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Abstract. Mechanical tests of silicone rubber and nanocomposites based on it were carried out
using the "nested cyclic deformations"program. The sample was subjected to cyclic loading with
changing deformation rate and amplitude, with the minimum cyclic deformations increasing at each
subsequent step, and the maximum ones decreasing. The deformation rate at each cycle remained
constant. Upon reaching the minimum and maximum cyclic deformations, the grips of the tensile
testing machine were stopped for a fixed period of time to remove the corresponding relaxation
dependencies. Based on the test results, deformation and time (relaxation) loading curves were
constructed, and the corresponding equilibrium dependencies were calculated based on them. The
viscoelastic properties of elastomeric nanocomposites were studied depending on the filler type (at
the same mass concentration) and deformation rate with their help,. Detonation nanodiamonds
and few-layer graphene were used as fillers. It is established that for these materials the dissipative
cyclic losses under loading are always greater than under unloading and this ratio weakly depends
on the deformation rate. A quantitative assessment of the Mullins softening is carried out and
the share of dissipative losses due to this ePect is determined. Quantitative values of residual
deformations are also determined using equilibrium curves.
Keywords: silicone elastomers, detonation nanodiamonds, few-layer graphene, mechanical testing,
cyclic finite deformations, viscoelasticity, Mullins ePect, residual deformations.
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1. &4565785. !"#"$%&%’() *)+"&( , -.% -#/0.%1)*&() $%12%+".( &/

%0&%’) 0"#%$0/&%’(3 ($*)1&"4%*5/&"6)0$"3) $/767$%’. 83 5#/’&%) %.#"6") %.

9*75"3 -#/0.%1)*%’ ’ .%1, 6.% %&" 02%0%:&( 0%3*/&;.< 0’%" 1)3/&"6)0$") 0’%4-

0.’/ ’ 5%*/+9% :%#)) ="*%$%1 .)12)*/.7*&%1 "&.)*’/#) , %. –90 9% +200°!

($*/.$%’*)1)&&% 9% +300°!) [1,2]. > -.%1 "&.)*’/#) ./$?) 0%3*/&;@.0; "3 */-

:%.%02%0%:&%0.< 2*" ’%+9)40.’"" $"0#%*%9/ " %+%&/, *;9/ /5*)00"’&(3 0*)9 "

*/9"/A"%&&/; 0.%4$%0.<. B*" .)12)*/.7*/3 :#"+$"3 $ $%1&/.&%4, ’*)1; 0%3*/-

&)&"; 0’%40.’ ./$"3 -#/0.%1)*%’ 1%?). 0%0./’#;.< 9)0;.$" #).. C#; &"3 ./$?)

3/*/$.)*&/ +&/6".)#<&% :%#)) &"+$/; -#)$.*% " .)2#%2*%’%9&%0.<. !’;+/&% -.%

0 .)1, 6.% 2%#"1)*&() 1%#)$7#;*&() A)2%6$" ’ -."3 1/.)*"/#/3 ’ %0&%’&%1

0%9)*?/. 6)*)97@D")0; /.%1( $*)1&"; " $"0#%*%9/, / &) 75#)*%9/ " ’%9%*%9/

($/$ ’ %:(6&(3 $/767$/3). E)01%.*; &/ %.&%0".)#<&% :%#)) &"+$7@ 2*%6&%0.<

0"#"$%&%’() *)+"&( (:#/5%9/*; 0’%"1 7&"$/#<&(1 0’%40.’/1) ="*%$% "02%#<-

+7@.0; ’ ./$"3 %.*/0#;3 $/$ /’"/A"%&&/; " /’.%1%:"#<&/; 2*%1(=#)&&%0.<,

0.*%".)#<0.’%, $/:)#<&/; .)3&"$/ " ..9.

! .%6$" +*)&"; 1)3/&"$" 0"#"$%&%’() *)+"&( 2*)90./’#;@. 0%:%4 $%12%-

+".&() 0"0.)1(, 0%0.%;D"1" "+ $%1:"&/A"" %.&%0".)#<&% 1;5$%4 -#/0.%1)*-

&%4 1/.*"A( " &/1&%5% :%#)) ?)0.$"3 " 2*%6&(3 ’$#@6)&"4 (&/2%#&".)#<).

