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"4=8< 7 >A=>2=8E <5B>4V2 7<VF=5==O ?>25@E=V B8B0=>28E A?;02V2 є 
EV<V:>-B5@<VG=0 >1@>1:0 <0B5@V0;C, 7>:@5<0 B5@<>48DC7V9=5 =0A8G5==O  
?>25@E=528E H0@V2 :8A=5<, 07>B><, 2C3;5F5< B>I>. &@048FV9=V <5B>48 B0:>W 
>1@>1:8 70728G09 ?@>2>4OBPAO 70 B5<?5@0BC@ 1123&1223 �, =0A;V4:>< G>3> є 
7@>AB0==O @>7<V@C 75@=0 2 <0B5@V0;V, 48DC7VO 2>4=N, I> ?@872>48BP 4> 
?>3V@H5==O  <5E0=VG=8E  2;0AB82>AB59 28@>1V2. "A=>2=8<8 =54>;V:0<8 B0:>W 
>1@>1:8 є =87P:0 ?@>4C:B82=VABP, 28A>:0 5=5@3>70B@0B=VABP, =54>AB0B=O 
3;818=0 7<VF=5=>3> H0@C.  

#5@A?5:B82=8< =0?@O<>< ?>:@0I5==O <5E0=VG=8E 2;0AB82>AB59 
?>25@E=528E H0@V2 B8B0=>28E A?;02V2 є ;075@=0 EV<V:>-B5@<VG=0 B0 ;075@=0 
B5@<VG=0 >1@>1:8. �V;P:VABP 4>A;V465=P ?@>F5AV2 AB@C:BC@>CB2>@5==O 70 
B0:8E >1@>1>: є =54>AB0B=P>N, B><C <5B>N 40=>W @>1>B8 є 282G5==O 
AB@C:BC@=>3> AB0=C, D07>28E ?5@5B2>@5=P V 2;0AB82>AB59 ?>25@E=528E  H0@V2 
A?;02C �&3-1 ?VA;O ;075@=>3> >?;02;5==O 2 A5@54>28IV 07>BC. 
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�0 <0B5@V0; 4;O 4>A;V465=P 1C;> >1@0=> @>1>GV ;>?0B:8 :><?@5A>@0 
=87P:>3> B8A:C, 283>B>2;5=V 7 60@><VF=>3> B8B0=>2>3> A?;02C �&3-1, O:89 
2V4=>A8BPAO 4> 42>D07=>3> (³ + ³)-A?;02V2 <0@B5=A8B=>3> :;0AC. 

�075@=0 >1@>1:0 7@07:V2 74V9A=N20;0AO 70 4>?><>3>N V<?C;PA=>3> 
;075@0 ���!&-12 (  = 1,069 <:<) 2 AB@C<5=V 07>BC. �>A;V465==O D07>2>3> 
A:;04C C 28EV4=><C AB0=V B0 ?VA;O ;075@=8E >1@>1>: 28:>=C20;8AP 
48D@0:B><5B@8G=> B(�$"!-3) C DV;PB@>20=><C Cu-K³-28?@><V=N20==V. 
 V:@>AB@C:BC@0 7@07:V2 282G0;0AP 70 4>?><>3>N >?B8G=8E <V:@>A:>?V2 
«�xiovert 200 MAT» B0 �piquant.  V:@>B25@4VABP 28<V@N20;0AO 70 4>?><>3>N 
?@8;04C # &-3. 

' 28EV4=><C AB0=V AB@C:BC@0 A?;02C �&3-1 1C;0 >4=>@V4=>N 42>D07=>N. 
$>7<V@ 75@5= ³-&V A:;0402 1;87P:> 3 <:<, ³-&V – 1,5 <:<. "1’є<=0 G0AB:0 ³-&V 
=5 ?5@528IC20;0 65 %. 

!0O2=VABP 2 AB@C:BC@V B8B0=>2>3> A?;02C 28A>:><VF=>3> =VB@84C B8B0=C 
<>65 ?@82>48B8 4> ?V428I5==O V=B53@0;P=>W <V:@>B25@4>ABV 7@07:V2. � FVєN 
<5B>N 4>A;V465=V 1C;8 >?;02;5=V ;075@>< 2 A5@54>28IV 07>BC. #VA;O B0:>W 
>1@>1:8, 2 AB@C:BC@V >?;02;5=8E ?>25@E=528E H0@V2 >:@V< ³- B0 ³-D07, 
48D@0:B><5B@8G=> 1C;> 70DV:A>20=> I5 9 :C1VG=89 =VB@84 B8B0=C B8?C TiN. 

�8A>:0 V=B5=A82=VABP 48D@0:FV9=8E <0:A8<C<V2 2V4 3@0B:8 FVєW D078 A2V4G8;0 
?@> =0O2=VABP 7=0G=>W WW :V;P:>ABV 2 7>=V >?;02;5==O. �=0;V7 48D@0:B>3@0< 
28O282 =57=0G=5 ?V428I5==O ?0@0<5B@V2 :@8AB0;VG=>W 3@0B:8 ³-&V. *5 <>65 
1CB8 ?>2’O70=> 7 B8<, I> G0AB:0 0B><V2 07>BC <>3;0 ?@>=8:0B8 2 
<V62C7;>28=8 �-' 3@0B:8, CB2>@NNG8 B25@489 @>7G8= 2BV;5==O 07>BC 2 ³-&V. 
�07=0G8<>, I> ?@8 ;075@=><C >?;02;5==V 2 A5@54>28IV 07>BC <>3;8 
2V41C20B8AO 420 :>=:C@CNG8E ?@>F5A8 – 0B><8 0;N<V=VN (O: >A=>2=>3> 
;53CNG>3> 5;5<5=B0) <>3;8 70<VIC20B8 0B><8 B8B0=C, I> ?@82>48;> 1 4> 
7=865==O ?0@0<5B@V2 :@8AB0;VG=>W 3@0B:8; 7 V=H>3> 1>:C, 45O:0 G0AB:00 
0B><V2 07>BC <>3;0 2BV;N20B8AO 2 >:B054@8G=V ?>@8 35:A03>=0;P=>W 3@0B:8, I> 
?@82>48;> 1 4> 7@>AB0==O WW ?0@0<5B@V2. "G5284=>, I> CB2>@5==O B25@4>3> 
@>7G8=C 2BV;5==O 1V;PH 5D5:B82=> 2?;820;> =0 7<V=8 ?0@0<5B@V2 3@0B:8, I> 
9 ?@825;> 4> 45O:>3> WE 7@>AB0==O ?>@V2=O=> 7 28EV4=8<8. 

