzing the spectrum of the necessary operating 

parameters of the tribocontact. Assessing the quality of lubricants based on anti-friction, 

lubrication, anti-wear indicators, taking into account the type of base, the presence of 

functional additives, allows to establish the relationship between the tribological 

indicators of contact, the composition of the lubricant and the activated surface layers of 

the contact surfaces, and to determine the mechanisms of the structural adaptability of the 



tribosystem and to optimize the choice of gearboxes oil according to tribological and 

physicochemical characteristics.  

The microstructure of friction surfaces after tribological tests was studied by 

methods of metallography, optical and electron raster microscopy. The thin-film structure 

of the surface layers was studied by the methods of microprobe Auger-electron 

spectroscopy and stepwise sputtering of characteristic microareas of friction surfaces with 

argon ions (JEOL JAMP-10S device). 

The main results of the study of the effectiveness of the lubricating action were 

obtained on a modernized SMT-2 machine (equipped with a system for measuring the 

thickness of the lubricating layer, the friction moment, a smooth change in the frequency 

of rotation, a start-stop system), some results were obtained on standard friction machines 

of the type 2070 SMT-1, MI- 1M, 4KMT-1. 

Specific equipment and conditions of the experiment are given in Chapters 3 and 

4, depending on the goals and objectives of the study. 

In the third chapter, the results of the study of the lubricating effect of lubricants 

with surface and chemically active additives in the working conditions of gears are 

presented. In accordance with the objectives of the research, emphasis is placed on the 

research of quality control processes and operational properties of boundary lubricating 

layers. In the sectionthe results of the study of the influence of multifunctional surface 

and chemically active additives to lubricants on: 

- lubricating layer in the local contact of gears; 

- quality of running-in gears; 

- fatigue wear and the quality of the friction surfaces of gears; 

- bearing capacity of the lubricating layer of gear oils with additives; 

- processes of formation of a lubricating layer during friction of steel on non-steel metal 

surfaces. 

Also, in chapter 3, the changes in the properties of the boundary lubricating layers 

in the local contact of gears during operation were investigated, namely: the change in 

the lubricating effect of mineral oils under the influence of external electric fields; change 



in surface hardness in the contact zone of machine parts; change in the rheological 

characteristics of the lubricating layer. 

The mechanisms of action of surface and chemically active additives are 

considered, recommendations for the selection of gear oils with additives are developed. 

The fourth chapter is devoted to the study of the physico-chemical processes of 

the evolution of boundary lubricating layers formed by lubricants with carbon fluoride 

additives and their influence on the anti-friction and anti-wear properties of friction pairs 

with local contact. 

In order to control the process of lubricating action and the operational properties 

of boundary lubricating layers, the interrelationship of the factors determining the course 

of the process was revealed and presented in quantitative form - in the form of a 

mathematical model 

An adsorption-chemical model of the mechanism of the lubricating action of 

carbonofluoride additives to lubricants is proposed, which simultaneously takes into 

account the peculiarities of the formation of boundary lubricating layers and their 

chemical activity in relation to the surface of the friction pairs in stationary and non-

stationary modes of operation of gears. 

Chapter 4 presents the results of the research of the surface layers of 

tribocompounds using modern technologies of surface strengthening and modification, 

namely: 

- features of the structure and properties of the surface layers of the coating after the limit 

mode of lubrication; 

- influence of metal matrix doping on antifriction properties of eutectic coatings; 

- technologies of molecular reinforcement of the friction surfaces of gear wheels and 

bearings using process fluids with carbon fluoride additives. 

The results of tests of real friction nodes of aerospace equipment by the formation 

on the friction surfaces of fluorine-containing nano - micro - size anti-friction anti-wear 

structures showed that the intensity of wear during the implementation of the technology 

of formation of fluorine-containing protective films on the friction surfaces is reduced by 

at least 25-30%; the number of load cycles before the occurrence of cracking in the 



bearings increases by 1.2-1.5 times; the load capacity of the lubricating layer increases 

by 35...40%; the jamming load increases up to 2 times. 

The developed methods of evaluating the effectiveness of the use of lubricants with 

additives for gears operating in various modes of operation (from run-in to extreme) are 

used in conducting scientific research, choosing the composition, structure and 

technologies of applying wear-resistant coatings and improving lubricants for various 

operational purposes at enterprises and institutions of Ukraine. 

Keywords: thickness of the lubricating layer, surface and chemically active 

additives, carbon fluoride additives, wear intensity, coefficient of friction, adsorption-

chemical model of the mechanism of lubricating action, stationary and non-stationary 

processes, technologies of surface strengthening and modification, formation of boundary 

lubricating layers. 
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?@8A04:0<8. � @>1>BV [4]  02B>@C =0;568BP 0=0;V7 VA=CRG8E 0=B8D@8:FV9=8E 

<0B5@V0;V2, I> 28:>@8AB>2CRBPAS C 2C7;0E B5@BS 307>?5@5:0GC20;P=>3> 03@530BC 2 

S:>ABV 2:;048HV2 ?V4H8?=8:V2. �0 @57C;PB0B0<8 FP>3> 0=0;V7C, 70?@>?>=>20=> 



=>289 <0B5@V0;, S:89 1C45 45H52H8< B0 <0B8<5 :@0IV 5:A?;C0B0FV9=V 2;0AB82>ABV).

� [5] 02B>@>< ?>1C4>20=0 ?@8G8==>-=0A;V4:>20 4V03@0<0 9 287=0G5=V >A=>2=V 

D0:B>@8, I> 2?;820RBP =0 S:VABP :0;V1@C20==S 70A>1V2 28<V@R20;P=>W B5E=V:8 

;01>@0B>@VW. 

� [6,9]  02B>@>< ?@>2545=> 4>A;V465==S <0AB8;P=8E H0@V2, CB2>@5=8E 

>;820<8 7 ?>25@E=52>-0:B82=8<8 ?@8A04:0<8 :0@1>=>28E :8A;>B C ;>:0;P=><C 

:>=B0:BV 7C1G0AB8E ?5@540G. � [7]   70?@>?>=>20=> ?V428I5==S 4>AB>2V@=>ABV 

28<V@R20==S B>2I8=8 <0AB8;P=>3> H0@C 2 ;>:0;P=><C :>=B0:BV 7C1G0AB8E ?5@540G 
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H0@V2 1C;8  287=0G5=V >1;0ABV  2 S:8E ?@>S2;SRBPAS @V7=V  <5E0=V7<8 <0AB8;P=>W 4VW 

>;82 [10]. � [11]   02B>@>< =040=> @57C;PB0B8 4>A;V465==S ?V4H8?=8:V2 B0 

7C1G0AB8E ?5@540G C DB>@<VA=8E <0AB8;P=8E <0B5@V0;0E. � [15]�2B>@>< 

70?@>?>=>20=0 <5B>48:0 ?>25@E=52>3> 7<VF=5==S 7C1G0AB8E :>;VA B0 @5F5?BC@0 

@>1>G>W @V48=8 (AC<VH 42>E >;V9 V7 22545==S< ?@8A04:8 (%FE)?) 

�?@>10FVO @57C;ьB0BV2 @>1>B8. "A=>2=V @57C;PB0B8 48A5@B0FVW 4>?>2V40;8AS 
B0 >13>2>@R20;8AS =0 IV International Scintific and Practical Conference (December 

07-08, 2021) Orléans  (France) 2021. Orléans of the Desember 2021; The International 

Scientific Conference. AVIA-2022 : (Kyiv, 28-30, September 2022), X�V  V6=0@>4=>W 

=0C:>2>-?@0:B8G=>W :>=D5@5=FVW. �><?;5:A=5 70157?5G5==S S:>ABV B5E=>;>3VG=8E 

?@>F5AV2 B0 A8AB5< (��/&#% 3 2024)  (<. +5@=V3V2, 23324 B@02=S 2024 @.);  =0 16-<C 

 V6=0@>4=><C A8<?>7VC<V C:@0W=AP:8E V=65=5@V2-<5E0=V:V2 C �P2>2V (<. �P2V2, 18  

3 19 B@02=S 2023 @.) XI �A5A2VB=V9 :>=3@5A «�2V0FVS 2 XXI AB>;VBBV» - �57?5:0 2 

02V0FVW B0 :>A<VG=V B5E=>;>3VW», �8W2, 25-27 25@5A=S 2024, !0FV>=0;P=89 02V0FV9=89 

C=V25@A8B5B 3 �.: !�', 2024. 



#C1;V:0FVW. "A=>2=V ?>;>65==S B0 @57C;PB0B8 48A5@B0FV9=>3> 4>A;V465==S 

28:;045=> 2 12 =0C:>28E ?C1;V:0FVSE A5@54 =8E 7 ?C1;V:0FVW C =0C:>28E D0E>28E 

2840==SE ':@0W=8, 1 V7 =8E C 2840==V, ?@>V=45:A>20=><C 2 107V 40=8E Scopus, 4 

?C1;V:0FVW C 71V@=8:0E <0B5@V0;V2 :>=D5@5=FV9. 

%B@C:BC@0 B0 >1AO3 48A5@B0FVW. �8A5@B0FV9=0 @>1>B0 A:;040єBPAS 7V 2ABC?C, 
4 @>74V;V2, 7030;P=8E 28A=>2:V2, A?8A:C 28:>@8AB0=8E ;VB5@0BC@=8E 465@5; B0  

4>40B:V2. �030;P=89 >1AS3 48A5@B0FVW AB0=>28BP 187 AB>@V=>:, C B><C G8A;V 

>A=>2=>3> B5:ABC 48A5@B0FVW 136 AB>@V=>:, 86 @8AC=:V2, 16 B01;8FP, 4 4>40B:8 V 
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$"���� 1. � �Щ'���Ь!� ��/  �%&��Ь!�)  �&�$����� � 
#$�%���� � #$� &�$&� �"!&��&!�) #"��$)"!Ь 

1.1  0AB8;ь=V <0B5@V0;8 B0 7<0I5==O 

�<0I5==S 4 F5 5D5:B82=5 @>7<VI5==S @5G>28=8 <V6 42><0 BV;0<8 S:0 740B=0 

7<5=H8B8 B5@BS B0/01> 7=>A ?V4 G0A @>1>B8. �C4P-S:0 @V48=0, 307 01> B25@40 

@5G>28=0 S:0 5D5:B82=> @>7<VI5=0 <V6 42><0 ?>25@E=S<8 V =07820єBPAS <0AB8;><.  

(C=:FVS<8 <0AB8;0 є 7<0IC20==S, >E>;>465==S, ?5@540G0 5=5@3VW, >G8I5==S, 

CIV;P=5==S B0 70E8AB. $>7C<V==S 270є<>4VW <V6 ?>25@E=S<8 B0 <0AB8;P=8< 

<0B5@V0;>< 68BBє2> 206;82> 4;S 70157?5G5==S 5D5:B82=>W @>1>B8 <0H8= B0 

<5E0=V7<V2.   

'AV @CE><V G0AB8=8 7V 7<070=8<8 :>=B0:B0<8 ?@>E>4SBP @V7=V @568<8 

7<0IC20==S ?V4 G0A 5:A?;C0B0FVW. �AP>3> 2V4><> G>B8@8 @568<8: 3@0=8G=89, 

7<VH0=89, ?@C6=>3V4@>48=0<VG=89 (���) V 3V4@>48=0<VG=89 (��) [1].  

"A=>2=V D0:B>@8, S:V 2?;820RBP =0 7<0IC20==S ?>:070=> =0 @8A. 1.1 

 

 

 

 

 

$8AC=>: 1.1 (0:B>@8, I> 2?;820RBP =0 <0AB8;>. 

