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!$9 1)!!-? +0->,'&/ < 0)>-#' $"+-,8;-<),$ +-1(-1, -"!-<)!!/? !) "-B'#)!$$ :*"+'0$&'!-
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EVALUATION OF MATRIX MECHANICAL PROPERTIES AROUND 

THE FILLER PARTICLES IN POLYMER NANOCOMPOSITES 

WITH A HELP OF ATOMIC FORCE MICROSCOPY 

Filled elastomers (rubber) are complex structurally inhomogeneous systems consisting of a mix-

ture of dispersed particles, randomly distributed in the highly elastic polymer matrix (vulcanized rubber). 

Carbon black is most common as an active filler. Polymer nanolayers with special mechanical proper-

ties are formed on the surface of particles in the interaction of a binder and the active filler. The contri-

bution of these nanolayers in the formation of rubber macro-properties can be quite substantial under 

certain conditions (nano-dispersed filler).  
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Direct experimental study of polymer in nanolayers around the particles of carbon black in rub-

ber involve significant technical difficulties due to the smallness of the objects of research and many 

additional distorting factors. The approach based on a combination of experimental studies of polymer 

nanolayers on a flat carbonized substrate by means atomic force microscopy and the corresponding 

model calculations was used to solve this problem.  

The estimation of stiffness and thickness of modified polymer was elaborated. These results do 

not contradict the known experimental data, indicating the prospects of this direction of research. 

Key words: polymer in nanolayers, elastomers, dispersed particles. 

 

!#$%&'$()-(*%)+(&((,& -+*$.)/&', ('&0#(,) ).()$1. 2 2+*$$3 

2)/%)0#4#)((,5 /*.&'#*+)6, $%&4#7#8&$2*1 )$)9&(()$.: 2).)',5 0*-

2+;8*&.$1 6 .)/, 8.) #5 )$()63 $)$.*6+1&. (&%'&',6(*1 (#02)/)<3+:-

(*1 6,$)2)-+*$.#8(*1 %)+#/&'(*1 /*.'#4*, 6 2).)'3; 6(&<'&(, .6&'-

<,& 0&'(#$.,& 8*$.#4, (*%)+(#.&+1 (<#$%&'$(*1 7*0*) [1–3]. ")/%)-

0#., -.)=) .#%* 2*2 2)($.'324#)((,& /*.&'#*+, %)16#+#$: 6 (*8*+& 

<&61.(*<4*.)=) 6&2*, 2)=<* 9,+) $+38*>() )9(*'3?&(), 8.) (*%)+(&-

(#& %'#')<()=) ((*.3'*+:()=)) 2*3832* .6&'<,/# 8*$.#4*/# /#2')(-

()=) # $39/#2')(()=) '*0/&'* 0(*8#.&+:() 3+38@*&. &=) 3%'3=)& $)-

%').#6+&(#& # %')8()$.(,& $6)>$.6*. A.) ).2',.#& $<&+*+) 6)0/)?-

(,/ %')/,@+&(()& #$%)+:0)6*(#1 <#$%&'$() (*%)+(&(()=) 

(*.3'*+:()=) 2*3832*. B .'#<4*.,5 =)<*5 %')@+)=) 6&2* 9,+# $#(.&-

0#')6*(, #$23$$.6&((,& 2*3832# '*0+#8()=) (*0(*8&(#1. C2*0*+)$:, 

8.) # )(# $%)$)9(, $3D&$.6&(() 3%')8(1.:$1 66)<)/ )8&(: /&+2#5 

.6&'<,5 (*%)+(#.&+&>. A.) '*$@#'#+) #$%)+:0)6*(#& (*%)+(&((,5 

2*3832)6 6 %')/,@+&(()/ %')#06)<$.6&. B $)6'&/&((,5 '&0#(*5 6 

2*8&$.6& /*.'#4, #$%)+:03;.$1 63+2*(#0#')6*((,& 2*3832# '*0+#8-

(,5 .#%)6, * 6 2*8&$.6& (*%)+(#.&+1 (*#9)+&& '*$%')$.'*(&( .&5(#8&-

$2#> 3=+&')< (8&'(*1 $*?*) [4–5]. 