C%:/’$/ ’ 0"#"$%&%’() $/767$" */+#"6&(3 70"#"’/@D"3 &/2%#&".)#)4 2*%"+-

’%9".0;, $/$ 2*/’"#%, 9#; 7#76=)&"; )5% 1)3/&"6)0$"3 3/*/$.)*"0."$ (’ 6/0.-

&%0." 2*%6&%0.&(3), &% -.% ./$?) 1%?). ’(+(’/.< " 9*75") "+1)&)&"; 0)*<)+-

&() "+1)&)&"; ’ "3 F"+"$%-1)3/&"6)0$%1 2%’)9)&"", $%.%*() %:;+/.)#<&% &/-

9% 76".(’/.< 2*" 2*%"+’%90.’) " -$02#7/./A"" "+9)#"4 "+ -."3 1/.)*"/#%’. G

’/?&)4="1 "+ &"3 1%?&% %.&)0." 0#)97@D") -FF)$.(: >%-2)*’(3, ’ $%12%+"-

.), $/$ 2*/’"#%, 2*%"03%9". 07D)0.’)&&%) 70"#)&") ’;+$%72*75"3 -FF)$.%’ 2%

0*/’&)&"@ 0 6"0.(1 -#/0.%1)*%1 [3]. >%-’.%*(3, -.% -FF)$. */+1;56)&"; H/#-

#"&+/ [4, 5], $%.%*(4 +/$#@6/).0; ’ 71)&<=)&"" 1)3/&"6)0$%5% 0%2*%."’#)&";

&/2%#&)&&%5% -#/0.%1)*/ 2*" 2%’.%*&%1 9)F%*1"*%’/&"" ’ %:#/0." &/5*7+%$,

1)&<="3 1/$0"1/#<&%4 &/5*7+$", 9%0."5&7.%4 +/ ’0@ 2*)9(97D7@ "0.%*"@

9)F%*1"*%’/&";. B*" A"$#"6)0$"3 "02(./&";3 0 %0./&%’$/1" &/ *)#/$0/A"@

%& 2*%;’#;).0; ’ .%1, 6.% $*"’/; &/5*7?)&"; ’.%*%5% " 2%0#)97@D"3 A"$-

#%’ "9). 07D)0.’)&&% &"?), 6)1 2)*’%5%. B*" -.%1 2%0#) 9#".)#<&%5% %.9(3/

(9)0;.$" 9&)4) "#" 2*" .)*1%0./."*%’/&"" 2*" 2%’(=)&&%4 .)12)*/.7*) (’

.)6)&") 07.%$) 2)*’%&/6/#<&() 0’%40.’/ *)+"&( ’%00./&/’#"’/@.0; [6].

I9&"1 "+ &/":%#)) -FF)$."’&(3 02%0%:%’ 2%#76)&"; "&F%*1/A"" % 1)3/-

&"6)0$"3 0’%40.’/3 0.%#< 0#%?&(3 2% *)%#%5"6)0$%17 2%’)9)&"@ 1/.)*"/#%’

;’#;).0; 2*%’)9)&") -$02)*"1)&.%’ 0% 0#%?&%4 .*/)$.%*")4 9)F%*1"*%’/&";

’ ’"9) */+#"6&(3 $%1:"&/A"4, 0%0.%;D"3 "+ A"$#"6)0$%4 &/5*7+$" , */+5*7+-

$" %:*/+A/ 0 2)*"%9"6)0$"1" %0./&%’$/1" &/ *)#/$0/A"@ "#" 2%#+76)0.< [7,8].

E/2*"1)*, ’ [9] "02%#<+%’/#%0< A"$#"6)0$%) &/5*7?)&") %:*/+A%’ 0 2%0.%;&-

&%4 /12#".79%4 2% 9)F%*1/A";1, ’ [10] %2"0/&( A"$#"6)0$") "02(./&"; 0 &/-

*/0./@D)4 /12#".79%4 2% 9)F%*1/A";1, ’ [11] , %:*/+A( 2%9’)*5/#"0< 0"1-

1).*"6&%4 A"$#"6)0$%4 9)F%*1/A"" "*/0.;?)&") , 0?/.")"0 &/*/0./@D)4 &/
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$/?9%1 0#)97@D)1 =/5) /12#".79%4; ’ [3] A"$#"6)0$" 9)F%*1"*%’/#" %:*/+)A

0 */0.7D)4 2%=/5%’%4 /12#".79%4 2% 9)F%*1/A";1 " %0./&%’$/1" &/ *)#/$0/-

A"@ 2*" 01)&) &/2*/’#)&"; 9’"?)&"; +/3’/.%’.

> 9/&&%4 */:%.) "02%#<+%’/#/0< 02)A"/#<&/; 1).%9"$/ "%9&%%0&(3 "02(./-

&"4 0 ’#%?)&&(1" A"$#/1" */+*/:%./&&/; "1)&&% 9#; 9/&&%5% $#/00/ 1/.)*"-

/#%’ [12]. J.% 2%+’%#"#% +/ %9"& %2(. 2%#76/.< "&F%*1/A"@ % 1)3/&"6)0$%1

2%’)9)&"" %:*/+A/ ’ +/’"0"1%0." %. ’)#"6"&( " 0$%*%0." 2*"#%?)&"; &/5*7+$"

(72*75%0.<, ’;+$%0.<, */+1;56)&") H/##"&+/, %0./.%6&() 9)F%*1/A"").