1.1.1 �'O7:VABь 

"A=>2=>R DV78G=>R 2;0AB82VABR <0A;0 є 2'S7:VABP, >?V@ @V48=8 7AC2C. /:I> 

B5<?5@0BC@0 @V48=8 =87P:0, 2>=0 ?@8@>4=> AB0є 4C65 3CAB>R (28I>R 2’S7:VABP), 0 

?@8 28A>:8E B5<?5@0BC@0E @V48=0 ?@8@>4=8< G8=>< AB0є 4C65 @V4:>R (=87P:0 

2'S7:VABP). ' :>6=><C 70AB>AC20==V, 45 28:>@8AB>2CRBPAS <0A;0 S: <0AB8;>, F5 

:@8B8G=> 206;82V 2;0AB82>ABV, >A:V;P:8 2>=8 2?;820RBP =0 B0:V D0:B>@8, S: 

B>2I8=0 <0A;S=>W ?;V2:8, S:0 є :@8B8G=>R 4;S 70?>1V30==S B5@BS V 7=>HC20==S ?@8 

28A>:8E V =87P:8E B5<?5@0BC@0E [2]. 

 �%&��" 

�’O7:VABь �>102:8 

#@8A04:8 
�01@C4=5==O %B0@V==O 



�;S 28<V@R20==S 2'S7:>ABV @V48=8 28:>@8AB>2CRBPAS 420 <5B>48: 48=0<VG=89 

V :V=5<0B8G=89.  

�<A4@VKA4 6'O;>VEFь , B0:>6 2V4><0 S: 45EB?NFA4 6'O;>VEFь, S:0 є >?>@>< 

@V48=8 7AC2C ?V4 4VєR A8;8. 

КVA9@4F<KA4 6'O;>VEFь - F5 >?V@ @V48=8 B5:B8 ?V4 4VєR A8; BS6V==S V G0AB> 

287=0G0єBPAS S: 2V4=>H5==S 01A>;RB=>W 2'S7:>ABV 4> IV;P=>ABV. "48=8FV 

28<V@R20==S F8E @V7=8E 7=0G5=P 2’S7:>ABV <>6=0 7=09B8 2 B01;8FV 1.1.  

�;S 28<V@R20==S 48=0<VG=>W 2'S7:>ABV, 28:>@8AB>2CRBPAS <03=VB=V 

2;0AB82>ABV H0@8:V2 ?V4H8?=8:V2 70 4>?><>3>R 2VA:>78<5B@0 4;S 28<V@R20==S 

H284:>ABV, 7 S:>R 2V=8 @CE0RBPAS G5@57 @V48=C. � S:>ABV 0;PB5@=0B828 <>6=0 

28:>@8AB>2C20B8 40BG8:8 G0AC 4;S 28<V@R20==S :V=5<0B8G=>W 2'S7:>ABV, 

3@02VB0FV9=0 A8;0 28:>@8AB>2CєBPAS 4;S 28<V@R20==S H284:>ABV, 7 S:>R @V48=0 

@CE0єBPAS 7 >4=VєW B>G:8 2 V=HC.  

&5E=V:0 287=0G5==S 48=0<VG=>W 2'S7:>ABV 70728G09 28:>@8AB>2CєBPAS S: 

B5AB/A:@8=V=3 =0 <VAFV, >A:V;P:8 <0є ?@>1;5<8 7 2 <560E 9>3> @57C;PB0BV2. &>4V S: 

70728G09 28:>@8AB>2CєBPAS <5B>4 :V=5<0B8G=>W 2'S7:>ABV 0=0;V7 28:>@8AB>2C20=8E 

<0AB8;P=8E <0B5@V0;V2, 2V= AB02 1V;PH 4><V=CRG8< 7024S:8 ?@>AB>BV 28:>@8AB0==S, 

1V;PHVABP ;01>@0B>@V9 <VABSBP 02B>2VA:>78<5B@, S:89 28:>@8AB>2CєBPAS 4;S 

28<V@R20==S :V=5<0B8G=0 2'S7:VABP.  

#>@S4 7 28<V@R20==S< 2'S7:>ABV B5<?5@0BC@0, 70728G09 40ºC V 100ºC, ?@8 S:8E 

28<V@RєBPAS 2’S7:VABP є 68BBє2> 206;82>R 4;S 70?8AC, >A:V;P:8 B5<?5@0BC@0 

7=0G=> 2?;820є =0 2'S7:VABP @V48=8. 

�@V< B5<?5@0BC@8, 7AC2 є I5 >4=8< D0:B>@><, S:89 2?;820є =0 2'S7:VABP @V48=8 

V 9>3> =5>1EV4=> 2@0E>2C20B8 ?V4 G0A 28<V@R20==S 01> B5ABC20==S @V48=8. /:I> 

2'S7:VABP @V48=8 =5 70;568BP 2V4 ?@8:;045=>W A8;8 7AC2C, WW =07820RBP 

=PRB>=V2AP:>R @V48=>R. "4=0:, S:I> ?@>DV;P 2’S7:>ABV @V48=8 7<V=RєBPAS 

2V4=>A=> A8;8 7AC2C WW =07820RBP =5=PRB>=V2AP:>R @V48=>R.  

 

 

 



&01;8FS 1.1 

"48=8FV 28<V@R20==S 2'S7:>ABV 

�'S7:VABP "48=8FV �030;P=V >48=8FV 28A=>2>: 

�8=0<VG=0 

(01A>;RB=0) 

$V2=>2030, 

10;0=A (poise) 

Centipoise  

(1P = 100cP) 

1 � = 1�.��−1.ý−1 
�V=5<0B8G=0 $V2=>2030, 

%B>: (stok) 

Centistokes  

(1St = 100cSt)  

 

1 �þ = 1 ��−1.ý−1 
 

�;S 1V;PH>ABV <0AB8;, =5ACBBє2> S:0 B5E=V:0, :V=5<0B8G=0 G8 48=0<VG=0, 

28:>@8AB>2CєBPAS, 4;S 28<V@R20==S 2'S7:>ABV =PRB>=V2AP:>W @V48=8, >A:V;P:8 <0;0 

@V7=8FS <V6 =8<8.  

"4=0: C 28?04:C 7 =5=PRB>=V2AP:>R @V48=>R, @V48=0 ?>:07Cє 28A>:C 2'S7:VABP, 

:>;8 A8;0 7AC2C =87P:0 70 4>?><>3>R :V=5<0B8G=>W B5E=V:8. 

� S:>ABV 0;PB5@=0B828, :>;8 A8;0 7AC2C @V48=8 25;8:0, 0 2'S7:VABP @V48=8 

7<5=HCєBPAS. 28:>@8AB>2CRBP 48=0<VG=89 <5B>4. 

�<V=8 2'S7:>ABV 7V 7AC2=>R A8;>R ?>:070=> =0 @8A. 1.2.  

 

$8A. 1.2 �@0DV: 70;56=>ABV <V6 2'S7:VABR B0 7AC2>< 



%;V4 1CB8 >A>1;82> >15@56=8< ?@8 28<V@R20==V 2'S7:>ABV =5=PRB>=V2AP:>W 

@V48=8. &8?>28<8 <0AB8;0<8, S:V <0RBP =5=PRB>=V2AP:V 2;0AB82>ABV, є 453@04>20=V 

<0A;0, <0A;S=V 5<C;PAVW B0 <0A;0 7 <>48DV:0B>@0<8 2'S7:>ABV [3,4]. 

1.1.2 �07>2V <0A;0 B0 ?@8A04:8 

�0 40=8<8 �<5@8:0=AP:>3> V=AB8BCBC =0DB8 (API), 107>2V <0A;0 

:;0A8DV:CRBPAS =0 ?'SBP 3@C?. �@C?8 1-3 - F5 <V=5@0;P=V <0A;0 7 @V7=8< 2<VAB>< 

AV@:8, =0A8G5=8E :8A;>B V V=45:A>< 2'S7:>ABV. &>4V S: 3@C?0 4 F5 <0AB8;P=V 

<0B5@V0;8, 7 A8=B5B8G=8< ?>;V0;PD0>;5DV=>< (#AO), 0 3@C?0 5 4 1C4P-S:0 107>20 

>;820, S:0 =5 :;0A8DV:CєBPAS G5@57 3@C?8 7 1 4> 4. &01;8FS 1.2 ?>:07Cє @V7=V 3@C?8 

107>28E <0A5; 2V4?>2V4=> 4> API. 

&01;8FS 1.2 

�0B53>@VW 107>2>W >;828 70 API 
�0B53>@VW �;0A8DV:0FVS �<VAB �=45:A  

2'S7:>ABV !0A8G5=V 

68@=V 

:8A;>B8, 

<0A.% 

�@><0B8G

=V 

@5G>28=8, 

<0A.% 

%V@:0, ppm 

�@C?0 1 "G8I5=5 
<V=5@0;P=5 <0A;> 

65-85 15-35 300-3000 80-119 

�@C?0 2 �V4@>>1@>1;5=5 
<V=5@0;P=5 <0A;> 

> 93 < 7 3-500 80-119 

�@C?0 3  V=5@0;P=5 <0A;> 
3V4@>:@5:V=3C 

> 95 < 5 0-30 >120 

�@C?0 4 ";V3><5@8  
1-0;:5=C 

- - - - 

�@C?0 5 'AV @V48=8, =5 
2:;RG5=V 4> 3@C? 1-
4 

- - - - 

 

#@8A04:8 4 F5 EV<VG=V @5G>28=8, S:V 4>40RBP 4> 107>2>W >;828 4;S 

?V428I5==S WW ?@>4C:B82=>ABV, G>3> =5 <>6=0 1C;> 1 4>AS3B8 ;8H5 70 4>?><>3>R 

107>2>W >;828. (0:B>@8, S:V 4>102:8 <>6CBP 71V;PH8B8, ?V4B@8<C20B8 B0 7=0G=> 

7<5=H8B8 B5@BS, 7=>A, 2'S7:VABP, 2;0AB82>ABV @V48=8, 701@C4=5==S B0 G8AB>B0. 

$>1>G89 <5E0=V7< 4VW 4>102>: <>6=0 @>74V;8B8 =0 42V :0B53>@VW: EV<VG=V B0 DV78G=89, 

B01;8FS 1.3. 



!09?>H8@5=VHV ?@8A04:8, I> <VABSBPAS 2 <0A;0E, 7 >A=>2=8< >?8A>< V 

?@8:;04 :>6=>3>, =02545=> 2 B01;8FV 1.3.  >6;82VABP ?>2=VABR 7@>7C<VB8, S: FV 

4>102:8 ?@0FRRBP ?>>48=FV V 270є<>4VRBP >48= 7 >4=8< =04728G09=> 206;82> [5]. 

)V<VG=> 0:B82=V @5G>28=8 ()��) <>6=0 >?8A0B8 S: 4>102:8, S:V 28<030RBP 

EV<VG=>W @50:FVW 4;S 28:>=0==S A2>WE DC=:FV9 V 70728G09 є B0:8<8 =5>1>@>B=V 

@50:FVW. 

&01;8FS 1.3  

�;0A8DV:0FVS =09?>H8@5=VH8E >;82=8E ?@8A04>: [5]. 

 

#>25@E=52> 0:B82=V @5G>28=8 (#�$) <>6=0 >?8A0B8 S: 4>102:8 S:V =5 

28<030RBP EV<VG=>W @50:FVW 4;S 28:>=0==S A2>WE DC=:FV9,  DV78G=V 7<V=8 

?>B@51CRBP <5=H5 5=5@3VW 0:B820FVW B0 <>6CBP 1CB8 >1>@>B=8<8.  &8?>28<8 

EV<VG=8<8 ?@8A04:0<8 4> <>B>@=8E >;82 є ?@>B87=>A=V @5G>28=8 B0 70A>18 B5@BS 

<>48DV:0B>@8, ?@8G><C <>48DV:0B>@8 2'S7:>ABV є =09?>H8@5=VH>R DV78G=>R 

4>102:>R. 