#VA;O ;075@=>3> >?;02;5==O (�") 2 A5@54>28IV 07>BC 7=0G5==O 
<V:@>B25@4>ABV 2 7>=V ;075@=>W 4VW (���) 7@>A;8 B0 A:;040;8 1;87P:>  
5,8&6,0 �#0. #V428I5==O 7=0G5=P <V:@>B25@4>ABV ?VA;O �" 2 A5@54>28IV 
07>BC <>6=0 ?>2’O70B8 7 45:V;P:><0 D0:B>@0<8: 7@>AB0==O< ABC?5=O 
48A?5@A=>ABV AB@C:BC@8 2=0A;V4>: 28A>:8E (~104&105 �/c) H284:>AB59 

>E>;>465==O @>7?;02C, O: V C 28?04:C �" C 1C4P-O:><C 307>2><C A5@54>28IV; 
CB2>@5==O< 28A>:><VF=8E 48A?5@A=8E =VB@84V2 B8B0=C B8?C &VN; CB2>@5==O< 
?5@5A8G5=>3> B25@4>3> @>7G8=C 2?@>20465==O 07>BC 2 ³-&V (B25@4>@>7G8==5 
7<VF=5==O) B0 7<5=H5==O< 2V4=>A=>W :V;P:>ABV D078 ³-&V.  
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$8AC=>: 1 – $>7?>4V; <V:@>B25@4>ABV 70 34818=>N ���: 
  - 28EV4=89 AB0=;    - ?VA;O ;075@=>3> >?;02;5==O 2 A5@54>28IV 07>BC 

&0:8< G8=><, �" ?>25@E=V A?;02C �&3-1 2 A5@54>28IV 07>BC ?@82>48BP 
4> ACBBє2>3> ?V428I5==O 7=0G5=P <V:@>B25@4>ABV 2 1,8&2 @07V2, I> 
A?@8G8=5=> >4=>G0A=8< 2?;82>< >?8A0=8E 28I5 D0:B>@V2.  

 

 

'�� 669.721.5 
�9:V=  .�.1,,0;><єє2 �.�.2 
1 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4-@. B5E=. =0C:, ?@>D. «�0?>@V7P:0 ?>;VB5E=V:0» 
 

���!�+�!!/ "#&� ��Ь!"� &� #�$�&'$� ��$&'��!!/ 
!"�"�" ��"$"�+�!!"�"  ��!�Є�"�" %#���' 

 03=Vє2V A?;028 H8@>:> 28:>@8AB>2CNBPAO 2 ;53:V9 ?@><8A;>2>ABV B0 
02V0FVW, >A:V;P:8 2>=8 70157?5GCNBP 28A>:C <VF=VABP ?@8 <0;8E 203>28E 
?>:07=8:0E. �@V< B>3>, <03=Vє2V A?;028 7=09H;8 A2>є 70AB>AC20==O C 
<548F8=V ?@8 283>B>2;5==V V<?;0=B0BV2, O:V 7 G0A>< @>7G8=ONBPAO 2 >@30=V7<V 
157 1C4P-O:8E =530B82=8E =0A;V4:V2. �@0E>2CNG8 @V7=><0=VB=V 70AB>AC20==O 
<03=Vє28E A?;02V2, @>7@>1:0 =>28E <03=Vє28E A?;02V2 7 ?>:@0I5=8< 
:><?;5:A>< 2;0AB82>AB59 70;8H0єBPAO ?5@A?5:B82=8< =0?@O<:>< 
4>A;V465=P.  

!091V;PH ?5@A?5:B82=8< 4;O 283>B>2;5==O 1V>@>7G8==8E V<?;0=B0BV2 
B8?>< <03=Vє28E A?;02V2 є A?;028 A8AB5<8 Mg-Zr-Nd. &8?>28< A?;02>< FVєW 
A8AB5<8 є A?;02  �10 (2,2 – 2,8 % Nd, 0,4 – 1 % Zr, 0,1 – 0,7 % Zn). &0:>6, C 
?>?5@54=VE 4>A;V465==O 02B>@0<8 1C;> @>7@>1;5=> =>289 A?;02 A8AB5<8 Mg-
Zr-Nd 7 ?V428I5=8< 2<VAB>< ;53C20;P=8E 5;5<5=BV2 (3,05 – 3,25 % Nd, 1,15 – 
1,35 % Zr, 0,1 – 0,7 % Zn). 
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�;O 70157?5G5==O <0:A8<0;P=> <>6;828E E0@0:B5@8AB8: @>7@>1;5=>3> 
A?;02C =5>1EV4=8< є :>@53C20==O @568<C B5@<VG=>W >1@>1:8. �87=0G5==O 
<>6;82>ABV ?V428I5==O B5<?5@0BC@8 =03@V2C ?V4 30@BC20==O, ?@>2>48;8 
@>7@0EC=>: B5<?5@0BC@ A>;V4CA B0 ;V:2V4CA 70 4>?><>3>N @>7@0EC=:>2>3> 
<>4C;N «COMPUTHERM», I> 2E>48BP 4> A:;04C ?@>3@0<=>3> :><?;5:AC 
«ProCAST». 

�;O @>7@>1;5=>3> A?;02C, B5<?5@0BC@0 A>;V4CA AB0=>28;0 TA>;. = 552 >%, 
0 B5<?5@0BC@0 ;V:2V4CA &;V:2. = 648 >% (@8A. 1, 0). �;O ?>@V2=O==O, ?@>2545=V 
@>7@0EC=:8 B5<?5@0BC@ 4;O AB0=40@B=>3> A?;02C A8AB5<8 Mg-Zr-Nd –  �10: 

TA>;. = 530 >%, &;V:2. = 647 >% (@8A. 1, 1). �AC2 B5<?5@0BC@8 A>;V4CA A:;0402 + 22 
>%, 0 B5<?5@0BC@8 ;V:2V4CA + 1 >%. &0:8< G8=><, 287=0G5=>, I> ?V428I5==O 
;53C20;P=8E 5;5<5=BV2 Nd B0 Zr ?@872>48BP 4> ?V428I5==O B5<?5@0BC@8 
A>;V4CA B0 <0965 =5 2?;820є =0 B5<?5@0BC@C ;V:2V4CA.  

�;O ?@0:B8G=>3> 287=0G5==O >?B8<0;P=>W B5<?5@0BC@8 =03@V2C ?V4 
30@BC20==O =>2>3> A?;02C 28:>@8AB>2C20;8 48D5@5=FV9=>-B5@<VG=89 0=0;V7 
(�&�). !0 3@0DV:C (@8A. 2) ?>:070=V �&�-:@82V 4;O @>7@>1;5=>3> A?;02C 2 
?>@V2=O==V 7V AB0=40@B=8< A?;02><  �10. �@828 4;O >1>E A?;02V2 1C;8 
?>4V1=V B0 <0;8 2 ?V:8: ?5@H89 – 2V4?>2V40є @>7?;02;5==N =5@V2=>206=>W 
52B5:B8:8; 4@C389 – @>7?;02;5==N A0<>3> A?;02C.   