2. 9:;5<8:=> 8 8?@>;:;5=A7B5 BCB<D6B4:785. I0&%’&(1 %:K)$.%1

-$02)*"1)&./#<&(3 "00#)9%’/&"4 :(#" -#/0.%1)*&() $%12%+".( &/ %0&%’) 0"-

#"$%&%’%5% $/767$/ Elastosil R 401/40. J.%. 2%#"1)* ="*%$% "02%#<+7).0; ’

0%’*)1)&&%4 2*%1(=#)&&%0." " 2*%"+’%9".0; ’ 1/00%’(3 1/0=./:/3. I& "1)).

1&%5% */+#"6&(3 2*"1)&)&"4, 2%93%9". 9#; 2)*)*/:%.$" #".<)1, -$0.*7+")4,

"02%#<+7).0; 9#; 2*%"+’%90.’/ 72#%.&)&"4, #"0.%’, .*7: " 2*%F"#)4. B*" 9%-

2%#&".)#<&%1 %.’)*?9)&"" "1)). 9%270$ $%&./$./ 0 2"D)’(1" 2*%97$./1".

> $/6)0.’) &/2%#&".)#)4 "02%#<+%’/#"0< 9).%&/A"%&&() &/&%/#1/+( (CEL)

[13] " 1/#%0#%4&(4 5*/F)& (H!M) [14].

E/&%6/0."A( "+ 9).%&/A"%&&(3 &/&%/#1/+%’ "1)@. F%*17 +)*)& 0 3/*/$.)*-

&(1 */+1)*%1 2*"1)*&% 6–10 &1. CEL 2%#76/@. "+ 75#)*%9/, 0%9)*?/D)5%0;

’% ’+*(’6/.%1 ’)D)0.’) 0 %.*"A/.)#<&(1 $"0#%*%9&(1 :/#/&0%1 (&/2*"1)*,

5)$0%5)&), 2*" )5% 2%9*(’) ’ &)%$"0#".)#<&%4 0*)9) (?"9$%4 "#" 5/+%%:*/+-

&%4) [15]. J." 6/0."A( 0%6)./@. ’ 0):) ’(0%$7@ 2*%6&%0.<, 3"1"6)0$7@ 0.%4-

$%0.< ;9*/ " 3"1"6)0$7@ /$."’&%0.< 2)*"F)*"6)0$%4 %:%#%6$".

>.%*(1 &/2%#&".)#)1 :(# 1/#%0#%4&(4 5*/F)&, $%.%*(4 2%#76/#" 2% %*"-

5"&/#<&%4 1).%9"$), */+*/:%./&&%4 ’ E88 0"&.)."6)0$%5% $/767$/ "1. /$/-

9)1"$/ !.>. N):)9)’/, (E88!G, !/&$.-B).)*:7*5, OP) [16]. I&/ :/+"*7).0;

&/ !>! 0"&.)+) (0/1%*/02*%0.*/&;@D"40; ’(0%$%.)12)*/.7*&(4 0"&.)+) 5*/-

F)&%’(3 &/&%0.*7$.7* "+ 5"9*%#"+&%5% #"5&"&/ , 2*"*%9&%5% :"%2%#"1)*/,

;’#;@D)5%0; %.3%9%1 9)*)’%%:*/:/.(’/@D)4 2*%1(=#)&&%0.". Q/*/$.)*&(4

*/+1)* 6/0."A 1/#%0#%4&%5% 5*/F)&/ 0%0./’#;# 2%*;9$/ 100–300 &1. !/1 5*/-

F)& 2% 0’%)4 0.*7$.7*) ;’#;).0; 9’71)*&(1 $*"0./##%1, 0%0.%;D"1 "+ %9"-

&%6&%5% 0#%; /.%1%’ 75#)*%9/, 0%:*/&&(3 ’ 5)$0/5%&/#<&7@ *)=).$7, .%59/ $/$

6/0."A( 1/#%0#%4&%5% 5*/F)&/ 2*)90./’#;@. 0%:%4 9%0./.%6&% 2*%6&() /5*)-

5/.( "+ 3/%."6)0$" "02/;&&(3"2#/0."&%$ */+#"6&%5% */+1)*/ [17, 19,19].

>0)5% :(#% "+5%.%’#)&% " "02(./&% .*" 2/*."" %:*/+A%’: I , 0"#"$%&%’/; *)-

+"&/ Elastosil R 401/40 ’ 6"0.%1 ’"9) :)+ &/2%#&".)#;; II , Elastosil R 401/40,

0%9)*?/D"4 7 1/00%’(3 6/0.)4 CEL; III , Elastosil R 401/40, 0%9)*?/D"4 7

1/00%’(3 6/0.)4 H!M.