1.1.3 $568<8 7<0I5==O 

$568<8 7<0IC20==S ?>4V;SRBPAS =0 G>B8@8 >A=>2=V @568<8: 3@0=8G=89, 

7<VH0=89, ?@C6=>48=0<VG=89 B0 3V4@>48=0<VG=89. �@0=8G=89 B0 3V4@>48=0<VG=89 

$01>G89 <5E0=V7< $>1>G89 A09B 
�=B5@D59A 

)V<VG=89 

(V78G=89 

$>1>G0 DC=:FVS 

 >48DV:0B>@8 
B5@BO 

�=3V1VB>@ 
:>@>7VW 

#@>B87=>A=V 
?@8A04:8 

�=B8D@V:FV9=V 
?@8A04:8 

�=BV>:AV40=B 

 8NG89 70AV1 

�55<C;ь30B>@ 

#@>B8?V==0 ?@8A04:0 

�8A?5@30B>@ 

�’O7:VA=V ?@8A04:8 

�5?@5A0=B 
B5<?5@0BC@8 
70AB830==O 

&@81>?>;V?HC20GV %C?@>2>46C20GV $5>?>;V?HC20GV 



@568<8 2V4><V S: 42V :@09=V D>@<8 7<0IC20==S. �@820 ,B@V15:0, 

DC=40<5=B0;P=89 V=AB@C<5=B C B@81>;>3VW, 4>72>;Sє V=65=5@C >FV=R20B8 7<V=8 

C<>28 B5@BS 2 @V7=8E @568<8 7<0I5==S. 

�S<140-:>5DVFVє=B (λ), @V2=S==S 1, є H8@>:> 28:>@8AB>2C20=8< ?>:07=8:>< C 

B@81>;>3VW 4;S 287=0G5==S A?V22V4=>H5==S <V6 <V=V<0;P=>R B>2I8=>R ?;V2:8 

<0AB8;0 B0 :>=B0:B=>R H>@AB:VABR ?>25@E=V <0B5@V0;C. �>65= @568< 7<0IC20==S 

?>2'S70=89 7  @V7=8< 4V0?07>=>< 7=0G5=P ;S<140-:>5DVFVє=B0, I> 4>72>;Sє V=65=5@C 

287=0G8B8 S:8< 1C45 @568< 7<0I5==S ?0@8 B5@BBS ?V4 G0A @>1>B8. � =ýÿþĀ / ∑��  (1) 

 �D4A<KA<= D9:<@ ;@4MG64AAO - F5 :>;8 <0AB8;P=89 <0B5@V0; ?V4 G0A 

5:A?;C0B0FVW =5 @>74V;Sє 42V ?>25@E=V, =0<030RG8AP =01;878B8AP 4> ACE>3> 
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:V;P:VABP D>AD0BV2 7 1V;PH 4>238< ;0=FR3>< 71V;PHCєBPAS 4> 25@E=P>W ?>25@E=V 

B@81>?;V2:8 7 2V4ACB=VABR 2C3;5FR 2 >1'є<V.  

#@>DV;R20==S AES 40;> 203><V 4>:078 FP>3> [25]. ToF-SIMS B0:>6 1C;> 

70AB>A>20=> 4;S 0=0;V7C B@81>?;V2:8 ZDDP, I> C73>46CєBPAS 7 ?@>DV;5< XPS, 

?V4B25@46CRG8, I> >:A84C 70;V70 4C65 <0;> 2A5@548=V B@81>?;V2:8 V I> D>AD0B=5 

A:;> ?@8ACB=є ?> 2AV9 B>2I8=8 ?;V2:8 [26]. 

1.3  >48DV:0B>@8 B5@BO 

/: 1C;> A:070=> 2 ?>?5@54=VE @>74V;0E, @>7C<V==S 3@0=8G=8E 4>102>: C =87FV 

2'S7:VABP <0A5; є :@8B8G=>R. �>;8 2'S7:VABP <0A;0 7<5=HCєBPAS, B5@BS 2 3@0=8G=><C 

@568<V 7<0I5==S 71V;PHCєBPAS. /: ?@>B84VS 7@>AB0==R B5@BS 28:>@8AB>2CRBPAS 

<>48DV:0B>@8 B5@BS. 

 >48DV:0B>@8 B5@BS, S:V 70@07 28:>@8AB>2CRBPAS <>6=0 @>74V;8B8 =0 42V 

>A=>2=V 3@C?8: =5>@30=VG=V B0 >@30=VG=V. �>A;V465==S C FP><C @>74V;V 1C45 

7>A5@5465=> 28:;RG=> =0 =5>@30=VG=8E <>48DV:0B>@0E B5@BS 

1.3.1 �>102:0 MoDTC 

MoDTC, =5>@30=VG=0 A?>;C:0, є =09?>H8@5=VH8< <>48DV:0B>@>< B5@BS, 

4;S 7=865==S B5@BS 2 @568<V 3@0=8G=>3> 7<0I5==S. )V<VG=0 AB@C:BC@0 MoDTC 

?>:070=0 =0 @8A. 1.11 

 

$8A. 1.11 )V<VG=0 AB@C:BC@0 MoDTC. 

 



1.3.1.1 'B2>@5==O B0 @>7:;040==O B@81>?;V2:8 

#@>BS3>< >AB0==VE :V;P:>E 45ASB8;VBP [27329] 1C;8 ?@>2545=V 4>A;V465==S 

<5E0=V7<C B>3>, S: B@81>?;V2:8 MoDTC CB2>@RRBPAS 4;S 7<5=H5==S B5@BS [27329].  

&@81>;>3VG=V 28?@>1C20==S 7 <0A;><, I> <VAB8BP MoDTC, C<>28 5:A?;C0B0FVW 7 

28A>:8<8 B5<?5@0BC@<8 ?>:070;8, I> <>;5:C;0  >DTC @>7:;040єBPAS 7 

CB2>@5==S< MoS2. $>7?04 MoDTC 7 CB2>@5==S< MoS2 ?>SA=RєBPAS ?5@5=5A5==S< 

5;5:B@>=V2, I> 2V41C20єBPAS 2 72'S7:C Mo-S. *5 ?@872>48BP 4> CB2>@5==S 42>E 

@048:0;V2, S:V >1'є4=CRBPAS 7 CB2>@5==S< 48AC;PDV4C BVC@0<C B0 V=H>W >A=>2=>W 

<>;5:C;8 MoDTC B0 @>7:;040єBPAS 7 CB2>@5==S< >:A84V2 MoS2 V Mo. #@>B5 =5402=V 

4>A;V465==S ?>:070;8, I> F5 =5 B0:. !>289 H;SE @>7:;040==S 1C;> 287=0G5=>, 

>A:V;P:8 AB0@89 <5E0=V7< =5 <V3 ?>SA=8B8 ?@>4C:B8 @>7:;040==S, >B@8<0=V ?@8 20 

ºC.  

  ":A848 Mo 2 <560E A;V4C 7=>HC20==S 70 4>?><>3>R @0<0=V2AP:>W 

A?5:B@>A:>?VW [30]. �0?@>?>=>20=89  5E0=V7< 45:><?>78FVW MoDTC ?>:070=89 =0 

@8A. 1.12 

�V?>B570 FP>3> <5E0=V7<C ?>;S30є 2 B><C, I> MoDTC @>7:;040єBPAS G5@57  

@>7@82 72'S7:V2 ?V4 G0A B5@BS. C-S 72'S7>: <0є =09=86GC 5=5@3VR 48A>FV0FVW B>1B> 

9>3> =09?@>ABVH5  7;0<0B8. �2B>@ 28:>@8AB02 4-5B0?=89 ?@>F5A 4;S >?8AC 

@>7:;040==S MoDTC. 

 

$8A.1.12  5E0=V7< @>7:;040==S MoDTC [30]. 



�@>: 1 MoDTC 04A>@1CєBPAS =0 ?>25@E=SE B@81>:>=B0:BC. 

�@>: 2 $>7:;040==S 2V41C20єBPAS G5@57 =0?@C3C 7AC2C, ?@8:;045=C 4> MoDTC 2V4  

B@81>:>=B0:BC �V41C20єBPAS @>7@82 72’S7:C C-S, I> ?@872>48BP 4> CB2>@5==S 

0<>@D=>3> MoSx. 

�@>: 3 MoSx ?5@5B2>@RєBPAS =0 MoS2 G5@57 71V;PH5==S 5=5@3VW 2 B@81>:>=B0:BV 2V4 

?V428I5==S B5<?5@0BC@8 01> =0?@C38 7AC2C. 

�@>: 4 $50:FVW >:A84V2 70;V70 =0 AB0;528E ?>25@E=SE 7 MoSx ?@872>4SBP 4> 

CB2>@5==S FeMoO4. 

1.3.1.2 &@81>;>3VG=V 2;0AB82>ABV 

&@81>?;V2:0 MoS2, CB2>@5=0 7 =5>@30=VG=>3> <>48DV:0B>@0 B5@BS MoDTC 

2V4><0 A2>W<8 7=0G=8<8 2;0AB82>ABS<8 7=865==S B5@BS. MoS2 >:@5<V ;8AB8 

(<10 =< C 4>268=C) 21C4>20=V 2 B@81>?;V2:C MoDTC :V;P:><0 45ASB:0<8 

=0=><5B@V2 B>2I8=8 ?;V2:8. �8AB8 <0RBP :@8AB0;>?>4V1=C AB@C:BC@C 

AE>689 =0 3@0DVB. %8;8 �0=-45@-�00;PA0 <V6 ;8AB0<8 MoS2 4>72>;SRBP F5 7@>18B8 

;53:> ?V44020B8AS 7@V7C 4;S AB2>@5==S @568<C =87P:>3> B5@BS.   #>?5@54=V<8 

4>A;V465==S<8 ?>:070=>, I> MoS2 AB2>@Rє 7=0G5==S :>5DVFVє=B0 B5@BS 2 4V0?07>=V 

0,04-0,06 C 3@0=8G=><C B0 7<VH0=><C @568<0E 7<0IC20==S [30,31]. $8A.1.13 

?>:07Cє @57C;PB0B8 B@81><5B@8G=>3> 28?@>1C20==S 7 28:>@8AB0==S< 0,5 <0A.% 

<0AB8;0 MoDTC ?@8 100 ºC.  

�07>20 >;820 B0 ACE5 B5@BS ?>:070=V =0 3@0DV:C 4;S ?>@V2=S==S.  �8A>:89 

:>5DVFVє=B B5@BS 4;S <0AB8;0 MoDTC =0 ?>G0B:C 28?@>1C20==S, ?@>B5 G5@57 :V;P:0 

E28;8= B5@BS 2V= H284:> ?040є V ?>2V;P=> 7@>AB0є 4>  AB01V;P=>3> AB0=C ?@81;87=> 

0,04-0,06, I> є ACBBє2>R E0@0:B5@8AB8:>R B@81>?;V2:8 MoS2 

"A=>2=8<8 D0:B>@0<8, S:V 2?;820RBP =0 2;0AB82>ABV MoDTC I>4> 7=865==S 

B5@BS, є [30334]; 

1) �>=F5=B@0FVS 3 MoDTC 1V;PH 5D5:B82=89 7 28I>R :>=F5=B@0FVєR 

4>102:8 2 ?>є4=0==V 7 28A>:>R B5<?5@0BC@>R. 

2) ,>@AB:VABP ?>25@E=V 3 28S2;5=>, I> MoDTC 28@>1;Sє MoS2 =0 1V;PH 

H>@AB:V9 ?>25@E=V ?>25@E=V ?>@V2=S=> 7 1V;PH 3;04:8<8 ?>25@E=S<8. 



3) '<>28 5:A?;C0B0FVW: 

a. &5<?5@0BC@0 3 ?V428I5==S B5<?5@0BC@8 ?@872>48BP 4> 71V;PH5==S 

?@>4C:B82=VABP MoDTC. 

1. !020=B065==S 3 71V;PH5==S =020=B065==S ?@872>48BP 4> 71V;PH5==S 

?@>4C:B82=>ABV MoDTC. 

2. %?V22V4=>H5==S :>270==S 4> :>G5==S 3>B@8<0==S 7=865==S B5@BS 2 

:>=B0:B0E :>G5==S 7 :>270==S< AB0є 1V;PH A:;04=8<, =V6 G8AB5 :>270==S. 

�1V;PH5==S :>5DVFVє=BC :>270==S ?@872>48BP 4> ?V428I5==S ?@>4C:B82=>ABV 

MoDTC. 