 
0 

 
1 

0 – @>7@>1;5=89 A?;02; 1 – AB0=40@B=89 A?;02  �10 

$8AC=>: 1 – $>1>G5 2V:=> <>4C;N «COMPUTHERM» 
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$8AC=>: 2 – &8?>2V �&�-:@82V AB0=40@B=>3> A?;02C  �10 V =>2>3> 
=5B5@<>>1@>1;5=>3> A?;02C  

 

$57C;PB0B8 �&� 4>1@5 2V4?>2V40NBP @>7@0EC=:0< «COMPUTHERM». 
&5<?5@0BC@0 ?;02;5==O 52B5:B8:8 4>A;V4=>3> 1V>@>7G8==>3> A?;02C A:;040;0 
571,4 °%, I> =0 21,9 °% 1V;PH5 70 2V4?>2V4=C B5<?5@0BC@C 4;O AB0=40@B=>3> 
A?;02C  �10 – 549,5 >%. &5<?5@0BC@0 ?;02;5==O =>2>3> A?;02C – 647,1 >%, 
=57=0G=> (=0 1,3 >%) ?5@528IC20;0 A?;02  �10 – 645,8 >%. &0:8< G8=><, 4;O 
70157?5G5==O =091V;PH ?>2=>3> @>7G8=5==O 52B5:B8:8 157 ?5@53@V2C B0 
>?;02;5==O B0 70157?5G5==O <0:A8<0;P=>3> :><?;5:AC 2;0AB82>AB59, 
2AB0=>2;5=> B5<?5@0BC@C =03@V2C ?V4 30@BC20==O =>2>3> A?;02C Mg-Zr-Nd =0 
@V2=V T30@B = 560 >%. 

 

 

'��: 621.762.02:669.295 
�6C30= ".�.1,";PH0=5FP:89 �...2 
1 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4-@. B5E=. =0C:, ?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
 

#"$��!/!!/ &�&�!"��) #"$",�"��)  �&�$����� �� 
%(�$�+!". � !�%(�$�+!". ("$ ". +�%&�!"� 

"AB0==V< G0A>< =01C;0 H8@>:>3> ?>H8@5==O B5E=>;>3VO 3D 4@C:C 
28@>1V2 V7 70AB>AC20==O< 048B82=8E ?@>F5AV2. #@8 FP><C 28:>@8AB>2CєBPAO 
?>H0@>25 D>@<C20==O ?@><8A;>28E >1’є:BV2, B>1B> :>65= =>289 H0@ 
<091CB=P>W :>=AB@C:FVW O2;Oє A>1>N ?>@>H:>289 <0B5@V0;, I> A:;040єBPAO 7 
>4=0:>28E 01> @V7=8E 70 D>@<>N G0AB8=>: <5B0;52>3> <0B5@V0;C. �0728G09 
22060NBP, I> =09:@0I8<8 70 D>@<>N G0AB8=:0<8 є AD5@>W48 ?@81;87=> 
>4=0:>2>3> @>7<V@C (@8A. 1) . �>6=89 B0:89 H0@ ?>@>H:C 70728G09 
:><?0:BCNBP H;OE>< ?@8:;045==O =57=0G=8E ?>25@E=528E 7CA8;P (70 
4>?><>3>N 20;8:0, I> >15@B0єBPAO).  
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0           1 

    
2           3 

$8AC=>: 1 – �>2=VH=V9 283;O4 AD5@8G=8E (0, 1) 8 =5AD5@8G=8E (2, 3) ?>@>H:V2 

"A:V;P:8 ?>40;PH0 B5E=>;>3VG=0 >?5@0FVO ?5@5410G0є A?V:0==O 01> 
?@>?;02;5==O H0@C 7 B0:8E G0AB8=>:, B> =5>1EV4=> ?5@5410G8B8 <>6;82VABP 
28:>@8AB0==O B5@<>48=0<VG=8E ?V4E>4V2 4;O >B@8<0==O =09:@0I8E 
@57C;PB0BV2 O: 70 G0A>< 7025@H5==O ?@>F5AC D>@<C20==O :>=3;><5@0BC 
H0@V2, B0: V 70 O:VABN D>@<>20=>W ?>25@E=V. 

#8B0==O ?@> E0@0:B5@ @5;PєDC ?>25@E=V :>6=>3> H0@C G0AB8=>: 
?>@>H:C <>6=0 ?@81;87=> 28@VH8B8 70 4>?><>3>N ?@>3>=C 3>;>2:8 
?@>DV;><5B@0-?@>DV;>3@0D0 C74>26 V ?>?5@5: =0A8?0=8E V 70:@V?;5=8E 7 
?V4:;04:>N ?>@>H:>28E H0@V2 <V=V<0;P=>W B>2I8=8 (>48=0@=>3> C:;040==O) 
B>1B> H0@V2, I> <0NBP <V=V<0;P=C 28A>BC. 

#>?5@54=V 3@0DVG=V @57C;PB0B8 5:A?5@8<5=BV2 7 28:>@8AB0==O< 
707=0G5=>3> ?@8;04C =02545=V =0 @8AC=:C 2. 

"B@8<0=V 40=V A2V4G0BP ?@> B5, I> 2 @07V 28:>@8AB0==O ?>@>H:>28E 
<0B5@V0;V2 @V7=8E D@0:FV9 «=091V;PH @V2=0» 7>2=VH=O ?>25@E=O 28E>48BP ?@8 
28:>@8AB0==V ?>@>H:>2>3> <0B5@V0;C, 2 O:><C G0AB8=:8 <0NBP D>@<C 
1030B>3@0==8:V2 C<>2=> ?@89=OB8E 70 >1’є:B8, I> =01;860NBPAO 70 D>@<>N 
4> G0AB8=>:, =01;865=8E 4> =5?@028;P=8E 1030B>3@0==8:V2. 
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0    1 

  
2    3 

0 - AD5@8G=89 ?>@>H>: D@0:FVєN -200 + 100 <:<.; 1 - =5AD5@8G=89 ?>@>H>: 
D@0:FVєN -200 + 100 <:<.; 2 - AD5@8G=8E ?>@>H>: D@0:FVєN -50 <:<.; 3 - 

=5AD5@8G=8E ?>@>H>: D@0:FVєN -50 <:<. 

$8AC=>: 2 - $57C;PB0B8 4>A;V465==O ?>@>H:V2 =0 ?@>DV;><5B@V-?@>DV;>3@0DV 
�A5 F5 A2V4G8BP ?@> B5, I> >@Vє=B0FVO =0 28:>@8AB0==O ?>@>H:V2 B0:>3> 

B8?C >1VFOє ?@8 70AB>AC20==V 048B82=8E B5E=>;>3V9 4>1@5 ?>G0B:>25 
CIV;P=5==O, I> <0є A?@8OB8 >B@8<0==N 7@07:V2 7 1V;PH >4=>@V4=>N 
1C4>2>N. 