B (*$.)1D&& 6'&/1 #06&$.(), 8.) %'# 60*#/)<&>$.6## $6103;D&=) $ 

8*$.#4*/# (*%)+(#.&+1 (* (#5 )9'*03;.$1 (*()$+)# %)+#/&'* $ )$)9,/# 

/&5*(#8&$2#/# 5*'*2.&'#$.#2*/# – $610*((,> 2*3832 [5–6]. E&2).)',& 

*6.)', 6,<&+1;. (&$2)+:2) $+)&6 %)+#/&'* 69+#0# %)6&'5()$.# 3=+&')-

<* $ '*0(,/# $6)>$.6*/#. B '*9).& [7] 3.6&'?<*&.c1, 8.) 6)2'3= 8*$.#4 

(*%)+(#.&+1 /)?() 6,<&+#.: <6* (*()$+)1 – $.&2+))9'*0(,> # 6102#>. 

F'# )%'&<&+&((,5 3$+)6#15 (2)=<* 8*$.#4, (*%)+(#.&+1 )8&(: /&+2#& # 

#5 2)(4&(.'*4#1 <)$.*.)8() 6,$)2*) /*$$)6*1 <)+1 $610*(()=) 2*3832* 6 

'&0#(& /)?&. %'&6,@*.: <)+; (*%)+(#.&+1 # $*/,/ $3D&$.6&((,/ )9-

'*0)/ $2*0,6*.:$1 (* /&5*(#8&$2#5 $6)>$.6*5 '&0#(, [8]. 

F'1/)& -2$%&'#/&(.*+:()& #038&(#& (*()$+)&6 $610*(()=) %)-

+#/&'* 6)2'3= 8*$.#4 .&5(#8&$2)=) 3=+&')<* 6 '&0#(& $)%'1?&() $) 
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0(*8#.&+:(,/# .&5(#8&$2#/# .'3<()$.1/# #0-0* /*+)$.# )9G&2.)6 #$-

$+&<)6*(#> # /()?&$.6* <)%)+(#.&+:(,5 #$2*?*;D#5 7*2.)')6 

($+)?(*1 7)'/* %)6&'5()$.# 62+;8&(#>, /*+,& '*0/&', %&'6#8(,5 

8*$.#4 # *='&=*.)6, %')9+&/, $ .)8()$.:; (*.3'(,5 #0/&'&(#> # #5 

#(.&'%'&.*4#&> # ..<.). F)-.)/3 <+1 '&@&(#1 <*(()> %')9+&/, #$-

%)+:0)6*+# %)<5)<, )$()6*((,> (* $)8&.*(## -2$%&'#/&(.*+:()=) #$-

$+&<)6*(#1 %)+#/&'(,5 (*()$+)&6 (* %+)$2)> 2*'9)(#0#')6*(()> 

%)<+)?2& /&.)<*/# *.)/()-$#+)6)> /#2')$2)%## # $)).6&.$.63;D#5 

/)<&+:(,5 '*$8&.)6 [9]. 

E* $&=)<(1@(#> <&(: *.)/()-$#+)6*1 /#2')$2)%#1 (HIJ) 16+1-

&.$1 )<(#/ #0 $*/,5 %&'$%&2.#6(,5 (*%'*6+&(#> 6 #038&(## $.'32.3-

', /*.&'#*+)6 (* (*()/*$@.*9()/ 3')6(& [10]. K+*6()& && ).+#8#& 

(# %'&#/3D&$.6)) ). <'3=#5 #06&$.(,5 /&.)<)6 6 .)/, 8.) )(* %)06)-

+1&. %)+38*.: #(7)'/*4#; (& .)+:2) ) =&)/&.'##, () # ) /&5*(#8&-

$2#5 )$)9&(()$.15 $.')&(#1 /*.&'#*+* (* (*()3')6(& [11–12]. L& 3$-

%&@() %'#/&(1;. %'# #0/&'&(## 3%'3=)=) /)<3+1 [13], %*'*/&.')6 

3%')8(&(#1 [14], %)+038&$.# [15] # ..<. (* 3')6(& (*()$.'32.3',. 