3. "@Vє=B0FVS :>=B0:BC 3 MoDTC 1V;PH 5D5:B82=89 ?@8 25;8:V9 4>268=V E>4C 

72>@>B=>-?>ABC?0;P=8E C<>20E, >A:V;P:8 F5 28<030є ;8H5 CB2>@5==S MoS2 

2A5@548=V B@81>:>=B0:BC 4;S 7<5=H5==S B5@BS. 

"A=>2=>R DC=:FVєR MoDTC є 7<5=H5==S B5@BS. #@>B5 4>A;V465==S 

?>:07CRBP I> 2>=0 <>65 7<5=H8B8 7=>A ?>@V2=S=> 7 107>2>R >;82>R [35]. "4=0: 

<5E0=V7<, S:89 7<5=HCє 7=>A 2V4 MoDTC, =5 =0 B><C @V2=V S: C ?@>B87=>A=>W 

?@8A04:8 ZDDP. 

 

$8A.1.13.  #>@V2=S==S B5@BS S: DC=:FVW G0AC 4;S ACE>3> B5@BS, 107>2>W >;VW B0 >;VW, 

I> <VAB8BP MoDTC [30] 

 

 



1.3.1.3 %8=5@3V7< MoDTC V7 ZDDP 

�030;P=>2V4><>, I> MoDTC 2E>48BP 4> A:;04C ?>2=VABR @>7@>1;5=8E 

<>B>@=8E >;82. �V=0 ?>28==0 28:>=C20B8 A2>R DC=:FVR @07>< V7 1030BP<0 

4>102:0<8, 2:;RG5=8<8 4> A:;04C <0A;0. !091V;PH ?>H8@5=>R 270є<>4VєR <V6 

3@0=8G=8<8 4>102:0<8 є MoDTC V ZDDP. 

"A:V;P:8 >4=0 7<5=HCє B5@BS, 0 V=H0 7=>HC20==S,  206;82> 7@>7C<VB8, S: 

2>=8 ?@0FRRBP @07>< C B@81>-:>=B0:BV. �D5:B, S:89 ZDDP <0є =0 2;0AB82>ABV 

MoDTC 7<5=HC20B8 B5@BS 1C;> 4>A;V465=> 2 @>1>B0E [36339]. � CAVE @>1>B0E 

02B>@8 ?>3>46CRBPAS, I> B5@BS B0 7=>A B@81>:>=B0:BV2 ?>:@0ICєBPAS ?@8 

28:>@8AB0==V S: MoDTC, B0: V ZDDP. 

!0 @8A. 1.14 ?>:07Cє :>5DVFVє=B B5@BS, S:>3> <>6=0 4>AS3B8 ?@8 70AB>AC20==V 

>1>E 4>102>: @07>< [40]. � B>G:8 7>@C B5@BS ZDDP =5 <0є =530B82=>3> 2?;82C =0 

740B=VABP MoDTC DC=:FV>=C20B8 S: <>48DV:0B>@ B5@BS. �C;> 707=0G5=>, I> 

=09<5=H>3> :>5DVFVє=B0 B5@BS <>6=0 4>AS3B8 ?@8 <0;8E 4>70E ZDDP S:V 4>40RBP 

4> 28A>:8E :>=F5=B@0FV9 MoDTC. "A=>2=0 ?@8G8=0 4>4020==S ZDDP 4> MoDTC 

<0є 7<5=H8B8 7=>A, S: ?>:070=> =0 @8A.1.14.  0A;> 004� 7 ZDDP V MoDTC 

A?@8G8=Sє <5=H89 7=>A, =V6 001A, ;8H5 107>20 >;820, V 003A ;8H5 7 MoDTC. *5 

?>:07Cє, I> ZDDP <>65 7<5=H8B8 7=>A ?@8 4>4020==V 4> <0A;0 7 MoDTC. "4=0: 

004A =5 7=86Cє @V25=P 7=>AC 4> @V2=S 003A ;8H5 7 ZDDP. %;V4 B0:>6 707=0G8B8, 

I> :>;8 MoDTC 4>40єBPAS 4> ?>2=VABR @>7@>1;5=>3> <0A;0, 7=>A 71V;PHCєBPAS 

?>@V2=S=> 7 ?>2=VABR @>7@>1;5=8< <0A;>< 157 MoDTC, I> =02?0:8, S:I> F5 ;8H5 

ZDDP V MoDTC 2 >;VW [41]. �>;8 >1842V ?@8A04:8 7=0E>4SBPAS 2 >4=V9 >;VW, 7 

28:>@8AB0==S< @V7=8E EV<VG=8E <5B>4V2 0=0;V7C, B0:V S: XPS, EDX, XANES, 1C;> 

2AB0=>2;5=> I> D>AD0B=V H0@8 CB2>@5=V 7 ZDDP 7 FeS2 V N >@30=VG=8E H0@V2 A MoS2 

CB2>@RєBPAS 2 @57C;PB0BV @>7:;040==S MoDTC. �>2HV D>AD0B=V ;0=FR38 ?@8 

?>@V2=S==V 28S2;SRBPAS 2 <560E B@81>?;V2:8, CB2>@5=>W 7 ZDDP V MoDTC BV;P:8 

4> ZDDP, I> ?>SA=Rє 1V;PH89 7=>A. *5 A2V4G8BP ?@> B5, I> >1842V 4>102:8, 

?>2’S70=V 7 B@81>?;V2:0<8, 7<>3;8 CB2>@8B8 <C;PB84>102:8 B@81>?;V2:8 7 

>A=>2=8<8 DC=:FVS<8 ?@>B87=>AC B0 7<5=H5==S B5@BS.  



 

$8A. 1.14 #>@V2=S==S B5@BS S: DC=:FVW G0AC 4;S 107>2>W >;828, 107>2>W >;828 + 

ZDDP V 107>25 <0A;> + ZDDP + MoDTC [40] 

$8A. 1.15 �>5DVFVє=B8 7=>AC 4;S @V7=8E A:;04V2 >;82 ZDDP V MoDTC [36]. 

1.3.2 #>25@E=52>-0:B82=V @5G>28=8 

#@81;87=> 2V4 10 4> 15% ?0:5BC ?@8A04>: 4> >;828 AB0=>2;SBP ?>25@E=52>-0:B82=V 

@5G>28=8. 

�?5@H5 =0 CB2>@5==S 04A>@1FV9=8E <0AB8;P=8E H0@V2 70 @0EC=>: DV:A0FVW B0 

>@Vє=B0FVW ?>;S@=8E <>;5:C; <0AB8;0 =0 ?>25@E=V B5@BS ?V4 2?;82>< A8; �0=-45@-

�00;PA0 7 @04VCA>< 4VW ?>25@E=V B25@4>W D078, I> 4>AS30є B8ASG �=3AB@5<, 2:07C202 

�. �0@4V [12]. 

!091V;PH DC=40<5=B0;P=8< 4>A;V465==S< C B5>@VW 7<0IC20;P=>W 4VW ?@8 

3@0=8G=><C B5@BV є <>=>3@0DVS �.%. �E<0B>20 [43], 45 =0 >A=>2V C7030;P=5==S 



=0C:>28E ?C1;V:0FV9 B0 A2>WE 4>A;V465=P 02B>@ @>7H8@82 B0 ?>3;8182 B5>@VR 

3@0=8G=>3> B5@BS 7 ?>3;S4C DV78G=>W ?@8@>48 270є<>4VW <>;5:C; <0AB8;0 >48= 7 

>4=8< V 7 ?>25@E=5R <5B0;C, 0 B0:>6 DV78G=8E 2;0AB82>AB59 <>;5:C;. �< 1C;> 

4>2545=>, I> C @57C;PB0BV 270є<>4VW <>;5:C; <0AB8;0 7 ?>25@E=5R <5B0;C 

AB2>@RєBPAS <C;PB8<>;5:C;S@=V 3@0=8G=V H0@8, I> =01C20RBP :207V:@8AB0;VG=>W 

AB@C:BC@8 V <0RBP ?@C6=C D>@<C. 

%B@C:BC@=V >A>1;82>ABV <>;5:C; ?>:070=V =0 @8A.1.17 �>=8 <VABSBP ?>;S@=C 

3>;>2:C, 2C3;52>4=5289 E2VAB V >48= 01> 45:V;P:0 V>=V2 <5B0;C.  

#>;S@=0 3>;>2:0 70728G09 є :8A;>B=>R 3@C?>R, S:0 @503Cє 7 3V4@>:A840<8 

01> >:A840<8 <5B0;C. �C3;52>4=5289 E2VAB 70157?5GCє @>7G8==VABP #�$ 2 >;VW 

70728G09 28:>@8AB>2CRBPAS V>=8 <5B0;V2 :0;PFVR, =0B@VR B0 <03=VR. �0;PFV9 є 

=09?>H8@5=VH8<. �E >A=>2=0 DC=:FVS - 70E8AB <5B0;C 45B0;59 ��%. �>=8 

28:>=CRBP FR DC=:FVR, =59B@0;V7CRG8 =5>@30=VG=V :8A;>B8 7 ?@>4C:BV2 73>@S==S 

B0 >@30=VG=V :8A;>B8 7 @>7:;040==S =0DB8.  

�V2>@CG =0 @8A. 1.17 ?>:070=> =5>@30=VG=5 S4@>, :0@1>=0B :0;PFVR, ?>є4=0=5 

7 <>;5:C;0<8 ?>25@E=52>-0:B82=>W @5G>28=8. #�$ ACA?5=4Cє 7 :V?BS2>R, H;0<><, 

=5@>7G8==8<8 @5G>28=0<8, ?@>4C:B0<8 7=>AC B0 >:8A;5==S. *5 4>72>;Sє 

=59B@0;V7C20B8 :8A;>B8 B0 @>7G8=8B8 1C4P-S:V ?>;S@=V @5G>28=8 2 >;VW. �;V20 2V4 

DV3C@8, #�$ B0:>6 <>65 CB2>@R20B8 70E8A=89 H0@ =0 ?>25@E=SE, 70?>1V30RG8 

28A>:8< B5<?5@0BC@=8< 2V4:;045==S< [44]. 

$8AC=>: 1.17.  %8=5@3VS ?>25@E=52>-0:B82=>W @5G>28=8 B0 107>2>W >;828 [44]. 

 

 



1.3.2.1 &@81>;>3VG=V 2;0AB82>ABV B0 A8=5@3V7< 7 V=H8<8 4>102:0<8 

/: 2:07C20;>AP 2 ?>?5@54=P><C ?0@03@0DV, #�$ AB0=>2;SBP 2V4=>A=> 25;8:C 

G0AB:C 4>102>: C ?>2=><C >1AS7V @>7@>1;5=8E >;82, B0 270є<>4VRBP 7 V=H8<8 

?@8A04:0<8, B><C 206;82> 7@>7C<VB8, G8 702060є F5 V=H8<, G8 A?@8Sє W<. !091V;PH 

?>H8@5=0 270є<>4VS #�$ 7 ���# [45,46]. (0:B8G=>, A0<V ?> A>1V, #�$ <>6CBP 

CB2>@R20B8 B@81>?;V2:C 7 2;0AB82>ABS<8 7=865==S 7=>AC.  

�?;82 B@81>?;V2>: =0 7=>A ?>:070=> =0 @8A. 1.18 #8B><V ?>:07=8:8 7=>AC <0B5@V0; 

HB8DB0 4;S 3,5-3>48==>3> B5ABC TE77 28:>@8AB>2CєBPAS =0 3@0DV:C 7 <0A;>< 

@5F5?BC@8, ?>:070=V ?V4 @8AC=:><. �2B>@ :>=AB0BC202, I> 28A>:0 H284:VABP 7=>AC 

2V4 0,5 <0A.%  >;VW ZDDP G5@57 =87P:C :>=F5=B@0FVR 28:>@8AB>2C20=>3> ZDDP. 