 

 

'�� 669.017:629.7.023.22 
(0A>;P Є."1,�C1VG �.�2 
1 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
 

�#��� %#"%"�' !�!�%�!!/ '-��Ь!.���Ь!�) #"�$�&&�� 
!� �"�(�*�Є!& ��!��!"�" &� #�$�&'$!"�" $"�,�$�!!/ 

�0AB>AC20==O ;01V@8=B=8E CIV;P=5=P є >A=>2=8< =0?@O<V2 
C4>A:>=0;5==O :>=AB@C:FVW 4283C=0 B0 ?V428I5==O 9>3> :>5DVFVє=BC :>@8A=>W 
4VW. #@>B5, 2=0A;V4>: 28A>:>3@04Vє=B=>3> B5@<>F8:;N20==O ?@8 5:A?;C0B0FVW 
�&� ?>AB0є 7040G0 <V=V<V70FVW 707>@V2, 7 >4=>3> 1>:C, B0 70?>1V30==O 
AE>?;5==N V 70:;8=N20==N 5;5<5=BV2 :>=AB@C:FVW 4283C=0, I> >15@B0єBPAO, 7 
V=H>3>. "4=8< V7 =09?>H8@5=VH8E @VH5=P FVєW ?@>1;5<8 є AB2>@5==O 
CIV;P=N20;P=8E ?>:@8BBV2. 

#V4?@8є<AB2> #�& « >B>@ %VG» H8@>:> 28:>@8AB>2Cє ?>:@8BBO �!�-

82 V7 70AB>AC20==O< A:;04=>W ;V30BC@8 Co-Ni-Cr-Al-Y. �0@VN20==O 2<VABC 
VB@VN є ?5@A?5:B82=8< =0?@O<:>< 4>A;V465=P, >A:V;P:8 2545==O 2 A?;02 0,0–
0,05 %Y ?V428ICє 9>3> B5@<VG=C AB01V;P=VABP, C?>2V;P=Nє :>03C;OFVN 
>A=>2=>W 7<VF=N20;P=>W ´′- D078, VB@V9 <>65 70157?5G8B8 ?>:@0I5==O 
60@>ABV9:>ABV B0 60@><VF=>ABV. CIV;P=N20;P=8E ?>:@8BBV2 B0 7=878B8 
:>5DVFVє=B B5?;>2>3> @>7H8@5==O, I> 4>72>;Oє ?>:@0I8B8 ABV9:VABP 
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:@82>W, I> 2:07Cє =0 ?52=5 7<5=H5==O >1’є<C <0B5@V0;C. /:I> @>73;O40B8 
@8AC=:8 0) B0 1) B> C 28?04:C ?;07<>2>3> =0=5A5==O 4;O 7@07:C V7 0,1%Y :@82V 
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17 

30 � (B>G:0 !55;O) AC?@>2>46CєBPAO B0:8< 65 5D5:B>< (B>1B> C FP><C 
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=0O2=V ?>42V9=V 4V03@0<8 AB0=C ?>1C4>20=V 7V 7=5EBC20==O< D0:B>@V2, :>B@V 
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&5?5@ :>=:@5B=> I>4> A0<8E 4V03@0<, O:V <0NBP 2 A8AB5<V 
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O:I> ?@>3@0<>20=> B@VH:8 ?5@5>E>;>48B8 A?;02, :;0AB5@8 
71V;PHC20B8<CBPAO C @>7<V@0E, I> ?@82>48BP 4> D@03<5=B0FVW 1C4>28 
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?5@5EV4 4> 728G09=8E <56 C D@03<5=BV2 1C4>28 ?5@5B2>@Nє WE C 
4>52B5:B>W4=C 01> 7052B5:B>W4=C 1C4>2C. �2B5:B>W4=0 A:;04>20 1C45 71030G5=0 
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PREDICTION AND AVOIDING «DEBRIS» DEFECT IN INVESTMENT 

CASTINGS OF TURBINE BLADES APPLYING ANALYTICAL AND 

CONTROL METHODS 
 

Improper values of the relevant parameters related to sub-processes of 

investment casting (wax making, shell making, dewaxing, melting etc.), and 

chemical composition of the alloy can lead to defects in the castings. These include 

ceramic inclusion, so-called «debris» (non-metallic particles embedded in casting), 

flash (excess metal fin), misrun (unfilled sections), shrinkage (porosity due to 

solidification), and slag inclusion. The occurrence of casting defects needs to be 

predicted and prevented by suitable changes in process parameters or alloy 

composition to achieve the desired quality assurance. Casting defects can probably 

be predicted using computer simulation of the physical phenomena involved, for a 

given set of process parameters, alloy composition, and part geometry along with 
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methods design. There are a number of math models and even artificial intelligence 

algorithms involved in accurate prediction of defects.[1] 

Investment molding results are evaluated only after examining the final 

product. Quality control techniques for work in stock, particularly molds, are 

lacking, which makes it difficult to assess the state of the ceramic shell for 

precision casting. This uncertainty can lead to the use of defective shells, resulting 

in product rejection during final inspection. One way to reduce this risk is to 

monitor all process parameters closely and maintain them within the desired 

operating range. Automated methods, such as photogrammetry, thermal imaging, 

and computed tomography, can be used for operational control without human 

intervention. [2] 

The known findings in computer-based prediction could be compared with 

the result of similar experiment using Radiographic examination. And it shows that 

there is excellent agreement between computer predicted data and the result from 

Radiography as the defects occur at the same predicted locations.[3] 

To reduce defects in casting, identifying and controlling relevant parameters 

through comprehensive domain knowledge is essential. However, it’s a 

challenging task as the parameters can vary widely, and determining the range of 

values to avoid defects is difficult. One approach is to use a Bayesian inference-

based methodology to analyze and reduce casting defects. Data on process 

parameters, chemical composition of alloys, and defective castings are collected 

from a foundry. Bayesian inference is used to compute the posterior probability of 

each input parameter, identifying the most influential parameters and the range of 

their avoidable values. [4] 

Precise manufacturing methods like investment casting require detailed 

monitoring to identify and eliminate critical points that could impact final quality. 

Researchers have evaluated these points and proposed recommendations for 

improvement. [5] 

Complete solution of the indicated problem of debris defects lies not only in 

diagnosing the possible causes, but also in timely avoidance of them during the 

technological process. This means, it is necessary to analyze the process step-by-

step, and insert such proactive control method(s) that will allow us to stop the 

process, make corrections or repair, make some changes to comply with the created 

conditions in a better, minimum or zero-defect way. The methodology of the 

research lies in the study of defective castings, which obviously must be preserved 

and not reused until the end of the study. 
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$�,�!!/ #$"��� � �����!!/ ������� «�'�/-���� 5&» 

"B@8<0==O I8;P=>W ;8B>W AB@C:BC@8 :C;V V7 AB0;V 01> 1V;>3> 
7=>A>ABV9:>3> E@><>2>3> G02C=C CO2;Oє A>1>N 4C65 A:;04=C B5E=VG=C 7040GC. 
*5 >1C<>2;5=> :>=DV3C@0FVєN 28;82:0, O:0 <>65 1CB8 A?>B2>@5=0 682;OG8< 
5;5<5=B><, O:89 70 :;0A8G=>N ;820@=>N B5E=>;>3VєN  ?>28=5= <0B8 
@>7<V@8 1;87P:V 4> @>7<V@V2 28;82:0. 