B '&03+:.*.& $2*(#')6*(#1 0)(<)/ HIJ %)6&'5()$.# )9'*04* 

9,+# %)+38&(, -2$%&'#/&(.*+:(,& 0*6#$#/)$.# /&?<3 2))'<#(*.*/# 

.)8&2 $2*(#')6*(#1, <&>$.63;D&> (* 0)(< $#+)> '&*24## F # =+39#()> 

6<*6+#6*(#1 0)(<* 6 /*.&'#*+ u. !+1 <*+:(&>@&> .&)'&.#8&$2)> '*$-

@#7')62# -.#5 '&03+:.*.)6 .'&93&.$1 %'#6+&8&(#& '*0+#8(,5 7#0#8&-

$2#5 # /&5*(#8&$2#5 /)<&+&>, 38#.,6*;D#5 2*2 $6)>$.6* #$$+&<3&-

/)> $'&<, (3%'3=*1, 6102*1, %+*$.#8&$2*1 # ..<.), .*2 # )$)9&(()$.# 

60*#/)<&>$.6#1 0)(<* # )9'*04* (6 2).)')/ /)=3. 38*$.6)6*.: # $#+, 

(&/&5*(#8&$2)> %'#')<,). 

B '*/2*5 <*(()> '*9)., '*$$/*.'#6*+)$: .)+:2) /&5*(#8&$2)& 

60*#/)<&>$.6#& /&?<3 0)(<)/ # )9'*04)/. I8#.*+)$:, 8.) 0)(< HIJ 

(2).)',> )9,8() %'&<$.*6+1&. $)9)> 2'&/(#&6,> 2'#$.*++) 16+1&.$1 

*9$)+;.() ?&$.2#/ .&+)/, * /&5*(#8&$2)& %)6&<&(#& 6,$)2)-+*$.#8-

()> %)+#/&'()> (*()%+&(2# /)?() )%#$*.: $ %)/)D:; E&)=32)6)=) 

3%'3=)=) %).&(4#*+* W: 

  !tr 3mW C" #B ,  (1) 

=<&  m – 3%'3=*1 2)($.*(.* ('*6(*1 %)+)6#(& (*8*+:()=) /)<3+1 $<6#-

=* /*.&'#*+*), B – +&6,> .&(0)' ")@#–K'#(* 6 %)+1'()/ '*0+)?&(## 

<&7)'/*4#)(()=) ='*<#&(.* $'&<,. 
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")(.*2.(3; 2'*&63; 0*<*83 ) 6(&<'&(## 0)(<* *.)/()-$#+)6)=) 

/#2')$2)%* 6 %)+#/&'(3; %+&(23 $ (&#06&$.(,/# /&5*(#8&$2#/# 

$6)>$.6*/# '&@*+# /&.)<)/ 2)(&8(,5 -+&/&(.)6 6 )$&$#//&.'#8()> 

%)$.*()62&. M)(< /)<&+#')6*+# 6 6#<& 2)(3$* $) $2'3=+&(()> 6&'@#-

()> '*<#3$)/ R. F'# '*$8&.*5 3=)+ /&?<3 )$:; $#//&.'## # (*%'*6-

+1;D&> 0*<*6*+# '*6(,/ 20° (.#%#8()& 0(*8&(#& <+1 9)+:@#($.6* '&-

*+:(,5 0)(<)6), R 9'*+# '*6(,/ 10 # 20 (/. F)+#/&'(,& )9'*04, 

%'&<$.*6+1+# 6 6#<& 2'3=+,5 «.*9+&.)2» )<#(*2)6)=) '*<#3$* 200 (/, 

() $ '*0()> .)+D#()> H, 2).)'3; 6*':#')6*+# ). 5 <) 100 (/. 

I6&'53 (* 0)(< <&>$.6)6*+* $)$'&<).)8&((*1 6<*6+#6*;D*1 $#+* F. 

E* ='*(#4& $)%'#2)$()6&(#1 0)(<* # )9'*04* 6,%)+(1+)$: 3$+)6#& 

%)+()=) %'#+#%*(#1 9&0 %')$2*+:0,6*(#1 6 %')4&$$& (*='3?&(#1. 