�0728G09 1,0 <0A.% <0A;0 ZDDP 7<5=HCє H284:VABP 7=>AC 0,5 <0A.% ZDDP 

>;VW I5 =0 50%. �@07>: C 40є =86G89 @V25=P 7=>AC =0 3@0DV:C =V6 7@07>: Z, 

45<>=AB@CRG8 2;0AB82>ABV B@81>?;V2:8 I>4> 7<5=H5==S 7=>AC. 

�>;8 #�$ 7<VHCєBPAS 7 )�$ (ZDDP), 7@07>: ZC 4>40B:>2> 7=86Cє H284:VABP 

7=>AC 7@07:0 C. *5 ?>:07Cє, I> VA=Cє A8=5@3V7< <V6 42><0 4>102:0<8 [47,48,49]. 

 

$8AC=>: 1.18 #>@V2=S==S ?>:07=8:V2 ?8B><>3> 7=>AC 4;S @V7=8E A:;04V2 >;828, I> 

<VABSBP ZDDP V OBCS [47] 

 



��%!"��� �" $"����' 1 
1. !0 >A=>2V ;VB5@0BC@=8E 40==8E 1C2 ?@>2545=89 0=0;V7 4>A;V465==S 

<>48DV:0B>@V2 B5@BS, 7>:@5<0 MoDTC 7 @V7=8<8 C<>20<8, B0:8<8 S: :>=F5=B@0FVS, 

@>1>GV C<>28, V A8=5@3V7< V7 EV<VG=>-0:B82=>R ?@8A04:>R ZDDP. �<0IC20;P=0 4VS 

?@8 3@0=8G=><C @568<V >1C<>2;5=0 CB2>@5==S< =0 <5B0;528E ?>25@E=SE 

AB@C:BC@>20=8E 3@0=8G=8E H0@V2, 2 >A=>2V D>@<C20=S S:8E є S28I0 DV78G=>W B0 

EV<VG=>W 04A>@1FVW, >4=0: D0:B VA=C20==S S:VA=> @V7=8E D>@< 04A>@1FV9=8E 

AB@C:BC@ =54>AB0BP=> 4>A;V46C202AS ?@8 @>73;S4V 7<0IC20;P=8E ?@>F5AV2. 
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%"#. �2545==S ?@8A04:8 �( C <0AB8;P=V A5@54>28I0 7=0G=> 7<5=HCє, 0 2 >:@5<8E 

28?04:0E ?>2=VABR CAC20є &# � ?@8 =5AB0FV>=0@=8E @568<0E 70 @0EC=>: 28A>:8E 

04A>@1FV9=8E 2;0AB82>AB59 B0 EV<VG=>W 0:B82=>ABV :0@1>=>DB>@84V2. $>7@>1;5=0 

?@>3@0<0 >FV=:8 5D5:B82=>ABV <0A;S=>W 4VW >;82 7 :0@1>=>DB>@84=8<8 ?@8A04:0<8 

?@8 =5AB0FV>=0@=8E @568<0E B5@BBS 70 V=B53@>20=8< ?>:07=8:><  5D5:B82=>ABV 

<0A;S=>W 4VW Q є 4Vє28< V=AB@C<5=B>< 4;S 287=0G5==S >1;0AB59 4;S ?>;V?H5=P B0 

4;S 2V4AB565==S 5D5:B82=>ABV <0A;S=>W 4VW >;82 7 ?@8A04:0<8 ?@8 =5AB0FV>=0@=8E 

@568<0E B5@BBS [�>40B>: 1] 

2.3 �=0;V7 <0A;0 

2.3.1 �B><=>-5<VAV9=0 A?5:B@>A:>?VO 7 V=4C:B82=> 72'O70=>N ?;07<>N (ICP-

AES) 

ICP-AES 4>72>;Sє :V;P:VA=> 287=0G8B8 <0A>289 2V4A>B>: 5;5<5=BV2 C  

@V48=V. "4=0: FS <5B>48:0 =5 ?V4E>48BP 4;S B0:8E 5;5<5=BV2, S: C, H, N V 

". !091V;PH VAB>B=8<8 =54>;V:0<8 є DV78G=V B0 A?5:B@0;P=V ?5@5H:>48 V 

2V4ACB=VABP 45S:>W 5;5<5=B0@=>W GCB;82>ABV. %E5<0B8G=5 7>1@065==S aB8?>20 

CAB0=>2:0 ICP-AES ?>:070=0 =0 @8A.2.3 27SB><C 7V [87]. 

 



 

$8AC=>: 2.6 &8?>25 =0;0HBC20==S ICP-AES [87] 

#@8=F8? B5E=V:8 70A=>20=89 =0 28?@><V=R20==V D>B>=V2 7 0B><V2 H;SE>< 

2?;82C 28A>:>5=5@35B8G=>W ?;07<8. �:B 71C465==S 5;5:B@>=V2 28@>1;Sє A2VB;>2V 

E28;V, 4>268=0 S:8E 70;560BP 2V4 @V7=8FV <V6 @V2=S<8 5=5@3VW 5;5:B@>=V2. *59 

?@8=F8? 4>72>;Sє 28:>@8AB>2C20B8 @V7=V 5;5<5=B8 B0 WE <0AC 

2V4A>B>:, S:8E 287=0G0єBPAS. 

"A=>2=8< 28:>@8AB0==S< ICP C FP><C 4>A;V465==V 1C;> 28<V@R20==S 

:>=F5=B@0FVW EV<VG=8E 5;5<5=BV2 C A:;04V ?>2=VABR @>7@>1;5=8E >;82. *V >;828 

AB2>@5=V 7 28:>@8AB0==S< 1030BP>E 4>102>: 7 @V7=8<8 5;5<5=B0<8, 45S:V 7 S:8E 

28:;RG=> =0;560BP 4> >4=VєW ?@8A04:8, 0 V=HV <VABSBPAS 2 :V;P:>E ?@8A04:0E 2 

>;82V. *5 <>65 1CB8 :>=F5=B@0FVS 5;5<5=BV2, 0 =5 :>=F5=B@0FVS A?>;C:, S:0 

287=0G0єBPAS 70 4>?><>3>R <5B>48:8 �%$. �=0;V7 ICP B0:>6 <>65 287=0G8B8 

048B82=VABP 28A=065==S (A?@0FR20==S) 2=0A;V4>: >:8A;5==S H;SE>< ?>@V2=S==S 

A?5:B@C >;828 4> B0 ?VA;S 5:A?5@V<5=BV2 [88]. 

2.3.2 �=D@0G5@2>=0 A?5:B@>A:>?VO 7 ?5@5B2>@5==O< (C@'є (FTIR) 

FTIR 4 4>1@5 2V4><89 <5B>4 0=0;V7C, S:89 ?>@V2=Rє A2V6C V >;VR, S:0 <0є 

?52=89 @5AC@A =0?@0FR20==S [88]. #@8=F8? <5B>48:8 28:>@8AB>2Cє 270є<>4VR 

<>;5:C; ?V4 2?;82>< V=D@0G5@2>=>3> 28?@><V=R20==S. �>6=0 <>;5:C;0 04A>@1Cє 

28?@><V=R20==S 2V4 V=D@0G5@2>=>3> 28?@><V=R20==S =0 ?52=8E 4>268=0E E28;P. 

#8B><0 04A>@1>20=0 4>268=0 E28;V 4>72>;Sє @>7@V7=SB8 @V7=V @5G>28=8 B><C I> 42V 



<>;5:C;8 =V:>;8 =5 2840RBP >4=0:>289 A83=0;. &0:8< G8=><, :>65= A?5:B@ 

28@>1;SєBPAS 7 FTIR A:0=C20==S <VAB8BP =0?V2:V;P:VA=V 40=V, S:I> ?>@V2=RRBPAS 

42V @5G>28=8. 

FTIR 4>72>;Sє V45=B8DV:C20B8 453@040FVR <0A;0, 45S:8E ?@8A04>:, 

701@C4=R20GV2 B0 70;8H:V2 7=>AC. ' 1V;PH>ABV 28?04:V2 2V= 28:>@8AB>2CєBPAS 

S: 70AV1 A:@8=V=3C. 

�+-A?5:B@8 FTIR, 28:>@8AB0=V C FV9 48A5@B0FVW, 1C;8 >B@8<0=V A?5:B@><5B@>< 

Perkin Elmer FTIR 7 @>74V;P=>R 740B=VABR A?5:B@V2 4 A<-1 2 4V0?07>=V 650-4500 A<-1. 

/: ?>:070=> =0 @8A. 2.4.,?@8:;04 ?>2=VABR AD>@<>20=>3> A?5:B@C FTIR >;820 

<VAB8BP B@8 >A=>2=V ?V:8, ?>2'S70=V 7 2C3;52>4=S<8 107>2>W >;828. 

 

$8AC=>: 2.7 #@8:;04 A?5:B@C FTIR. 

�>=:@5B=V >1;0ABV, S:V 28:>@8AB>2CRBPAS ?@8 0=0;V7V 453@040FVW >;828 2 

>;820E 4;S ;53:>28E 02B><>1V;V2, ?>:070=V 2 B01;8FV 2.2. *V 7=0G5==S 70728G09 

7CAB@VG0RBPAS 2 [88,89] B0 V=HVE 

 

 

&01;8FS 2.2 

�V0?07>=8 4>268= E28;P, 28:>@8AB0=8E 2 FP><C 4>A;V465==V 



#@81;87=0 4>268=0 

E28;V :V;P:VABP (A<-1) 

:><?>=5=B <>;5:C;0 

3400 2>40 

1700-1800 ":AV40=B8 �0@1>=V;2<VA=V ?@>4C:B8 @>7?04C 3 
=0?@. :0@1>=>20 :8A;>B0 (#��) 

1100-1200 %C;PD0B8 ":A848 V :8A;>B8 AV@:8 

900-1000 ZDDP (?@>B87=>A=0 

?@8A04:0) 

P-O-C V P=S 72'S7>: ()��) 

750 �07>;V= 

 

2.4 &@81>EV<VG=89 0=0;V7 ?>25@E=V 

#VA;S 28?@>1C20=P =0 B5@BS 7@07:8 >G8I0;8 35?B0=>< ?5@54 ?@>2545==S< 1C4P-

S:>3> 0=0;V7C ?>25@E=V 4;S 2840;5==S 70;8H:V2 <0A;0 =0 7@07:0E. 

2.4.1 $5=B35=V2Aь:0 D>B>5;5:B@>==0 A?5:B@>A:>?VO (XPS) 

XPS 4 ?>BC6=89 <5B>4 EV<VG=>3> 0=0;V7C ?>25@E=V, S:89 28:>@8AB>2CєBPAS 

4;S 0=0;V7C EV<VW B@81>?;V2>:, CB2>@5=8E B5@BS< 42>E ?>25@E>=P.  