�8;82>:  «�C;O-1010 5B» CO2;Oє A>1>N :C;N 4V0<5B@>< 1080 , <0B5@V0; 
28;82:0 – AB0;P 25�, <0A0 – 5 B. �820@=0 D>@<0 – :>:V;P V7 AB0;V 15�, 
B>2I8=0 ABV=:8 – 170 <<, =04;82 – CB8=CB89 :>=CA 4V0<5B@>< 300 C=87C, 250 
<< – C25@EC, 28A>B>N 300 <<, DCB5@>20=89 ?VI0=>-3;8=8AB>N AC<VHHN 
B>2I8=>N 50 <<. 

 "1’є< =04;820  V=04; = 17 4<3,  <0A0 @V4:>3> <5B0;C G=04; = 120 :3. 
�0;82:0 D>@<8 – 725@EC G5@57 2V4:@8B89 =04;82. $>7<V@8 =04;820 ?@89=OBV 
A2V4><> 7=0G=> <5=H8<8, I>1 =5 A?>B2>@N20B8 :>=DV3C@0FVN :C;V. �5DVF8B 
682;5==O ?5@5410G5=> ?>?>2=N20==O H;OE>< 4>;82:8 2V4:@8B>3> =04;820. 

 $>7@0EC=>: ?@>F5AC 682;5==O 7@>1;5=89 70 @>7@>1;5=>N 02B>@0<8 
D>@<C;>N: 
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 + = 
2

2

вил

жив

 

 
. G28;,        (1) 

45 + – G0AB8=0 28;82:0, I> 70B25@4V20є >4=>G0A=> V7 682;OG8< 
5;5<5=B><;  

 682 – <>4C;P 682;OG>3> 5;5<5=B0, A<; 
 ( C 40=><C 28?04:C – F5 =04;82); 

 28;  – <>4C;P 28;82:0, A<. 
 �8@07 (1) <0є D>@<C;N20==O: «+0AB8=0 28;82:0, I> 70B25@4V20є 
>4=>G0A=> 7 682;OG8< 5;5<5=B><, ?@>?>@FV9=0 A?V22V4=>H5==N :204@0BV2 
WE=VE <>4C;V2». 
 �5><5B@8G=89 <>4C;P =04;820  =04;.35><. = 6,88 A<. �@0E>2CNG8, I> 
=04;82 DCB5@>20=89 ?VI0=>N AC<VHHN V :>=AB0=B0 70B25@4V20==O <5B0;C 
2V4@V7=OєBPAO 2V4 :>:V;N C 420 @078 (2), D0:B8G=89 <>4C;P =04;820 1C45 
A:;040B8  =04; = 13,76.  >4C;P 28;82:0 A:;040є  28; = 18,5 A< 

 

 + = 27665000

8.18
2

2
76.13

= (:3)  

 

 *O <0A0 <5B0;C ?@8 70B25@4V==V ?>B@51Cє 682;5==O 2V4 =04;820 (G6): 
 

 G6 = k . +       (2) 

45 k – :>5DVFVє=B AC<0@=>W >1’є<=>W CA04:8 2 @V4:><C AB0=V V ?@8 
70B25@4V20==V (4;O 2C3;5F528E AB0;59 k = 0,045); 

  

 G6 = 0,045 . 2766 = 124 (:3) 
 

 #@8 <0AV @V4:>3> <5B0;C =04;820 G=04; = 120 :3 @50;P=> G5@57 =04;82 
4>;8B8 FN <0AC @V4:>3> <5B0;C, I> A?>AB5@V30єBPAO =0 ?@0:B8FV. 
 �0;8H>: @V4:>3> <5B0;C (G70;8H) 2A5@548=V 28;82:0: 
 

 G70;8H = 5000 – 2766 = 2234 (:3) 
 

 *59 70;8H>: CO2;Oє A>1>N :C;N >1’є<>< V: = 319 4<3, 01> 
 4V0<5B@>< 840 <<. /:I> FO <0A0 <5B0;C 1C45 70B25@4V20B8 02B>=><=>, =5 
>B@8<CNG8 682;5==O 2V4 =04;820, B> B@510 >GV:C20B8 CB2>@5==O CA04:>2>W 
@0:>28=8 >1’є<>< (V@0:): 
 

 V@0: = k . V:        (3) 



33 

 

 V@0: = 0,045 . 319 = 14,4 (4<3) 

 

->1 FP>3> C=8:=CB8, B@510 7015A?5G8B8 ?@8<CA>25 70B25@4V20==O <0A8 
<5B0;C G70;8H 70 4>?><>3>N 2=CB@VH=VE E>;>48;P=8:V2 C 2V4><V9 :V;P:>ABV 
25% 2V4 FVєW <0A8.  0A0 2=CB@VH=VE E>;>48;P=8:V2 (GE>;): 
 

 GE>; = 0,25 . G70;8H       (4) 

 

 GE>; = 0,25 . 2234 = 558 (:3) 
 

 *O <0A0 E>;>48;P=8:V2 A:;040є 11,2% 2V4 <0A8 70;82:0, I> A2V4G8BP, 
I> C<>28 720@N20==O <5B0;C E>;>48;P=8:V2 7 <5B0;>< 28;82:0 =5 
28:>=CNBPAO.  
 ->1 71V;PH8B8 5D5:B82=VABP @>1>B8 =04;820, B@510 70AB>AC20B8 
5:7>B5@<VG=C >1>;>=:C. #@0:B8G=89 4>A2V4 ?>:07Cє, I> B0:89 70AV1 4>72>;Oє 
71V;PH8B8 5D5:B82=V =04;828 =5 <5=H5, =V6 =0 20%. &>1B> D0:B8G=89 
<>4C;P 5:7>B5@<VG=>3> =04;820 ( =04;.5:7.): 
 

  =04;.5:7 = 1,2  =04;.      (5) 

 

  =04;.5:7 = 1,2 . 13,76 = 16,5 (A<) 
 �8:>=CNG8 @>7@0EC=:8 70 ?>?5@54=P>N AE5<>N, >B@8<0є<>: 
 G = 4000 :3 
 G6 = 180 :3 
 G70;8H = 1000 :3 
 GE>; = 250 :3 
 0A0 E>;>48;P=8:V2 A:;040є 5% 2V4 <0A8 28;82:0, I> 704>2>;P=Oє C<>28 
720@N20==O.  
 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 
 

1. �C7>2>2 �.(.,  0;89 �.�.  >6;82>ABV ;82=8:>2>W A8AB5<8 O: 
6828;P=>3> 5;5<5=B0 28;82:8. �=D>@<0FV9=>-B5E=VG=89 1N;5B5=P «�8BBO 
':@0W=8», №12, 2014, A.11-12. 

2. �C;Oє2 �.�. &5>@VO ;820@=8E ?@>F5AV2. !02G0;P=89 ?>AV1=8: 4;O 
28HV2. �., « 0H8=>1C4C20==O», 1976. –216 A. 