>0) %:*/+A( "1)#" #%2/.%6&7@ F%*17, 0%%.’).0.’7@D7@ 1)?97&/*%9&%17

0./&9/*.7 ISO 527-2 5A. O/+1)*( */:%6)4 6/0." 0%0./’#;#" 20×4×2 11. J$0-

2)*"1)&.( 2*%’%9"#"0< &/ 6).(*)3’)$.%*&%1 0.)&9) 9#; %9&%- 9’73%0&(3 "0-

2(./&"4 Zwick/Roell, ’ $%12#)$. %:%*79%’/&"; $%.%*%5% ’3%9". ’"9)%-$0.)&-

+%1).* V ideoXtens 9#; :)0$%&./$.&%5% "+1)*)&"; 9)F%*1/A"" %:*/+A/. J./
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70./&%’$/ 2%+’%#;). 0 ’(0%$%4 .%6&%0.<@ +/9/’/.< 0#%?&() .*/)$.%*"" &/-

5*7?)&"; " %.0#)?"’/.< 70"#"; " 2)*)1)D)&"; ’ */:%6)4 6/0." %:*/+A/ ’ ="-

*%$%1 9"/2/+%&) 0$%*%0.)4 9’"?)&"; +/3’/.%’.

3. +<BE<:FF: 8?@>;:78G. 802%#<+7)1/; ’ -$02)*"1)&./3 1).%9"$/ "0-

2(./&"4 "I9&%%0&%) &/5*7?)&") 0 ’#%?)&&(1" A"$#/1""0%0.%;#/ "+ 6).(*)3

A"$#%’ &/5*7?)&"; 0 71)&<=/@D"1"0; &/ $/?9%1 =/5) /12#".79%4 " 0$%-

*%0.<@ 9)F%*1"*%’/&"; " 2%0#)97@D)4 */+5*7+$". > &/6/#) A"$#%’%5% &/-

5*7?)&"; " ’ $%&A) */+5*7+$" (..). 2*" 1"&"1/#<&(3 " 1/$0"1/#<&(3 A"$#%-

’(3 9)F%*1/A";3) 2*%"+’%9"#/0< %0./&%’$/ +/3’/.%’ */+*(’&%4 1/="&( &/

F"$0"*%’/&&(4 2*%1)?7.%$ ’*)1)&" 9#; %2*)9)#)&"; *)#/$0/A"%&&(3 +/’"-

0"1%0.)4. C#; $/?9%5% "+ A"$#%’ +/9/’/#"0< 0#)97@D") 2/*/1).*( (./:#"A/

1): ωmax " ωmin – 1/$0"1/#<&/; " 1"&"1/#<&/; $*/.&%0." 79#"&)&"; */:%6)4

6/0." %:*/+A/ (%.&%=)&") 9)F%*1"*%’/&&%4 9#"&( */:%6)4 6/0." %:*/+A/ $

"03%9&%4); Vload = dωload/dt " Vunload = dωunload/dt , 0$%*%0." 9)F%*1"*%’/&";

2*" */0.;?)&"" " */+5*7+$); tload " tunload , ’*)1; %0./&%’$" &/ *)#/$0/A"@

2%0#) */0.;?)&"; " 2%0#) */+5*7+$".

R A"$#/ ωmax |Vload|, 1/1"&. tload,1"&. ωmin |Vunload|,1/1"&. tunload,1"&.

1 2.0 4.0 15 1.1 4.00 15

2 1.9 4.0 15 1.2 4.00 15

3 1.8 1.0 15 1.3 1.00 15

4 1.7 0.25 15 1.4 0.25 15

!"#$%&" 1. ’()*("++" +,-".%/,01%- %0234".%5 0 6$)7,..3+% &%1$"+%

C/#)) 0#)9%’/#/ %$%&6/.)#<&/; */+5*7+$/ %:*/+A/, $%.%*/; 0%0.%;#/ "+ 9’73

=/5%’: 1) 71)&<=)&") 9)F%*1/A"4 9% 1%1)&./, 2%$/ */0.;5"’/@D)) 70"#") F &)

71)&<=".0; 9% 0.1 E<@.%&/ " %0./&%’$/ &/ 15 1"&7. 9#; *)#/$0/A"" &/2*;?)-

&"4; 2) 0%:0.’)&&% %$%&6/.)#<&%) 0&;.") &/5*7+$". !$%*%0.< 9)F%*1"*%’/&";

&/ %:%"3 -."3 =/5/3 0%0./’#;#/ 0.1 1"&
˘1

.