 5B>4 =07820єBPAS ?@>F5A>< D>B>5<VAVW, :>;8 @5=B35=V2AP:V ?@><5=V 

?>B@0?;SRBP =0 ?>25@E=V, I> A?@8G8=Sє 28?@><V=R20==S B0 45B5:BC20==S 

5;5:B@>=V2 ?V4 G0A 270є<>4VW <V6 @5=B35=V2AP:8<8 ?@><5=S<8 V ?>25@E=528<8 

0B><0<8. *V 28S2;5=V 5;5:B@>=8, 28?CI5=V 7 ?>25@E=S <VAB8BP FV==C V=D>@<0FVR, 

B0:C S: :V=5B8G=0 5=5@3VS. �8:>@8AB>2CRG8 :V=5B8G=C 5=5@3VR 28?CI5=8E 

5;5:B@>=V2 V 5=5@3VS D>B>=V2 @5=B35=V2AP:>3> 28?@><V=R20==S, 

5=5@3VR 72'S7:C, BE, <>6=0 @>7@0EC20B8 70 4>?><>3>R @V2=S==S 9, 45 KE є 

:V=5B8G=0 5=5@3VS 28?CI5=>3> 5;5:B@>=0, hv 3 5=5@3VS D>B>=0, ∅2 3 

DC=:FVS @>1>B8 A?5:B@><5B@0. (>B>=8 @5=B35=V2AP:>3> 28?@><V=R20==S <0RBP 

3;818=C ?@>=8:=5==S 4> j 10 =< [89]. �� = ý� − �� − ∅�  (3) 

' FP><C 4>A;V465==V 1C;> ?@>2545=> G0AB8=C EV<VG=>3> 0=0;V7C B@81>?;V2>: 

70 4>?><>3>R XPS. #>BC6=5 <>=>E@><0B8G=5 465@5;> @5=B35=V2AP:>3> 

28?@><V=R20==S Al Kα (1486,6 5�), 5=5@35B8G=0 @>74V;P=0 740B=VABP 0,5 5� 



28:>@8AB>2C20;0AS 4;S >B@8<0==S 42>E B8?V2 A:0=C20==S 2 <560E 70740;53V4P 

287=0G5=0 AD5@0 V=B5@5AV2; >3;S4 V 28A>:0 @>74V;P=0 740B=VABP (HR). %:0=C20==S  

1C;8 28:>@8AB0=V 4;S V45=B8DV:0FVW 5;5<5=BV2 B0 WE <0A>28E % 2 <560E 

4>A;V46C20=>W  ?;>IV. HR-A:0=C20==S ?@>2>48;8 4;S >B@8<0==S EV<VG=>3> A:;04C 

B@81>?;V2>: A?5FV0;P=> V45=B8DV:CRG8 EV<VG=89 72'S7>:, ?>2'S70=89 7 >1@0=8< 

EV<VG=V AB0=>< 5;5<5=BV2, B0:8E S: Mo 3d V Zn 2p. %?V=>2V >@1VB0;V 2p V 3d ?>4V;SRBP 

A83=0;8 =0 2p3/2, 2p1/2 V 3d5/2, 3d3/2. 

#5@54 1C4P-S:8< 0=0;V7>< A83=0;V2 28:>@8AB>2CєBPAS ?V: A83=0;C C1s 4;S 

:0;V1@C20==S G5@57 ?>B5=FV9=C 70@S4:C ?V4 G0A 71>@C 40=8E V 2AB0=>2;5=> =0 285 5� 

[90]. &8? ;V=VW ,8@;V 28:>@8AB>2C202AS S: AB0=40@B=0 107>20 ;V=VS B0 V=H0 ;V=VS 

D>@<8 28:>@8AB>2C20;8AS 4;S ?V:V2, I>1 @>7@V7=SB8 @V7=V :><?>=5=B8 2A5@548=V 

A83=0;8. !5>1EV4=> 70AB>A>2C20B8 7030;P=V B0 A?5FV0;P=V C<>28 B0 >1<565==S ?@8 

45:>=2>;RFVW A83=0;V2. �>=8 =0ABC?=V: 

➢ #;>I0 2p1/2 702648 2 0,5 @070 <5=H0 70 ?;>IC 2p3/2. 

➢ #;>I0 3d3/2 702648 2 0,67 @07V2 <5=H0 70 ?;>IC 3d5/2. 

➢ %?V=>2V >@1VB0;V 7 1V;PH8< 7=0<5==8:>< 702648 <0RBP 28I89 72’S7>: 

5=5@3VS, =0?@8:;04, 2p3/2 < 2p1/2 5=5@3VS 72'S7:C. 

➢ $V7=8FS 5=5@3VW 72’S7:C <V6 3d5/2 V 3d3/2 C 45:>=2>;RFVS A83=0;V2 Mo3d 

>1<565=0 3,13 5� [91]. 

->1 7@>7C<VB8 EV<VG=89 A:;04 @V7=8E H0@V2 C B@81>?;V2:8, B@02;5==S 

?@>2>48;8 70 4>?><>3>R ?CG:0 V>=V2 Ar+ ?@8 2 :5� 7 a AB@C< @>7?8;5==S 1 <:�. 

�8:>@8AB0==S F8E =0;0HBC20=P 70157?5GCє H284:VABP B@02;5==S AB0;V 4,5 =< =0 

E28;8=C 70 Wyko [92]. 

2.4.2 $0<0=V2Aь:0 A?5:B@>A:>?VO 

�V1@0FV9=V E0@0:B5@8AB8:8 <>;5:C;8 <>6=0 4>A;V46C20B8 70 4>?><>3>R 

$0<0=V2AP:>W A?5:B@>A:>?VW. �65@5;> 5=5@3VW <>=>E@><0B8G=>3> A2VB;0 ;075@0 

28@>1;Sє <>;5:C;S@=V :>;820==S, :>;8 5=5@3VS ?040RG>3> A2VB;0 ?5@540єBPAS 

<>;5:C;0<. *V :>;820==S <>;5:C; E0@0:B5@87CRBPAS E28;P>28< G8A;><,  

:>;820==S @V7=8E <>;5:C; AB2>@RRBP @V7=V G8A;0 4>268=8 E28;P.  



%:;04 @>7AVS=>3> A2VB;0 A8;P=> 70;568BP 2V4 <>;5:C;8, S:0 2V1@Cє, [93]. 

#@>3@0<=5 70157?5G5==S Wire 3.4 28:>@8AB>2CєBPAS 2 ?>є4=0==V 7 Reinshaw Raman 

A8AB5<8 A?5:B@><5B@0. *5 4>72>;Sє :>@8ABC20G52V @53C;R20B8 G8A;5==V ?0@0<5B@8, 

2:;RG0RG8 ?>BC6=VABP ;075@0, G0A 5:A?>78FVW B0 :V;P:VABP A:0=C20=P. 

%?5:B@0;P=89 @>74V;P=0 740B=VABP A?5:B@><5B@0 $59=H>C $0<0=0 AB0=>28BP 

 1 A<-1. %?5:B@8 4;S 2AVE B@81>?;V2>:, AB2>@5=8E =0 :C;P:0E, 1C;8 >B@8<0=V 7 

$0<0=0 70 4>?><>3>R 488 ;075@ 7 4>268=>R E28;V =< 7 DV;PB@>< ?>BC6=>ABV 10 %, 

5:A?>78FVєR 10 A. � S:>ABV ;075@0 1C;> >1@0=> 4>268=C E28;V 488 =< ?>?5@54=V 

4>A;V465==S ?>:070;8, I> F5 :@8B8G=> 206;82> 4;S 28S2;5==S B@81>?;V2:8 MoS2 

[94]. 

(V;PB@ ?>BC6=>ABV 10 %, =87P:89 G0A 5:A?>78FVW 10 A V 420 =0:>?8G5==S 

281@0=> B0:, I>1 ;075@ =5 ?>H:>482 B@81>?;V2:C. �5@H8=8 V 2V4?>2V4=V @568<8 

2V1@0FVW 7 B8?>2>3> A?5:B@C MoS2 ?>:070=V =0 @8A. 2.5.  

+8A;> 4>268= E28;P :>;820=P E2g AB0=>28BP j 381 A<-1, 0 A1g AB0=>28BP j 

408 A<-1. �C;> AB2>@5=> :0@B8 $0<0=0 B0 >B@8<0=V 40=V 28:>@8AB>2CRG8 ?V:>2V 

V=B5=A82=>ABV A1g [95]. 

$8AC=>: 2.8 #@8:;04 A?5:B@V2 :><1V=0FV9=>3> @>7AVR20==S ?V:V2 MoS2  

2.5  5B>4>;>3VO ?>25@E=52>3> 7<VF=5==O 7C1G0AB8E :>;VA B0 ?V4H8?=8:V2 2 

<0A;O=><C A5@54>28IV 7 ?@8A04:>N DB>@>20=>3> 3@0DVBC. 

2.5.1  5B>48:0 ?V428I5==O 7=>A>ABV9:>ABV 2C7;V2 B5@BO CB2>@5==O< =0 
?>25@E=OE  DB>@2<VA=8E =0=> - <V:@> - @>7<V@=8E 0=B8D@8:FV9=8E 

?@>B87=>A=8E AB@C:BC@ 



�0157?5G5==S =87P:>3> @V2=S B5@BS, 7=>HC20==S B0 :>=B0:B=>W 2B><8 

?>25@E>=P B5@BS 45B0;59 2 05@>:>A<VG=V9 B5E=VFV CA:;04=RєBPAS =0S2=VABR 28A>:8E 

=020=B065=P, H284:>AB59, @>7@V465=VABR 01> 2V4ACB=VABR 0B<>AD5@8, 

CA:;04=5=S<8 01> =5<>6;82VABR 70AB>AC20==S <0AB8;. "4=VєR 7 B5E=>;>3V9, I> 

2@0E>2Cє 707=0G5=V >A>1;82>ABV 7=>HC20==S, є CB2>@5==S =0 ?>25@E=SE B5@BS 

70E8A=8E DB>@<VAP:8E ?;V2>:. "1'є:B0<8 ?5@28==>3> 70AB>AC20==S B0 0?@>10FVW 

@>7@>1;5=8E B5E=>;>3V9 1C;8: @>;8:>2V B0 :C;P:>2V ?V4H8?=8:8 :>G5==S 

:><?@5A>@0, BC@1V=8 B0 @54C:B>@0, 0 B0:>6 7C1G0ABV :>;5A0 ?;0=5B0@=>3> @54C:B>@0 

BC@1>AB0@B5@0 &%-12 .  

(B>@2<VAP:V ?;V2:8 CB2>@RRBPAS ?@8 DV78:>-EV<VG=V9 270є<>4VW <0B5@V0;C 

?>25@E>=P 7 <V:@>G0AB8=:0<8 DB>@>20=>3> 3@0DVBC (CFx)n , 22545=8<8 C 283;S4V 

?@8A04:8 2 <0AB8;P=89 <0B5@V0;. #V4 4VєR B5@BS G0AB8=:8 DB>@>20=>3> 3@0DVBC 

@C9=CRBPAS, >3>;RRBPAS 72'S7:8, I> =5ACBP 2V;P=V 0B><8 DB>@C, S:V EV<VG=> 

@503CRBP 7 <5B0;528<8, =0?@8:;04, AB0;528<8 ?>25@E=S<8, V CB2>@RRBP 

5;0AB8G=89 H0@ DB>@84V2 70;V70 FeF3, I> VAB>B=> 2V4@V7=SєBPAS 70 2;0AB82>ABS<8 

107>2>W ?>25@E=V. #>25@E=V B5@BS ?@8 FP><C AB0RBP 3;04:VH8<8 V <VF=VH8<8, 

28B@8<CRBP 1V;PH5 F8:;V2 =020=B065==S 4> =0AB0==S 28:@8HC20==S, 04A>@1CRBP 

<0AB8;> V 2V4HB>2ECRBP 2>;>3C - 465@5;> 2>4=R, I> @C9=Cє ?>25@E=R. 

�D5:B82=VABP =>2>W B5E=>;>3VW >1C<>2;5=0 28A>:>R B5@<VG=>R AB01V;P=VABR 

B0 4>23>2VG=VABR ?;V2>: (CFx)n ?>@V2=S=> 7 >:A840<8 B0 V=H8<8 

0=B8D@8:FV9=8<8 ?;V2:0<8. 

#VA;S 270є<>4VW G0AB8=>: (CFx)n 7 <5B0;0<8 =0 ?>25@E=V CB2>@RєBPAS H0@ 

DB>@84V2, =0?@8:;04 FeF3, I> <0RBP 475@:0;P=89 283;S4, H>@AB:VABP =0 ?>@S4>: 

=86G5, =V6 C >:A84V2, 1V;PH 28A>:C <V:@>B25@4VABP V 2 1,2-1,5 @078 1V;PHC :>=B0:B=C 

28B@820;VABP . #>25@E=S =01C20є 3V4@>D>1=>ABV B0 28A>:>W E5<>A>@1FV9=>W 

740B=>ABV. 