 

34 

'�� 669.018.28:621.9.048.6 

�20E=5=:> Є.�.1,  09AB@5=:> ".�.2 
1:0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 #>;VB5E=V:0». 
2ABC4. 3@. �(-110 !' «�0?>@V7P:0 #>;VB5E=V:0». 
 

  �#���  ���$�*�� !� %&$'�&'$!�  ��� �!&�  

��%"�"���"��!�) %#����� 
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2:070=>3> A?;02C 7=0E>48BPAO 2 <560E ?@><8A;>2>3> 28?@>1C20==O. 

 $V4:89 <5B0; 28?;02;O;8 C ?5GV �%& – 0,1 7 >A=>2=>N DCB5@>2:>N. 
&5<?5@0BC@0 <5B0;C C ?5GV ?5@54 70;82:>N A:;040;0 1470&1490 º%. %?;02 
70;820;8 C :>:V;V 4;O >B@8<0==O 2V4;82:V2 @>7<V@0<8 115E115E115 << B0 
5:A?5@8<5=B0;P=8E 2V4;82:V2 ?>@>3>28E ?;8B V 157 1>;B>28E ?>;>: ?5G59 
A?V:0==O 3;8=>75<C. 

�>2=VH=V9 2?;82 ?@>2>48;8 <5E0=VG=8< 2V1@0B>@>< V=5@FV9=>3> B8?C 
��%$ – 200, 70:@V?;N20;8 :>:V;V =0 2V1@0FV9=89 AB5=4 7 265 7040=8<8 
?0@0<5B@0<8. �>A;V46C20=V <56V G0AB>B8 :>;820==O D>@<8  A:;040;8 60 – 
190 �F, 0<?;VBC40 2V1@0FVW 0,2&0,01 <<. �87=0G0;8 3CAB8=C, B25@4VABP V 
<VF=VABP <5B0;C 4>A;V46C20=8E ?;02>:. 

$57C;PB0B8 28?@>1C20=P ?>:070;8, I> 4;O 28A>:>E@><8AB>3> A?;02C 
28:>@8AB0==O 2V1@0FVW 70157?5GCє ?V428I5==O 3CAB8=8 B0 <VF=>ABV ?@8 
45O:><C ?V428I5==V B25@4>ABV. 

�AB0=>2;5=>, I> 4;O 28A>:>E@><8AB>3> A?;02C (100)27%2�) 
>?B8<0;P=V ?0@0<5B@8 2V1@0FVW – G0AB>B0 70 �F, 0<?;VBC40 4> 0,2 <<. 

 5B0;>3@0DVG=5 4>A;V465==O AB@C:BC@8 <5B0;C ;8B8E C :>:V;P 7@07:V2 
?>:070;8, I> 2?;82 2V1@0FVW ?@>O2;OєBPAO C @V7:V9 7<V=V 75@5= D5@8BC, 1V;PH 
@V2=><V@=><C @>7?>4V;C :0@1V4V2 C <0B@8FV, 3;>1C;O@870FVW B0 4@>1;5==O 
=5<5B0;528E 2:;NG5=P. #@>BO6=VABP 7>=8 AB>21G0AB8E :@8AB0;V2 
7<5=HCєBPAO 2 3 – 4 @078 ?>@V2=O=> 7 0=0;>3VG=8<8 7@07:0<8, 70;8B8<8 C 
:>:V;P 157 =0:;045==O 2V1@0FVW. %5@54=V9 @>7<V@ @V2=>>A=8E :@8AB0;V2 
7<5=HCєBPAO ?@8 FP><C C 2 – 3 @078. 

 %?5FV0;P=> ?@>2545=V 4>A;V465==O ?>:070;8, I> >?B8<0;P=V 
B>2I8=8 ABV=>:, 70157?5GCNBP =0928IC 5D5:B82=VABP 2?;82C 2V1@0FVW, 4;O  
28A>:>E@><8AB>3>  A?02C A:;040є  70&90 <<. 

$57C;PB0B8  ?@>2545=8E 5:A?5@8<5=BV2, ?V4B25@46CNBP 40=V [1,2] ?> 
4>A;V46C20=><C ?8B0==N, 4>72>;Oє ?@8?CAB8B8, I> 5D5:B 7>2=VH=P>3> 
2?;82C C 7=0G=V9 <V@V 287=0G0єBPAO 45:V;P:><0 >A=>2=8<8 D0:B>@0<8. "48= 7 
F8E D0:B>@V2 ?@>O2;OєBPAO C B><C, I> :>;820==O A?@8ONBP ?V428I5=><C 
:>=B0:BC 7<>GC20==O @>7?;02>< ?>25@E=V D>@<8 B0 2V4?>2V4=> 1V;PH 
V=B5=A82=><C B5?;>2V42>4C (1V;PH =V6 =0 12%) G5@57 ABV=:C D>@<8, I> 
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A?@8Oє ?V428I5=V9 :@8AB0;V70FVW B0 ?>4@V1=5==N <V:@>AB@C:BC@8. ' 
728G09=8E C<>20E ?>25@E=O @>7?;02V2 ?>:@820єBPAO >:A84=>N ?;V2:>N, 
7=86CNG8 >4=>@V4=VABP :>=B0:BC @>7?;02C 7 ABV=:>N D>@<8. 

�V1@0FVO V=B5=A82=> @C9=Cє >:A84=V ?;V2:8, ?V428ICNG8 F8< 
7<>GC20==O ?>25@E=V D>@<8, C @57C;PB0BV H284:VABP >E>;>465==O @>7?;02C 
?V428ICєBPAO B0 75@=> D5@8BC 7<5=HCєBPAO C 2 – 3 @078. 

�@C389 D0:B>@ 2?;82C 2V1@0FVW =0 @>7?;02 – 7<VH0==O H0@V2 B25@4>W B0 
@V4:>W D07, C @57C;PB0BV O:>3> ?@>E>48BP ?>4@V1=5==O 45=4@8BV2 B0 ?>O20 
@V2=>>A=8E :@8AB0;V2.  

#@8@>40 2V1@0FV9=>3> <5B>4C ;8BBO ?>;O30є C B><C, I> @V4:89 <5B0; C 
?@>F5AV 2;0A=>3> 70B25@4V==O ?V440єBPAO 2?;82C 7<V==8E :>@>B:>G0A=8E 
48=0<VG=8E V<?C;PAV2, 28:;8:0NG8 2B@0BC 9>3> 203><>ABV B0 7<V==8< 70 F8< 
AB8A=5==O A?;02C 70 @0EC=>: ?V428I5==O 9>3> 5D5:B82=>W 2038 1V;PH =V6 C 2 
@078 ?>@V2=O=> 70 728G09=8<8 C<>20<8. *59 5D5:B A?>AB5@V30єBPAO 4> ?52=>W 
G0AB>B8 2?;82C (4;O :>6=>3> A?;02C A2>O G0AB>B0), ?VA;O G>3> 2V41C20єBPAO 
2B@0B0 203><>ABV A?;02C. #@8 ?>O2V 5D5:BC 2B@0B8 203><>ABV, ?>A8;NєBPAO 
5D5:B 284V;5==O  @>7G8=5=8E 307V2 B0 :>03C;OFVW 2:;NG5=P, O:V ?@8 
=0ABC?=><C V<?C;PAV AB8A=5==O <5B0;C ?V4A8;5=> 28HB>2ECNBPAO =0 
?>25@E=N @V4:>W 20==8. !0O2=VABP V<?C;PA=>3> 20:CC<C V ?>40;PH>W 
:><?@5AVW 4>72>;Oє C<>2=> @>73;O40B8 <5E0=V7< 2?;82C 2V1@0FVW O: 7’є4=0==O 
2 <0;8E >1AO30E 20:CC<=>W ?;02:8 V ;8BBO ?V4 B8A:><. 