E#?(11 ='*(#4* %+&(2# (*5)<#+*$: 6 *9$)+;.()/ *<=&0#)(()/ 2)(-

.*2.& (9&0 ).$+)&(#> # %')$2*+:0,6*(#1) $ ?&$.2)> %+)$2)$.:;. 

F)+38&((,& #0 2)(&8()--+&/&(.()=) '&@&(#1 0*6#$#/)$.# 9,+# 

*%%')2$#/#')6*(, 7)'/3+)> (2) ($ .)8()$.:; %)'1<2* 90 %). N*2#/ 

)9'*0)/, 0(*1 .)+D#(3 (*()%+&(2# # %)+38#6 $ %)/)D:; -2$%&'#/&(-

.* (* *.)/()-$#+)6)/ /#2')$2)%& '&*+:(3; 0*6#$#/)$.: F(u), /)?() 

<)$.*.)8() %')$.) )%'&<&+#.: 3%'3=#> /)<3+: /*.&'#*+*, %)<)9'*6 

$)).6&.$.63;D3; .&)'&.#8&$23; 2'#63;. 
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!+1 9&$2)(&8() 9)+:@)> .)+D#(, $+)1 H a = 8,6 # b = 1,3. A.# 

0(*8&(#1 9,+# %)+38&(, #0 '&@&(#1 2'*&6)> 0*<*8# <+1 H/R, '*6(,5 

30, 40 # 50. "*2 %)2*0*+# '*$8&.,, (* .*2#5 .)+D#(*5 6+#1(#& %)<-

+)?2# 3?& (& )D3D*&.$1 (6$& 2'#6,& F(u) %'*2.#8&$2# $)6%*+#). O,+) 

3$.*()6+&(), 8.) 8&/ 9)+:@& 0(*8&(#& H, .&/ /&(:@#& 3$#+#1 .'&93-

;.$1 <+1 6(&<'&(#1 #(<&(.)'* (* )<(3 # .3 ?& 6&+#8#(3 ($2*0,6*&.$1 

6+#1(#& ?&$.2)> (#?(&> ='*(#4,). 
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I+&<3&. )./&.#.:, 8.) 8*$.) #$%)+:03&/)& (* %'*2.#2& '&@&(#& 

0*<*8# K&'4* [16] ) +#(&>()-3%'3=)/ 2)(.*2.& <635 $7&' (&%'#/&(#/) 

2 $+38*; .)(2#5 %+&()2, .*2 2*2 .*/ (& 38#.,6*&.$1 6+#1(#& %)<+)?-

2#. !+1 (&$?#/*&/)> 3%'3=)> $'&<, 7)'/3+* K&'4*, 2)=<* )<(* #0 

$7&' #/&&. 9&$2)(&8() 9)+:@)> '*<#3$ (2)(.*2. $ %+)$2#/ %)+3%')-

$.'*($.6)/), * 6.)'*1 *9$)+;.() ?&$.2*1 $ '*<#3$)/ R, 0*%#$,6*&.$1 6 

6#<& (G = 2Cm – /)<3+: $<6#=*) 

 
1/2

3/2
Hertz

16

3

GR
F u" . (3) 

I'*6(&(#& 7)'/3+ (2) # (3) %)2*0*+), 8.) <+1 %)+#/&'()> %+&(2# $ 

9&$2)(&8() 9)+:@)> .)+D#()> '*$5)?<&(#& 7)'/3+, K&'4* $ (&+#-

(&>()-3%'3=#/ '&@&(#&/ (*8#(*&.$1 %'# 0(*8&(#15 u/R > 0,4, %'#8&/ 

+#(&>()-3%'3=*1 0*6#$#/)$.: +&?#. 6,@&. 

N&5()+)=#1 %)<=).)62# -2$%&'#/&(.*+:(,5 )9'*04)6 <+1 #038&-

(#1 /&5*(#8&$2#5 $6)>$.6 (*()$+)&6 %)+#/&'* 6)2'3= 8*$.#4 .&5(#8&-

$2)=) 3=+&')<* <)$.*.)8() %)<')9() #0+)?&(* 6 [9]. 