&5E=>;>3VS CB2>@5==S DB>@2<VA=8E 70E8A=8E ?;V2>: ?@>9H;0 CA?VH=V 

;01>@0B>@=V B0 5:A?;C0B0FV9=V 28?@>1C20==S =0 02V0FV9=8E 307>BC@1V==8E 

4283C=0E, 02B>B@0=A?>@B=8E 4283C=0E 2=CB@VH=P>3> 73>@S==S, 307><>B>@=8E 

:><?@5A>@0E, C ?@82>40E B0 H?8=45;SE <5B0;>@V70;P=8E 25@AB0BV2.     



&5E=>;>3VG=89 ?@>F5A @50;V7CєBPAS ?@8 >1:0BC20==V ?0@ B5@BS, :>;8 2 >1:0B=C 

@V48=C 22>4SBP 1...5% ?>@>H:C :0@1>=>DB>@84C. "1:0B:C 2C7;V2 B5@BS ?@>2>4SBP 

A?>G0B:C 157 =020=B065==S, 0 ?>BV< ?@8 =><V=0;P=V9 G0AB>BV >15@B0==S B0 

=020=B065==V. /:VABP >1:0B:8 70157?5GCєBPAS :>=B@>;5< <><5=BC B5@BS, 

<V:@>B25@4>ABV, H>@AB:>ABV, B5<?5@0BC@8 @>7V3@V2C ?>25@E>=P, 5=5@3VW 0:B820FVW 

(<5B>4>< A:;5@><5B@VW), ?0@0<5B@V2, 7=>HC20==S. +0A >1:0B:8 CB>G=RєBPAS 4;S 

:>6=>3> 2C7;0 B5@BS V AB0=>28BP 2V4 5-10 E2 4> 0,5 3>4. �;S =><5=:;0BC@8 45B0;59 

2C7;V2 B5@BS @54C:B>@0 BC@1>AB0@B5@0 &%-12  @5:><5=4>20=0 >1@>1:0 C 
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7<0IC20;P=>W 4VW, =0A0<?5@54 740B=VABP <0A5; @>74V;SB8 ?>25@E=V B5@BS B0 WE 2?;82 

=0 =5ACGC A?@><>6=VABP 7<0IC20;P=>3> H0@C. 



'7030;P=RRG8 ?@>2545=V 4>A;V465==S, <>6=0 7@>18B8 28A=>2>:, I> ?;V2:8 

%"# V=B5=A82=VH5 D>@<CRBPAS, 2 40=8E C<>20E B5@BS, 2 A5@54>28IV 7 1V;PH 

2'S7:8< <0A;><, <VAB8BP 1V;PHC :V;P:VABP 2C3;5FR B0 :8A=R, <0RBP A?040RG89 

E0@0:B5@ :>=F5=B@0FVW 4> ?>25@E=V A?;02C (AB0;V). 

#;V2:8 %"#, AD>@<>20=V 2 1V;PH 2'S7:8E <0AB8;0E, ?> V=B5=A82=>ABV 72'S7:C 

2 :V;P:0 @07V2 ?5@528ICRBP ?;V2:8, CB2>@5=V 2 <0;>2`S7:8E >;820E V >;820E 157 

?@8A04>: �;S <0;>2’S7:8E <0A5; A?>AB5@V30єBPAS 7=0G=0 48DC7VS :8A=R G5@57 %"# 

23;81 <5B0;C, I> A2V4G8BP ?@> 1V;PH (45D5:B=C) ?CE:C 1C4>2C %"#, I> 

D>@<CRBPAS 2 <0;>2'S7:8E <0A;0E. 

3.6 #@>2545=> 4>A;V465==S 7<0IC20;P=8E ?@>F5AV2 ?@8 B5@BV ?0@ AB0;P-

1@>=70 B0 AB0;P-A?5G5=89 <0B5@V0;, 0 B0:>6 287=0G5=> 72’S7:8 <V6 B>2I8=>R 

<0AB8;P=>3> H0@C, <><5=B>< B5@BS  B0 7=>A>< ?>25@E>=P. ' @57C;PB0BV ?@>2545=8E 

28?@>1C20=P 2AB0=>2;5=>,  I> 1V;PH><C 7=>AC 2V4?>2V40RBP <5=HV 2B@0B8 =0 B5@BS, 

B>1B> 2B@0B8 =0 45D>@<C20==S B0 @C9=C20==S ?>25@E=V <5B0;C є <0;8<8 ?>@V2=S=> 

7 A8;0<8 B5@BS 2 7<0IC20;P=><C H0@V, 0 ?@>B87=>A=V E0@0:B5@8AB8:8 7=0G=>R 

<V@>R 287=0G0RBPAS 740B=VABR <0B5@V0;V2 4> CB2>@5==S 2 @57C;PB0BV 270є<>4VW 7 

<0AB8;>< 3@0=8G=8E AB@C:BC@ 7 @V7=8<8 @5>;>3VG=8<8, DV78:>-EV<VG=8<8 B0 

EV<VG=8<8 2;0AB82>ABS<8.  #5@A?5:B820<8 ?>40;PH8E 4>A;V465=P >:@V< 

0=0;V7C20==S B>=:8E ?>25@E=528E ?@>H0@:V2 <5B0;C є 287=0G5==S 2;0AB82>AB59 V 

5:A?;C0B0FV9=8E E0@0:B5@8AB8: ?@>B87=>A=8E B0 0=B8D@8:FV9=8E E5<>A>@1FV9=8E 

?;V2>: %"#, S:V CB2>@RRBPAS 2C3;52>4=528<8 :><?>=5=B0<8 <0AB8;P=8E 

<0B5@V0;V2.   

3.7 #>@V2=S==S @57C;PB0BV2 4>A;V465==S ?>:07Cє, I> VA=Cє 72`S7>: <V6 

B>2I8=>R <0AB8;P=>3> H0@C B0 G0A>< 4> ?>S28 28:@8HC20==S =0 ?>25@E=SE B5@BS 

7C1G0AB8E :>;VA (1V;PHV9 B>2I8=V 2V4?>2V40є 1V;PH0 :V;P:VABP F8:;V2 4> 

28:@8HC20==S =0 2AVE >;820E). 

' 72`S7:C 7 B8<, I> CB2>@5==S E5<>A>@1FV9=8E ?;V2>:,  S:V ?@>S2;SRBP 

?V428I5=C ABV9:VABP ?@>B8 28:@8HC20==S, =5 ?>2`S70=> 7 3V4@>48=0<VG=8< 

5D5:B><, >1ґ@C=B>20=> 282G5==S =53V4@>48=0<VG=>W 7<0IC20;P=>W 4VW %"# B0 WW 

2?;82C =0 2B><=5 7=>HC20==S :>=B0:B=8E ?>25@E>=P. �8:>@8AB0==S 



?@>B82>7=>A=8E B0 ?@>B82>?VBBV=3>28E 2;0AB82>AB59 %"# є =091V;PH 

?5@A?5:B82=8< V =091V;PH 5:>=><VG=8< H;SE>< 4;S ?>40;PH>3> ?V428I5==S 

7=>A>ABV9:>ABV B0 4>23>2VG=>ABV 7C1G0AB8E ?5@540G, ?V4H8?=8:V2 :>G5==S B0 V=H8E 

45B0;59, I> =5 28<030є CA:;04=5==S B5E=>;>3VW 28@>1=8FB20 B0 ?V428I5==S S:>ABV 

:>=AB@C:FV9=8E <0B5@V0;V2.    

3.8 &0:8< G8=><, 2 H8@>:><C 4V0?07>=V B5<?5@0BC@ (60&200>%) 

28:>@8AB0==S B@048FV9=8E ?@8A04>: #�$ B0 )�$ <0;>5D5:B82=>, 2 72’S7:C 7 G8< є 

4>FV;P=8< 4>A;V48B8 <5E0=V7< 7<0IC20;P=>W 4VW ?@8A04>: ?@8=F8?>2> =>2>3> B8?C 

3 :0@1>=>DB>@84V2 (%Fx)n, S:V <0RBP C A2>є<C A:;04V A?>;C:8 DB>@C B0 2C3;5FR, B0 

740B=V, ?>@S4 7 28A>:>R 04A>@1FV9=>R 0:B82=VABR B0 EV<VG=>R @50:FV9=VABR 

D>@<C20B8 =0 ?>25@E=V B5@BS E5<>A>@1FV9=V ?;V2:8, S:V <0RBP 28A>:V ?@>B87=>A=V 

B0 0=B8D@8:FV9=V 2;0AB82>ABV.  

 

 

 

 

 

 

 

 

 

 

 



$"���� 4 (����"-)� �+!� #$"*�%� #����Щ�!!/ 

� �Щ'���Ь!"� ���  �%&��Ь!�)  �&�$����� � 

��$�"!"(&"$��!� � #$�%���� � � ' "��) $"�"&� 
�'�+�%&�) #�$���+. 

4.1 (B>@8AB89 3@0DVB (:0@1>=>DB>@84 (CFx)n.) 

'A?VH=5 70AB>AC20==S 3@0DVBC 2 S:>ABV ACE>W 7<07:8 AB8<C;R20;> 282G5==S 

9>3> ?>EV4=8E. (B>@8AB89 3@0DVB (:0@1>=>DB>@84) 1C2 >B@8<0=89 2 1934 @>FV 

H;SE>< ?@S<>3> >1`є4=0==S 3@0DVBC 7 DB>@>< [114], 0;5 4>1969 @>:C ?@0:B8G=> =5 

7`S2;S;>AP =VS:8E ?C1;V:0FV9 ?@> 9>3> 28:>@8AB0==S 2 S:>ABV 7<07:8. 

(CA0@> B0 %;09=V  [115] 28S28;8, I> 7=>A>ABV9:VABP ?>:@8BBV2 7V DB>@8AB>3> 

3@0DVBC 28I5, G5< 7=>A>ABV9:VABP =0BC@0;P=>3> 3@0DVBC G8 48AC;PDV4C <>;V145=0. 

�>5DVFVє=B B5@BBS DB>@8AB>3> 3@0DVBC =86G5, =V6 C =0BC@0;P=>3> 3@0DVBC. #V4 G0A 

28?@>1C20=P =0 :C;P:>2V9 <0H8=V B5@BBS "AV:020 [116] 2AB0=>282, I> ?8B><5 

=020=B065==S :>=A8AB5=B=>W 7<07:8 ACBBє2> 71V;PHCєBPAS 7 4>4020==S< 2 =5W, 2 

S:>ABV ?@8A04:8 DB>@8AB>3> 3@0DVBC. �@V< B>3> =8< 1C;> 2AB0=>2;5=> I> 

DB>@8AB89 3@0DVB <>65 5D5:B82=> 28:>@8AB>2C20B8AS S: ACE0 7<07:0 4;S 

CIV;P=R20;P=8E <0B5@V0;V2 =02VBP ?@8 28A>:8E B5<?5@0BC@0E B0 =020=B065==SE. 

!5 482;SG8AP =0 4>AB0B=R :V;P:VABP V=D>@<0FVW ?@> DB>@8AB89 3@0DVB, 

7<0IC20;P=0 4VS 9>3> I5 4C65 <0;> 282G5=0. � >A=>2=><C 2AS V=D>@<0FVS 

2V4=>A8BPAS 4> <0B5@V0;C, >B@8<0=><C H;SE>< ?@S<>W @50:FVW 3@0DVB0 7 DB>@>< ?@8 

28A>:8E B5<?5@0BC@0E [116,117]. � @57C;PB0BV FVєW @50:FVW >B@8<Cє<> AC<VH 7 

5<?5@8G=>R D>@<C;>R CFx, 45 <0:A8<0;P=0 25;8G8=0 E ?@81;87=> 4>@V2=Rє 1, 0 

B>G=0 25;8G8=0 7<V=RєBPAS 7V 7<V=>R B5<?5@0BC@8 @50:FVW, 71V;PHCSAP 7 

?V428I5==S< B5<?5@0BC@8. � ;VB5@0BC@V @V7=V 4>A;V4=8:8 ?> @V7=><C =07820RBP 

>B@8<0=C @5G>28=C: DB>@8AB89 3@0DVB [ 80], DB>@V4 3@0DVB0  [114], DB>@>20==89 

2C3;5FP [118,119], :0@1>=>DB>@84 [120-126]. 