B%0#)9&;; 2*%A)97*/ 2*%’%9"#/0< 9#; %2*)9)#)&"; &/6/#<&%5% 76/0.$/ */’-

&%’)0&%4 +/’"0"1%0." &/2*;?)&"4 %. 9)F%*1/A"" 2%0#) 2%0#)9&)4 *)#/$0/A""

(.% )0.< F/$."6)0$" 9#; 2%"0$/ %0./.%6&(3 9)F%*1/A"4). J.7 $*"’7@ 0.*%-

"#" 0 "02%#<+%’/&")1 *)#/$0/A"%&&%4 +/’"0"1%0." 2% .%6$/1, 0%%.’).0.’7@-

D"1 %$%&6/&"@ 2*%A)00/ *)#/$0/A"" ’ $%&A) A"$#%’%4 &/5*7+$" " */+5*7+-

$". B%#76)&&() .%6$" &/ 5*/F"$) /22*%$0"1"*%’/#"0< 0 2%1%D<@ 02#/4&-

"&.)*2%#;A"".

O/’&%’)0&/; +/’"0"1%0.< &/2*;?)&"4 %. 9)F%*1/A"4 0%%.’).0.’7). 0.%#<

1)9#)&&%17 9)F%*1"*%’/&"@ 1/.)*"/#/, 6.% ’0) *)%#%5"6)0$") 2*%A)00( 702)-

’/@. 2%#&%0.<@ %07D)0.’".<0; +/ ’*)1; -$02)*"1)&./. G 0%?/#)&"@, 9)#/.<

%6)&< 2*%9%#?".)#<&() %0./&%’$" +/.*79&".)#<&%, ./$ $/$ -$02)*"1)&. .%59/

:79). +/&"1/.< 0#"=$%1 1&%5% ’*)1)&". B%-.%17 ’ &/=)1 0#76/) 1( %5*/&"-

6"#"0< %0./&%’$/1" &/ 15 1"&7.. ! 76).%1 .%5%, 6.% ’ -#/0.%1)*/3 2/9)&")
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&/2*;?)&"4 0 .)6)&")1 ’*)1)&" 2*%"03%9". %:(6&% 2% -$02%&)&.) [20], ./$%4

’(:%* ’*)1)&" &/ *)#/$0/A"@ 2%+’%#;). 0 2*")1#)1%4 .%6&%0.<@ 2%0.*%".<

2*":#"?)&&7@ */’&%’)0&7@ +/’"0"1%0.< (9%0./.%6&7@ 9#; $/6)0.’)&&%4 %A)&-

$"). !2)A"/#<&% 2*%’)9)&&() "00#)9%’/&"; 2%$/+/#", 6.% ’ &/="3 1/.)*"/#/3

*/+#"6") ’ 2/9)&"" &/2*;?)&"4 2*" *)#/$0/A"" ’ .)6)&") 15 1"&7. " 6/0/ &)

2*)’(=/). 5

4. )C?DH65785 <5ID=A;:;B4. E/ *"07&$/3 1, 2 " 3 2*)90./’#)&( -$02)-

*"1)&./#<&() 9)F%*1/A"%&&() " ’*)1)&&() $*"’() &/5*7?)&"; (ε , "0."&-

&() &/2*;?)&"; (%.&%=)&") 0"#( $ .)$7D)17 2%2)*)6&%17 0)6)&"@ %:*/+A/),

ω , $*/.&%0.< 79#"&)&";, t , ’*)1; ’ 1"&7./3), 2%#76)&&() 9#; &)&/2%#&)&-

&(3 %:*/+A%’ (*"0. 1/ " 1:), / ./$?) 0%9)*?/D"3 7 1.6. CEL (*"0. 2/ " 2:) " 7

1.6. H!M (*"0. 3/ " 3:). S.*"3%’(1" #"&";1" (0)*(1) 2%$/+/&( */’&%’)0&()

$*"’() &/5*7?)&";. L&/#"+ 9/&&(3 5*/F"$%’ 2%$/+/# 0#)97@D)): E/6/#<&(4

/) :)

8%0. 1. 9,:)(+"&%)..3, (") % 6(,+,..3, (#) 1(%63, ."*(;7,.%< =$< .,."2)$.,..)*)
)#(">&"

72*75"4 1%97#< (E0) -.% ./&5)&0 75#/ &/$#%&/ $/0/.)#<&%4 &/ &/6/#<&%1 76/0.-

$) 2)*’%5% A"$#/ &/5*7?)&";, .% )0.< -.% 3/*/$.)*"0."$/ "03%9&%4 ?)0.$%0."