$57C;PB0B8 ?@>2545=8E 4>A;V465=P 4>72>;ONBP 7@>18B8 28A=>2>:, I> 
?>78B82=89 2?;82 7>2=VH=P>3> 2?;82C =0 :@8AB0;V70FVN 28A>:>E@><8AB>3> 
A?;02C 5D5:B82=> ?@>O2;OєBPAO ?@8  2V4;820==V 28@>1V2 7 B>2I8=>N ABV=>: 
?>=04 70 <<.                                                                      
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�"%�����!!/  "����"%&�� � �!,�!!/ ������� #��' 
 �&��'$���!� � #��#$�Є %&�� � 

 #8; – F5 72065=V G0AB8=:8, I> CB2>@NNBPAO ?@8 ?>4@V1=5==V 
<0B5@V0;V2 4> ?>@>H:>?>4V1=>3> AB0=C C ?@>F5AV 28ACHC20==O, 7020=B065==O, 
7<VHC20==O, 4>7C20==O ?@>AVN20==O B0 B@0=A?>@BC20==O ?8;>284=8E 
<0B5@V0;V2, 0 B0:>6 ?@8 A?0;N20==V B25@4>3> ?0;820. 
 � CAVєW =><5=:;0BC@8 701@C4=N20;P=8E @5G>28=, >4=8< 7 =091V;PH 
=5157?5G=8E є 4@V1=>48A?5@A=89 (@5A?V@015;P=89) ?8; 7 @>7<V@>< G0AB8=>: 
4> 10 <:<. &0:89 ?8; ?@54AB02;Oє A>1>N B25@4V G0AB8=:8, O:V <>6CBP 
B@820;89 G0A 7=0E>48B8AO 2 7028A;><C AB0=V 2 ?>2VB@V, =54>AB0B=P> 5D5:B82=> 
2;>2;NєBPAO VA=CNG8<8 0?0@0B0<8 >G8AB:8 V ?>H8@NєBPAO 2 0B<>AD5@V =0 
7=0G=V 2V4AB0=V. 
 �?;82 ?8;C <>6CBP ?>A8;N20B8 206:0 DV78G=0 ?@0FO, 
?5@5>E>;>465==O, 45O:V 3078, B>I>. �@V1=>48A?5@A=V G0AB8=:8 2V4=>A=> 
;53:> ?@>E>4OBP :@V7P DV7V>;>3VG=V DV;PB@8 ;N48=8 B0 ?>B@0?;ONBP C ;535=V, 
45 2>=8 2A<>:BCNBPAO C :@>2. #8; 2V4:;040єBPAO =0 ABV=:0E AC48= V 2 
A?>;CG=8E B:0=8=0E =02:>;> =8E. �2C65==O AC48= B0 ?>3V@H5==O F8@:C;OFVW 
:@>2V 2 >@30=V7<V ?@872>48BP 4> ?>@CH5==O =>@<0;P=>W @>1>B8 A8AB5<8 
:@>2>>1V3C.[1] &0 <>65 28:;8:0B8 =0ABC?=V 70E2>@N20==O: 

1) 70E2>@N20==O H:V@8 V A;87>28E >1>;>=>: (3=V9=8G:>2V 
70E2>@N20==O H:V@8, 45@<0B8B8, :>=’N=:B82VB8 V V=.); 
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!0720 
F8:;>=C 
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I> 2;>2;NNBPAO 2 
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7<5=H8B8 ABC?V=P >G8IC20==O.  
 

%#�%"� ���"$�%&�!"� ��&�$�&'$� 

1. �>7V9 �.%.  0B5<0B8G=>- AB0B8AB8G=5 4>A;V465==O 2?;82C 
4@V1=>48A?5@A=8E B25@48E 701@C4=NNG8E @5G>28= =0 74>@>2’O ;N48=8 
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B8A:>< B0 V=H8E. 

#@8 ;8BBV 70 3078DV:>20=8<8 <>45;O<8 28:>@8AB>2CєBPAO >4=>@07>20 
<>45;P 7 ?V=>?>;VAB8@>;C, O:0 D>@<CєBPAO C ?VI0=C =5@>7’є<=C D>@<C. #@8 
70;820==V D>@<8 @V4:8< A?;02>< FO <>45;P 3078DV:CєBPAO B0 70<VICєBPAO 
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�820@=89 ?V=>?>;VAB8@>; <0є =87P:C 3CAB8=C – 15-30 :3/<3; 

 VF=VABP ?V=>?>;VAB8@>;C =0 2838= <0є 1CB8 =5 <5=H5 1,8-2,5  #0. 
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• B5?;>є<=VABP ?V=>?>;VAB8@>;C, �6/:3·� – 1500; 

• ?8B><0 B5?;>B0 ?;02;5==O �6/:3 – 150000. 
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https://systemax.ua/ua/
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:><1V=>20=V, I> A:;040NBPAO 7 45@52’O=>W 284>1CB>W <>45;V 7 2V4>:@5<;5=8<8 
5;5<5=B0<8. &0:>6 є <>6;82VABP 22>48B8 C ?V=>?>;VAB8@>;>2C <>45;P @V7=V 
?>@>H:8 4;O ;53C20==O B0 <>48DV:C20==O ?@8 70;82FV @V4:>3> <5B0;C C 
;820@=C D>@<C. 

�;O 25;8:8E D>@< 28:>@8AB>2CNBP >1;8FN20;P=V B0 =0?>2=N20;P=V 
AC<VHV. #@8 70AB>AC20==V A?5FV0;P=8E >?>: 4;O 20:CC<C20==O D>@< 70<VABP 
?VI0=>-3;8=8AB8E AC<VH59 28:>@8AB>2CєBPAO ACE89 ?VA>:, I> CIV;P=OєBPAO 
2V1@0FVєN. #@8 20:CC<C20==V 70157?5GCєBPAO 4>A8BP 28A>:0 <VF=VABP D>@<8, 
O: ?@8 20:CC<=>-?;V2:>2><C D>@<C20==V. 