I(*8*+* =).)6#+# 2*'9)(#0#')6*((3; %)6&'5()$.:. !+1 -.)=) (* 

2'&/(#&63; %+*$.#(3 $ %)/)D:; 4&(.'#73=#')6*(#1 (*()$#+# $+)> 

%)+#$.#')+*. M*.&/ && )9'*9*.,6*+# #)(*/# /&.*(* 6 %+*0/&(()/ 

#)(()/ #/%+*(.&'&. B '&03+:.*.& (* && %)6&'5()$.# )9'*0)6,6*+$1 

2*'9)(#0#')6*((,> $+)>. F+*$.#(3 '*0'&0*+# (* /*+&(:2#& )9'*04, # 

(*()$#+# (* (#5 '*$.6)' $#(.&.#8&$2)=) %)+##0)%'&(* 6 .)+3)+&. C9-

'*04, $ (*(&$&((,/ '*$.6)')/ %)<6&'=*+# 4&(.'#73=#')6*(#; (* 

$%#(2)*.&'&. N)+D#(3 )9'*0)6*6@#5$1 $+)&6 %)+#/&'* )%'&<&+1+# 

/&.)<)/ -++#%$)/&.'## (..&. %) #0/&(&(#; %)+1'#0*4## $6&.* 6 '&-

03+:.*.& ).'*?&(#1 ). (*()%+&(2#). N*2#/ )9'*0)/, 9,+# %)+38&(, 

)9'*04, $ .)+D#()> %)+#/&'()=) (*()$+)1 5, 9, 18 # 45 (/. 

!+1 )%'&<&+&(#1 )%,.(,5 0*6#$#/)$.&> F(u, H) #$%)+:0)6*+# 

*.)/()-$#+)6)> /#2')$2)% DI Nanoscope IV D3100. P0/&'&(#1 %')6)-

<#+# 6 2)(.*2.()/ '&?#/& '*9)., HIJ. F)+38&((,& '&03+:.*., 

%'&<$.*6+&(, (* '#$. 1. 

P$5)<1 #0 #/&;D#5$1 -2$%&'#/&(.*+:(,5 <*((,5 9,+# %'#(1., 

$+&<3;D#& '*$8&.(,& <)%3D&(#1: 

1. I8#.*+#, 8.) 5-(*()/&.')6*1 %+&(2* %)+()$.:; $)$.)#. #0 %)-

+#/&'* $ )$)9,/# $6)>$.6*/#, $)).6&.$.63;D#/# /)<#7#4#')6*(()-

/3 $+);. E* -.) 32*0,6*&., 6 8*$.()$.#, #$8&0()6&(#& =#$.&'&0#$*, 2)-
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.)',> (*9+;<*+$1 3 9)+&& .)+$.,5 %+&()2. I+&<)6*.&+:(), '&@*1 $)-

).6&.$.63;D3; 2'*&63; 2)(.*2.(3; 0*<*83 ) 6(&<'&(## 0)(<* HIJ, 

/)?() )%'&<&+#.: /&5*(#8&$2#& 5*'*2.&'#$.#2# -.)=) $+)1. !+1 -.)=) 

(&)95)<#/) %)<)9'*.: .*2#& 0(*8&(#1 3%'3=#5 2)($.*(., 8.)9, '*$-

8&.(,& # )%,.(,& 0*6#$#/)$.# F(u) $)6%*+#. Q*$8&., %)2*0*+#, 8.) 

%)<5)<1D&& 0(*8&(#& Cm R Clayer '*6(1&.$1 %'#/&'() 500 JF*, 8.) $)-

).6&.$.63&. (*8*+:()/3 /)<3+; S(=* Elayer 6 3000 JF*. A.) $)#0/&-

'#/) $ /)<3+&/ $.&2+*. F)5)?&, 8.) /, #/&&/ <&+) $ 0*$.&2+)6*((,/ 

%)+#/&')/, 8.) (& %').#6)'&8#. #06&$.(,/ +#.&'*.3'(,/ <*((,/ [7]. 