"B@8<0=89 <0B5@V0; 1C;> :;0A8DV:>20=> S: ?>;V<5@, =0 2V4<V=C 2V4 

307>?>4V1=>3> CF, B0 2V4?>2V4=>, <>65 @>73;S40B8AS S: (CFx)n.  �>;V@ <0B5@V0;C 

7<V=RєBPAS 2V4 AV@>3> 4> 1V;>3> 2 70;56=>ABV 2V4 2V4=>H5==S C i F. 

%B@C:BC@C DB>@VAB>3> 3@0D8BC (CFx)n B>G=> 287=0G8B8 =5 240;>AS, 0;5 1C;0 

70?@>?>=>20=0 AB@C:BC@0, S:0 <0є :>20;5=B=V 72`S7:8 <V6 0B><0<8 DB>@C B0 



2C3;5FR, 0 B0:>6 35:A03>=0;P=C 1C4>2C 2C3;5F528E 72`S7:V2 [119,129]. 

$5=B35=V2AP:0 48D@0:FVS ?>:070;0, I> 2V4AB0=P <V6 ?;>I8=0<8 H0@V2 2C3;5FR 

71V;PH8;0AP 2V4 3,4 �0 2 3@0D8BV 4>, ?@81;87=>, 8�0 C DB>@8AB><C 3@0D8BV. 

#@8G><C, 7<V=8;0AP =5 BV;P:8 2V4AB0=P <V6 ?;>I8=0<8 2C3;5F528E H0@V2, 0;5 V 

2V4AB0=P <V6 0B><0<8 2C3;5FR. &0:8< G8=>< AB@C:BC@0 A:;040єBPAS 7 «E28;SAB>3> 

H0@C» 0B><V2 2C3;5FR, @>7<VI5=>3> <V6 42><0 H0@0<8 DB>@C. 

!0 @8A. 4.1 ?>:070=0 AB@C:BC@0 ?;>I8= 2C3;5F528E H0@V2 3@0D8BC, 0 =0 

@8A.4.2 3 BV 6 ?;>I8=8 ?VA;S @50:FVW 3@0D8BC 7V DB>@>< B0 CB2>@5==S DB>@8AB>3> 

3@0D8BC. 

 � B01;8FV 1.5. =02545=V 40==V ?@> 45S:V DV78G=V 2;0AB82>ABV DB>@8AB>3> 

3@0D8BC, >B@8<0=V @V7=8<8 4>A;V4=8:0<8 [128]/ !02>4SBAS B0:>6 2V4?>2V4=V 40=V ?> 

3@0DVBC [130]. 

#> 7=>A>ABV9:>ABV FV DB>@>20=V AC<VHV <>6=0 ?>@V2=SB8 7 2V4><8<8 

?@><8A;>28<8 ?@8A04:0<8 7 4V-=-1CB8;4VBV>D>AD0B0 (ZDTP). �2B>@8 2V47=0G0RBP, 

I> >;82>@>7G8==V DB>@>20=V AC<VHV ?>:070;8 A515 5D5:B82=8<8 7=>A>ABV9:8<8 

0=B8D@8:FV9=8<8 ?@8A04:0<8 ?@8 28?@>1C20==SE =0 :C;P:>2V9 <0H8=V B5@BBS B0 

V=H><C 28?@>1C20;P=><C >1;04=0==V.  5E0=V7< 4VW F8E <0B5@V0;V2 70A=>20=89 =0 

CB2>@5==V ?;V2:8, S:0 <VAB8BP <5B0;>DB>@84. 

&01;8FS 4.1. 

(V78G=V 2;0AB82>ABV DB>@8AB>3> 3@0D8BC, 

№ 

?/? 

%:;04 -V;P=VABP 

3/A<2 

�V4AB0=P <V6 

0B><0<8 

2C3;5FR �0 

�V4AB0=P <V6 

?;>I8=0<8 

2C3;5F528E 

H0@V2, �0 

#8B><89  

5;5:B@>>?V@ 

"</A< 

№ ?C1;V:0FVW 

73V4=> 

?5@5;V:C 

;VB5@0BC@8 

1 (CF1,085) 2,39 1,42 8,2 >3 . 103 114 

2 (CF0,988) 2,67 1,54 6,6 >3 . 103 118 

3 (CF0,996) 2,78 1,49 6,0 >3 . 103 119 

4 �@0D8B 1,4-1,7 1,42 3,35 5 . 10-3 117 



 

 

$8A.1.30 %B@C:BC@0 3@0DVBC. 

 

$8A. 1.31. %B@C:BC@0 DB>@8AB>3>@0DVBC 7 @>7BS3=CB8<8 ?;>I8=0<8 2C3;5F528E 

H0@V2 70 @0EC=>: 2?@>20465==S 0B><V2 DB>@C. [115]. 

� ':@0W=V =091V;PH ?>2=V B0 A8AB5<0B8G=V 4>A;V465==S ?> 28:>@8AB0==R 

DB>@2C3;5F528E A?>;C: (:0@1>=>DB>@84V2) 2 S:>ABV 7<07:8 ?@>2>48;8AP 2 

!0FV>=0;P=><C 02V0FV9=><C C=V25@A8B5BV [121-124, 129]. � E>4V 4>A;V465=P 

2AB0=>2;5=V C=V:0;P=V 2;0AB82>ABV :0@1>=>DB>@84V2 (�() ?@8 WE 22545==V 2 

B@81>A8AB5<C: 740B=VABP 4> EV<VG=>W <>48DV:0FVW ?>25@E=V (2 ?@>F5AV B5@BBS 01> ?@8 

B5@<VG=V9 <>48DV:0FVW), ?V428I5==S 7=>A>ABV9:>ABV B0 :>=B0:B=>W 28B@820;>ABV, 

7=865==S B5@BBS. 

$>7@>1;5=V A?>A>18 28:>@8AB0==S :0@1>=>DB>@84V2 2:;RG0RBP 

?@8?@0FR20==S 2C7;V2 B5@BBS 2 A5@54>28I0E, S:V <VABSBP :0@1>=>DB>@848, 

22545==S 4>102>: :0@1>=>DB>@84C 2 >;828, ?;0AB8G=V 7<07:8, 7<0IC20;P=>-

>E>;>46C20;P=V B0 3V4@02;VG=V @V48=8.  



�?@>10FVS F8E A?>A>1V2 2 2C7;0E B5@BBS 307>BC@1V==8E 4283C=V2 (�&�) 

?>:070;0 ?5@A?5:B82C WE H8@>:>3> 28:>@8AB0==S 2 02V0FV9=V9 B5E=VFV. !091V;PH 

206;82V @57C;PB0B8 0?@>10FVW 2 B><C, I> 2 ?@8ACB=>ABV :0@1>=>DB>@84V2 <>65 1CB8 

ACBBє2> ?V428I5=89 @5AC@A B0 <0:A8<C< 4>?CAB8<8E :>=B0:B=8E =0?@C65=P 

?V4H8?=8:V2 :>G5==S B0 7C1G0AB8E ?5@540G B0 ?VA;S 22545==S :0@1>=>DB>@84V2 

2C7;8 B5@BS AB0RBP <5=H GCB;828<8 4> S:>ABV <0AB8;P=8E <0B5@V0;V2. [131]. 

#@8 22545=V 0,05% �( 2 3V4@02;VG=C @V48=C � �-10 70?>1V30;>AP 

AE>?;R20==S B0 70W40==S 2 F0=3>28E 70<:0E ?V4:>A-?V49><=8:0 >A=>2=>W ABV9:8 

H0AV ;VB0:0 &C-154 [99]. 

�0 :>@4>=>< :0@1>=>DB>@848 4>AB0B=P> H8@>:> 28:>@8AB>2CRBP 2 

B@81>A?>;CG5==SE 4;S ?V428I5==S ?@>B87=>A=8E B0 0=B8D@8:FV9=8E 

2;0AB82>AB59.  

� <>=>3@0DVW [128] B0 V=H8E 465@5;0E 2:07CєBPAS I> F59 <0B5@V0; 4C65 

70FV:0282 4>A;V4=8FP:8 F5=B@8 B0 28?@>1C20;P=V ;01>@0B>@VW !�%�. �3V4=> 

V=D>@<0FVW !�%� =091V;PH 2V4><V 70AB>AC20==S :0@1>=>DB>@84V2 2 AC<VHV 01> 

70<VABP 48AC;PDV40 <>;V145=0 2 B25@4>7<0IC20;P=8E ?>:@8BBSE. 

� /?>=VW :0@1>=>DB>@84 28:>@8AB>2C20;8 2 S:>ABV =0?>2=R20G0 =59;>=>28E 

B0 A0<>72`S7CRG8E ?>:@8BBV2 H;SE>< >4=>G0A=>3> >A0465==S <5B0;C B0 

:0@1>=>DB>@84C 7 @>7G8=C. Є ?>2V4><;5==S ?@> ?>:@0I5==S 0=B8D@V:FV9=8E 

2;0AB82>AB59 7<07>: ?@8 4>4020==V :0@1>=>DB>@84C 4> ;VBVє2>W 7<07:8 ?@8 28A>:8E 

B5<?5@0BC@0E. 

!091V;PH 2V4><8<8 28:>@8AB0==S<8 :0@1>=>DB>@84V2 <>6=> 22060B8 

=0ABC?=V: 

 V6=0@>4=0 DV@<0 « >=B548AA>=» 28?CA:0є @V48=C 4;S ?@8?@0FR20==S 

Fomblin Yfluorinated fluids, S:0 <0є =0ABC?=C AB@C:BC@C: 

CF3 

 - [O 3 CF 3 CF2] 3 (OCF2)m  (1) 



(V@<0 @5:;0<Cє ?@8?@0FR20==S 2 FV9 @V48=V @V7=8E 2C7;V2 B5@BBS. !02>48BPAS 

=0ABC?=89 ?@8:;04: ?V4H8?=8:, ?@8?@0FP>20=89 2 @V48=V Fomblin ?@0FRє ?@8 

ACE><C B5@BBV 2 20:CC<V 7 @>:V2.       

(V@<0 «�09:8=» 28?CA:0є E;>@B@8DB>@5B8;5=>2V <0AB8;0, S:V є B5;><5@0<8 

E;>@B@8DB>@5B8;5=0 D>@<C;8: 

 Cl ( CF2 3 CF Cl)n Cl (2) 

� 70;56=>ABV 2V4 ABC?5=S ?>;V<5@V70FVW 2>=8 <0RBP 3CAB8=C 2V4 @V4:8E 4> 

2>A:>?>4V1=8E. 

 0A;0 =0 >A=>2V ?@>AB>3> ?5@DB>@?>;V5B8;5=0 <0RBP D>@<C;C: 

CF3 

  [O 3 CF 3 CF2] 3 (OCF2)n   (3) 

28A>:C EV<VG=C B0 B5@<VG=C ABV9:VABP, B0 28@>1;SRBPAS DV@<0<8 «�R?>=» B0 

« >=B548AA>=». 

!091V;PH ?>2=0 V=D>@<0FVS ?@> A:;04 >;828, S:0 <VAB8BP :0@1>=>DB>@84 

<VAB8BPAS 2 ?0B5=BV (@0=FVW 1026655�, >?C1;. 30.06.83, 1R;. №24. 

�0?0B5=B>20=5 <0A;> =0 <V=5@0;P=V9 >A=>2V <VAB8BP 48BV>D>AD0B F8=:C, 

<0;>@>7G8==V A>;V, 0 B0:>6 DB>@8AB89 3@0DVB (45 E=0, E=1) 2 :V;P:>ABV 0,1-1%, 

S:89 ?>?5@54=P> 48A?5@3CєBPAS 2 5DV@V ?>;83;8:>;S. 

#>@V2=S;P=V 28?@>1C20==S >;828 7 DB>@8AB8< 3@0DVB>< =0 28?@>1C20;P=8E 

AB5=40E ?>:070;8 740B=VABP 28B@8<C20B8 71V;PH5==S =020=B065==S =0 40-100%, 
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