)D) &) ".*)&"*%’/&&%5%"9)F%*1"*%’/&")1 %:*/+A/. C#; 6"0.%5% (:)+ &/2%#&"-

.)#;) -#/0.%1)*/ %& :(# */’)& 2.0 HB/. > &/2%#&)&&(3 0"0.)1/3 +&/6)&"; E0

:(#" ’(=) , 9#; $%12%+"./, 0%9)*?/D)5% 9).%&/A"%&&() &/&%/#1/+( E0 = 3.2
HB/, / 2*" &/2%#&)&"" 1/#%0#%4&(1 5*/F)&%1 E0 = 3.6 HB/. !#)97). 2%1-

&".<, 6.% 9#; ’;+$%72*75"3 1/.)*"/#%’ E0 +/’"0". %. 0$%*%0." 9)F%*1"*%’/-

&";, .% )0.< %& &) 1%?). :(.< 7&"’)*0/#<&%4 3/*/$.)*"0."$%4. B%-.%17 9#;

%2"0/&"; 72*75"3 0’%40.’ ./$"3 1/.)*"/#%’ #76=) "02%#<+%’/.< */’&%’)0&7@

$*"’7@ &/5*7?)&";.

B%9 */’&%’)0&(1 72*75"1 1%97#)1 (Eeq) 2%&"1/#" ./&5)&0 75#/ &/$#%&/ $/-

0/.)#<&%4 &/ &/6/#<&%1 76/0.$) */’&%’)0&%4 $*"’%4. P/$."6)0$" 0%%.’).0.’7-

). 1%97#@ T&5/ "*/+1;56)&&%5%"($/$ 0#)90.’") 9)40.’"; -FF)$./ H/##"&+/)
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1/.)*"/#/. C#; &)&/2%#&)&&%5% 1/.)*"/#/ %& 0%0./’"# 0.9 HB/, 9#; $%12%+"./

0 CEL , 0.96 HB/, / ’ 0#76/) 0 H!M , 0.91 HB/. U/$"1 %:*/+%1, */006"./&&()

2% */’&%’)0&(1 $*"’(1 1%97#" %$/+/#"0< 07D)0.’)&&% 1)&<=) E0, " */+&"A/

1)?97 &"1" :(#/ &)’)#"$/.

C"00"2/."’&() 0’%40.’/ "00#)97)1(3 1/.)*"/#%’ %A)&"’/#" 0#)97@D"1 %:-

*/+%1: C)40.’7@D") ’ 1/.)*"/#) &/2*;?)&"; 1%?&% 2*)90./’".< ’ ’"9) 071-

1( */’&%’)0&%4 " 9"00"2/."’&%4 0%0./’#;@D"3. G%12%&)&./ εeq */’&%’)0&%-

5% .)&+%*/, &/2*/’#)&&/; ’9%#< %0" &/5*7?)&";, %2*)9)#;).0; 2% */’&%’)0&%4

$*"’%4, / /&/#%5"6&/; 9"00"2/."’&/; $%12%&)&./ εdis */’&/ */+&%0." 1)?97

+/1)*)&&(1 ’ -$02)*"1)&.) &/2*;?)&")1 ε " εeq. B%-.%17 2*" /&/#"+) 9"00"-

2/."’&(3 (’;+$"3) 0’%40.’ "00#)97)1(3 $%12%+".%’ "02%#<+%’/#" 0#)97@D7@

1).%9"$7: > 0)*)9"&) 9"/2/+%&/ "+1)&)&"4 ω ’(:"*/#0; "&.)*’/#, 9#; $%.%*%5%

’(2%#&;@.0; 0#)97@D") 70#%’";: 1) ./1 2*"07.0.’7@. ’0) ’#%?)&&() A"$#(;

2) 0$%*%0." 9’"?)&"; +/3’/.%’ */+*(’&%4 1/="&( 2%0.%;&&(. > &/=)1 0#76/)

)5% :*/#" */’&(1 1.5± 0.05.
C#; $/?9%5% i-5% %.*)+$/ 9)F%*1/A"%&&%4 $*"’%4 ε(ω), %5*/&"6)&&%5% -."1

"&.)*’/#%1, */006".(’/#"0< +&/6)&"; 0%%.’).0.’7@D"3 "&.)5*/#%’
∫
εdω (.%

)0.< 2#%D/9)4 2%9 $*"’(1"), $%.%*() ’ ’"9) */+#"6&(3 $%1:"&/A"4 " "02%#<-

+%’/#"0< ’ $/6)0.’) 3/*/$.)*"0."$ 9"00"2/."’&(3 0’%40.’:

• Si , 2#%D/9<, %5*/&"6)&&/; $*"’(1" &/5*7+$" " */+5*7+$" &/ i-1 A"$-

#);

• Ai , 2#%D/9< 1)?97 $*"’%4 &/5*7+$" &/ i-1 A"$#) " */’&%’)0&%4 $*"-

’%4;

• Bi , 2#%D/9< 1)?97 $*"’%4 */+5*7+$" &/ i-1 A"$#) " */’&%’)0&%4 $*"-

’%4;

• Ssoft , 2#%D/9< 1)?97 $*"’(1" &/5*7?)&"; &/ 2)*’%1 " ’.%*%1 A"$-

#/3.