B (&/ (&. 6,$)2)-+*$.#8(,5 )9+*$.&> # (&. %&'&5)<)6 6 2'#$.*++#8&-

$2)& $)$.)1(#& # )9'*.(). F)-.)/3 (* .*2)> .)+D#(& 6 -2$%&'#/&(.*5 

(& (*9+;<*&.$1 # =#$.&'&0#$*. 

2. N*2?& 9,+) %'#(1.), 8.) %'# .)+D#(& (*()%+&(2# H = 45 (/ 

6+#1(#&/ -.)=) ?&$.2)=) 0*$.&2+)6*()=) $+)1 )2)+) 3=+&')<()> %)-

6&'5()$.# /)?() %'&(&9'&8:, # #0 '&@&(#1 *(*+)=#8()> 2)(.*2.()> 

0*<*8# (() 3?& <+1 45-(*()/&.')6)> %+&(2#) /)?() )%'&<&+#.: /&5*-

(#8&$2#& $6)>$.6* (&$610*(()=) -+*$.)/&'*, ..&. 3%'3=3; 2)($.*(.3 

Cmatrix. B '&03+:.*.& %')6&<&((,5 '*$8&.)6 9,+) 3$.*()6+&(), 8.) 0(*-

8&(#& Cmatrix T 40 MFa, ..&. Ematrix = 240 JF*. F)+38&((,& 0*6#$#/)$.# 

%'#6&<&(, (* '#$. 2. 

 

  

Q#$. 1. A2$%&'#/&(.*+:(,& 0*6#$#/)$.# 

$#+, '&*24## F (* D3%& HIJ ). =+39#(, 

6(&<'&(#1 u. R = 10 (/, U = 20û:1 – ! = 5 (/, 

2 – 9 (/, 3 – 18 (/, 4 – 45 (/ 

Q#$. 2. I'*6(&(#& -2$%&'#/&(.*+:(,5 

(@.'#5)6,& +#(##) # '*$8&.(,5 ($%+)@(,&) 

2'#6,5 F(u) <+1 %+&()2 .)+D#()>: 

1 – 5 (/, 2 – 45 (/ 

!*+&& '&@*+# 2)(.*2.(3; 0*<*83 ) 6(&<'&(## 0)(<* HIJ, () 3?& 

<+1 <635$+)>(,5 (*()%+&()2 $ )9D&> .)+D#()> 9 # 18 (/. F'# -.)/ <+1 

(#?(&=) $+)1, %'#+&=*;D&=) 2 %)<+)?2&, Cm = Clayer = 500 JF*, * <+1 

6&'5(&=) – Cm = Cmatrix, ..&. 40 JF*. N)+D#(3 «/)<#7#4#')6*(()=)» 

$+)1 Hlayer )%'&<&+1+# #0 3$+)6#1 (*#+38@&=) $)6%*<&(#1 '*$8&.(,5 # 
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)%,.(,5 2'#6,5 F(u). I'*6(&(#& '*$8&.(,5 '&03+:.*.)6 <+1 <635$+)>-

(,5 (*()%+&()2 $ -2$%&'#/&(.)/ %)2*0*() (* '#$. 3. L$+# #$%)+:0)6*.: 

<*((3; $5&/3 )4&(2# Hlayer, .) &=) 0(*8&(#1 <+1 9 (/ %+&(2# +&?*. 6 <#*-

%*0)(& 5,5–6 (/, * <+1 18 (/ %+&(2# – 9–10 (/. V#7', %)+38#+#$: <)$.*-

.)8() '&*+#$.#8(,&. E*9+;<*&/)& '*0+#8#& 6 0(*8&(#15 Hlayer, '*$$8#-

.*((,5 %) '*0(,/ <635$+)>(,/ %+&(2*/ (9 # 18 (/), /)?() )9G1$(#.: 

='39)$.:; #$%)+:03&/)=) %)<5)<*. J, (& 38#.,6*+# (&)<()')<()$.: 

2'#$.*++#0*4## %) )9G&/3 %)+##0)%'&(*. B %+&(2& .)+D#()> 9 (/ )9-

+*$.:, 6 2).)')> 7)'/#'3;.$1 $ 2'#$.*++#.,, 93<&. /&(:@&, 8&/ 6 %+&(-

2& .)+D#()> 18 (/. B 9)+&& $.&$(&((,5 3$+)6#15 2'#$.*++#8()$.: 93<&. 