Si - 9"00"2/."’&() 2%.)*" &/ ’#%?)&&%1 i-1 A"$#). Ai " Bi , A"$#%’() 2%.)*"

2*" &/5*7+$) " */+5*7+$) 0%%.’).0.’)&&% (Si = Ai + Bi). Ssoft , ’;+$%72*75%)

*/+1;56)&") 1/.)*"/#/ 2%0#) 2)*’%5% ’#%?)&&%5% A"$#/ (-FF)$. H/##"&+/).

U/$ $/$ &/ $/?9%1 2%0#)97@D)1 A"$#) ($*%1) 9’73 2)*’(3) 0$%*%0.< 9)F%*-

1"*%’/&"; 71)&<=/#/0<, .% F/$."6)0$" -.% +/’"0"1%0." 9"00"2/."’&(3 2%-

.)*< %. 0$%*%0." 9)F%*1"*%’/&";. 802%#<+%’/&") 2*"’)9)&&(3 ’(=) 3/*/$.)-

*"0."$ 2%+’%#"#% 70./&%’".< 0#)97@D)). 1) >’%9 &/2%#&".)#; ’ 0"#"$%&%’(4

-#/0.%1)* 02%0%:0.’7). %:D)17 ’%+*/0./&"@ 9"00"2/."’&(3 2%.)*<, .% )0.<

70"#)&"@ ’;+$%72*75"3 0’%40.’. 2) >% ’0)3 "02(./&";3 0&"?)&") 0$%*%0." 9)-

F%*1"*%’/&"; 2*"’%9"#% $ 71)&<=)&"@ 9"00"2/."’&(3 2%.)*< (A"$#( 2, 3 "

4). 3) C#; 7?) */+1;56)&&(3 1/.)*"/#%’ -." 2%.)*" 2*" &/5*7?)&"" :(#" 2*"-

1)*&% ’ 1.5–2 */+/ :%#<=) 6)1 2*" */+5*7+$). I.&%=)&"; Ai/Bi (i = 2, . . . , 4)
&/ $/?9%1 2%0#)97@D)1 A"$#) ./$?) 71)&<=/#"0<, &% &)+&/6".)#<&%. I.0@9/

1%?&% 09)#/.< ’(’%9, 6.% 0$%*%0.< 9)F%*1"*%’/&"; 0#/:% ’#";). &/ 0%%.&%-

=)&") A"$#%’(3 9"00"2/."’&(3 2%.)*< 2*" &/5*7+$) " */+5*7+$) 9#; 9/&&(3

1/.)*"/#%’. 4) V&/6".)#<&%) 2*)’(=)&") +&/6)&"4 S1 " A1/B1 2% 0*/’&)&"@ 0
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2%0#)97@D"1" A"$#/1" ’2%#&) %:K;0&;).0; 3%*%=% "+’)0.&(1 9#; &/2%#&)&-

&(3 -#/0.%1)*%’ -FF)$.%1 */+1;56)&"; H/##"&+/, %.$*(.%5% )D) ’ 0)*)9"&)

20-5% ’)$/ [4]. E/":%#)) ;’&% %& 2*%;’#;).0; 2*" 9%0./.%6&% :%#<="3 0$%*%-

0.;3 9)F%*1"*%’/&";. W.%:( ’(6#)&".< "+ %:D)4 $/*."&( */+’"."; 9"00"2/-

A"" "1)&&% -.%. -FF)$. 0$%*%0." 9)F%*1"*%’/&"; &/ 2)*’%1 " ’.%*%1 A"$#/3

&/5*7?)&"; :(#" %9"&/$%’(1" (4 1"&
˘1

) " ’ &)0$%#<$% */+ 2*)’(=/#" .), 6.%

+/9/’/#"0< &/ 2%0#)97@D"3 A"$#/3 " 2*" %$%&6/.)#<&%4 */+5*7+$). E/ 5*/-

F"$/3 ’"9&%, 6.% $/$ ’ 6"0.%1 0"#"$%&%’%1 -#/0.%1)*), ./$ " ’ $%12%+"./3

9%#; 2%.)*< %. -FF)$./ H/##"&+/ 0%0./’#;). 2*"1)*&% 2%#%’"&7 %. %:D)4

9"00"2/A"" &/ 2)*’%1 A"$#), 3%.; ’ $%#"6)0.’)&&%1 %.&%=)&"" ’’%9 7 1.6. &/-

2%#&".)#; 9/’/# 7’)#"6)&") Ssoft 2*"1)*&% ’ 2%#.%*/ */+/. 5) O/006"./&&() 2%

*/’&%’)0&(1 $*"’(1 %0./.%6&() 9)F%*1/A"" 7 6"0.%5% -#/0.%1)*/ %$/+/#"0<

&)’)#"$" (%$%#% 2 %). >’%9 &/2%#&".)#; ’(+’/# "3 7’)#"6)&") , 2*"1)*&% 9%

12 % 7 $%12%+"./ 0 CEL " 10 % ’ 0#76/) H!M.