6,@& #, $)).6&.$.6&((), 6 %+&(2& 9 (/ <*((,> $+)> 93<&. ?&$.8&, * 6 

18 (/ – /1=8&. A.) <)+?() %'#6&$.# 2 9)+&& 6,$)2)> )4&(2& .)+D#(, 

0*$.&2+)6*()=) $+)1 6 $#.3*4## $ %+&(2)> .)+D#()> 18 (/. 
 

 

Q#$. 3. C4&(2* .)+D#(, /)<#7#4#')6*(()=) $+)1.  

W.'#5)6,& +#(## – -2$%&'#/&(., $%+)@(,& – '*$8&. 

"')/& .)=), 6%)+(& 6)0/)?(), 8.) 6 3+:.'*.)(2#5 (*()%+&(2*5 

#/&;. /&$.) # <'3=#& 6(3.'&((#& /&5*(#0/,, 7)'/#'3;D#& #5 /&5*-

(#8&$2#& $6)>$.6*. E*%'#/&', (& $.)#. $9'*$,6*.: $) $8&.)6 6+#1(#& 

$#+ %)6&'5()$.()=) (*.1?&(#1, 2).)',& (* (*()3')6(& /)=3. <)$.#-

=*.: )8&(: 9)+:@#5 6&+#8#(. C(# (*5)<1.$1 6 )9'*.()> %')%)'4#)-

(*+:()> 0*6#$#/)$.# ). 2'#6#0(, %)6&'5()$.#. X&/ .)(:@& %+&(2*, 

.&/ $#+:(&& #5 6+#1(#& # .&/ 9)+:@*1 <)+1 /*.&'#*+* %+&(2# 6)6+&-

2*&.$1 6 <&7)'/#')6*(#& %)< <&>$.6#&/ 0)(<*. J, -.) %)836$.63&/ 
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2*2 %)6,@&(#& $#+, $)%').#6+&(#1. C@#9)8() -.) /)?() .'*2.)6*.: 

2*2 $3D&$.6&(()& 36&+#8&(#& /)<3+1 3%'3=)$.# $'&<,. E* $*/)/ ?& 

<&+& -.) &D& )<() 6*?()& 7#0#8&$2)& 16+&(#&. 

!*((*1 '*9).* -.) .)+:2) %&'6,> @*= (* %3.# #$$+&<)6*(#1 (*-

()/*$@.*9(,5 16+&(#> 6 %)+#/&'(,5 /*.&'#*+*5. B <*+:(&>@&/ %+*-

(#'3&.$1 3$)6&'@&($.6)6*.: %'&<+)?&((,> %)<5)< 0* $8&. 38&.* $#+ 

(&/&5*(#8&$2)> %'#')<, (60*#/)<&>$.6#& B*(-<&'-B**+:$*, %)6&'5()-

$.()& (*.1?&(#&, 2*%#++1'(,& $#+, # ..<.) 

 

Q*9).* 6,%)+(&(* %'# 7#(*($)6)> %)<<&'?2& F')='*//, 

QHE 09-N-1-1006 ('32. *2*<&/#2 P.K. K)'18&6*). 
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/" '01$&'2 

3'&!4!5 /#*% 6$5+1'51!5$0!) (F&'/:, Q)$$#1) – <)2.)' 7#-

0#2)-/*.&/*.#8&$2#5 (*32, $.*'@#> (*38(,> $).'3<(#2 +*9)'*.)'## 

\ 7 P($.#.3.* /&5*(#2# $%+)@(,5 $'&<  ') QHE (614013, F&'/:, 

3+. H2*<. ")')+]6*, <.1., e-mail: gar@icmm.ru). 

7*"*8*0 9*&%*- :!,$#'*0!) (F&'/:, Q)$$#1) – $.*'@#> #(?&-

(&' +*9)'*.)'## \ 7 P($.#.3.* /&5*(#2# $%+)@(,5 $'&<  ') QHE 

(614013, F&'/:, 3+. H2*<. ")')+]6*, <.1., e-mail: gar@icmm.ru). 
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