/) :)

8%0. 2. 9,:)(+"&%)..3, (") % 6(,+,..3, (#) 1(%63, ."*(;7,.%< =$< )#(">&", 0)=,(-
7"?,*) 7 +./. =,4)."&%)..3- .".)"$+">)6 (9@A)

5. %:J=KL5785 X"$#"6)0$") "02(./&"; -#/0.%1)*&(3 &/&%$%12%+".%’

&/ %0&%’) 0"#"$%&%’%5% $/767$/ " 9"02)*0&(3 &/2%#&".)#)4 (9).%&/A"%&&()

&/&%/#1/+( " 1/#%0#%4&(4 5*/F)&) 1).%9%1 ">#%?)&&(3 A"$#%’ 2%+’%#"#"

"00#)9%’/.< %0%:)&&%0." "3 ’;+$%72*75%5% 2%’)9)&"; ’(;’".< 9#; &"3 0#)97-

@D") %0&%’&() +/$%&%1)*&%0.":

• >’%9 &/2%#&".)#; ’ 0"#"$%&%’(4 -#/0.%1)* 02%0%:0.’7). 70"#)&"@ )5%

’;+$%72*75"3 0’%40.’.

• !&"?)&") 0$%*%0." 9)F%*1"*%’/&"; ’)9). $ 71)&<=)&"@ 9"00"2/."’-

&(3 2%.)*<.

• C"00"2/."’&() 2%.)*" 2*" &/5*7?)&"" 2*"1)*&% ’ 1.5–2 */+/ :%#<=)

6)1 2*" */+5*7+$), 2*"6)1 0$%*%0.< 9)F%*1"*%’/&"; 0#/:% ’#";). &/

-.% 0%%.&%=)&").
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/) :)

8%0. 3. 9,:)(+"&%)..3, (") % 6(,+,..3, (#) 1(%63, ."*(;7,.%< =$< )#(">&", 0)=,(-
7"?,*) 7 +./. +"$)0$)5.)*) *(":,." (BCD)

• G/$ ’ 6"0.%1 0"#"$%&%’%1 -#/0.%1)*), ./$ " ’ $%12%+"./3 9%#; 2%.)*<

%. -FF)$./ H/##"&+/ 0%0./’#;). 2*"1)*&% 2%#%’"&7 %. %:D)4 9"00"-

2/A"" &/ 2)*’%1 A"$#), 3%.; ’ $%#"6)0.’)&&%1 %.&%=)&"" ’’%9 7 1.6.

&/2%#&".)#; 9/’/# 7’)#"6)&") Ssoft 2*"1)*&% ’ 2%#.%*/ */+/.

• >’%9 &/2%#&".)#; ’)9). $ 7’)#"6)&"@ %0./.%6&(3 9)F%*1/A"4 (3%.; ’

A)#%1 "3 +&/6)&"; %0./@.0; %.&%0".)#<&% 1/#(1".

!"#"$%&’($)%"
*+,-. -/0121/. E.F. D"(%G%.: ."2%0".%, 4,104" (;1)2%0%, )#>)( $%4,("4;(3, H.H.
I"=(%.: 2()6,=,.%, J102,(%+,.4)6, ."2%0".%, 4,104" (;1)2%0%, K.A. B)()>)6: )#("-
#)41" ="..3-, (,="14%()6".%, 4,104" (;1)2%0%.
3145,6+0 64072781/. A64)(3 =,1$"(%(;L4 )40;4046%, <6.3- % 2)4,.&%"$M.3-
1).:$%14)6 %.4,(,0)6, 06<>"..3- 0 2;#$%1"&%,5 ."04)<?,5 04"4M%.
&801946+ 564-48621/-46:. 8"#)4" 632)$.,." 2(% :%.".0)6)5 2)==,(71, B%.%-
04,(046" .";1% % 630G,*) )#(">)6".%< 8)00%501)5 N,=,("&%% 6 ("+1"- *)0#L=7,4.)5
4,+3 ((,*. .)+,( AAAA-A20-120022590044-7).
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