�5:V;P:0 20@V0=BV2 ;8BBO 70 3078DV:>20=8<8 <>45;O<8 B0 WE <>6;82>ABV. 
Policast-?@>F5A @>7@>1;5=89 VB0;V9AP:8<8 B0 0=3;V9AP:8<8 DV@<0<8. 

&5E=>;>3VO ?>;O30є C A:;040==V <>45;59 C 1;>: AB>O:C, O:89 є >A=>2>N 4;O 
02B><0B870FVW ?@>F5AC >B@8<0==O 28;82:V2 ?5@5206=> V7 0;N<V=Vє28E A?;02V2. 

Replicast-?@>F5A @>7@>1;5=89 0=3;V9AP:8<8 DV@<0<8 C 42>E 20@V0=B0E. 
#5@H89 (FM) ?>;O30є C 20:CC<C20==V ;820@=>W D>@<8 ?@8 70;820==V @V4:8< 
<5B0;>< 4;O ?V428I5==O WW <VF=>ABV. #@8 4@C3><C (CS) 1;>: <>45;59 
?>:@820єBPAO 45:V;P:><0 H0@0<8 2>3=5B@82:>3> ?>:@8BBO, >1>;>=:0 
?@>60@NєBPAO ?@8 B5<?5@0BC@V 900-1000% ?@>BO3>< 5-10 E28;8=, ?@8 FP><C 
2V41C20єBPAO 2840;5==O ?V=>?>;VAB8@>;>2>W <>45;V. *5 28:;NG0є :>=B0:B 
@V4:>3> <5B0;C 7 <>45;;N, 284V;5==O B>:A8G=8E ?@>4C:BV2 B5@<>45AB@C:FVW B0 
?>25@E=525 =02C3;5FN20==O 28;82:V2. 

�� "��$-?@>F5A @>7@>1;5=89 (&� % !�! ':@0W=8. #@>F5A 
70;820==O 2V41C20єBPAO 70 4>?><>3>N 28402;N20==O @V4:>3> <5B0;C C 
?>@>6=8=C ;820@=>W D>@<8. "A>1;82VABN є 2V4ACB=VABP ;82=8:>2>W A8AB5<8, 
I> 71V;PHCє 28EV4 ?@840B=>3> ;8B20 B0 ?V428ICє <5E0=VG=V 2;0AB82>ABV 
28;82:V2 70 @0EC=>: 2?;82C =87P:>3> B8A:C 2 ?5@V>4 WE B25@4V==O. 

�8BBO 20:CC<=8< 2A<>:BC20==O< D>@< 7 ?V=>?>;VAB8@>;>28<8 
<>45;O<8 70157?5GCє 5:>;>3VG=VABP 28@>1=8FB20, >A:V;P:8 ?@>4C:B8 
B5@<>45AB@C:FVW 7 20:CC<=>W :0<5@8 2A<>:BCNBPAO C A?5FV0;P=89 @5A825@, 0 
?>BV< DV;PB@CNBPAO. 

#5@52038 B5E=>;>3VW ;8BBO 70 3078DV:>20=8<8 <>45;O<8 (�� ): 
• <>6;82VABP 28?CA:C 28;82:V2 A:;04=>W :>=DV3C@0FVW; 
• 28A>:0 B>G=VABP >45@6C20=8E 28;82:V2 =02VBP 70 A:;04=>W 

:>=DV3C@0FVW; 
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• <>6;82VABP >B@8<0==O B>=:>ABV==8E AB0;528E 28;82:V2; 
• O:VABP B0 IV;P=VABP <5B0;C C 28;82:C 70157?5GCєBPAO 70 @0EC=>: 
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• ?>2=0 V45=B8G=VABP 45B0;59 C A5@VW; 
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70;82:8 B0 :>=B@>;N20B8 O:VABP 3>B>28E 28@>1V2. 

"4=8< 7 >A=>2=8E ?5@5203 %�#$ 2 ;820@=><C 28@>1=8FB2V є 7<5=H5==O 
G0AC, =5>1EV4=>3> 4;O ?@>5:BC20==O ;820@=8E D>@< B0 WE 283>B>2;5==O. 
�V;PHVABP ?@>3@0<=8E 70A>1V2 4>72>;ONBP AB2>@N20B8 3D-<>45;V D>@<, I> 
CA:;04=NNBPAO B0 <0NBP A:;04=V 35><5B@8G=V D>@<8. *5 7=86Cє :V;P:VABP 
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O:>ABV 28@>1V2. �0 4>?><>3>N B0:8E A8AB5< <>6=0 287=0G8B8 @>7<V@8 B0 
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APPLICATION OF ADDITIVE TECHNOLOGY IN THE  

PRODUCTION OF AVIATION GAS TURBINE ENGINES  

COMBUSTION CHAMBER WHEELS 

One of the most urgent problems of the modern aviation industry that needs 

to be solved is the labor intensity of production, the modernization of already 

existing processes and the creation of new technological processes. 

It is additive technologies that have the greatest importance in the 

development of the technological process of manufacturing complex technical 

systems in aircraft construction. The essence of such technologies consists in the 

creation of a computer model of the part and its manufacture with the help of layer-

by-layer addition of metal on special equipment using various methods, such as the 

method of selective laser sintering (selective laser sintering - SLS). 

Using the example of manufacturing a combustion chamber swirler using the 

SLS method, it is shown the possibility of a sharp reduction in the working time of 

the structure and its geometric parameters in order to obtain the necessary cost 

characteristics of the product without additional production preparation. Let’s 

consider the application of this method on the example of the manufacture of a 

monolithic swirler of the combustion chamber, in the basic version it consists of 

three parts obtained by the method of casting according to the models that are 

melted. To do this, we change the design by combining the input parts into a single 

whole, while excluding welded and soldered seams. This change in design 

elements made it possible to reduce the number of parts and the cost of one swirler 

by more than half, as well as to significantly reduce production time and minimize 

defect. After the release of the design documentation, which includes 3-D models 

(taking into account the specifics of the presence of the "support" material, 

sintering conditions, etc.), we select a material that satisfies both in terms of 

strength and temperature characteristics. After printing, in order to increase the 

density of the material, the parts and samples undergo hot isostatic pressing (HIP) 

followed by heat treatment. The density depends on the development of pores 

during the printing process, as well as the presence of non-metallic (in particular, 

gas) inclusions. The higher density and homogeneity of the blanks after !IP 
improves mechanical properties with corresponding increases in tensile strength 

and yield strength, ductility and fracture resistance. Carrying out the !IP process 
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also reduces the spread of these characteristics along the cross-section and length 

of the workpiece. According to the work, the mechanical properties of compact 

samples from powder materials of fraction 20-45 μm based on mono aluminum 

nickel are able to provide the following record level due to the hot isostatic 

pressing cycle: compressive strength of the order of 3200 MPa, yield strength of 

100, relative compression only at the level of 17%. After the !IP process and heat 

treatment, the parts are checked by non-destructive control and geometry for 

compliance with the drawing. This is followed by a check of air flow along the 

contours. The results of blowing along both contours showed a difference in air 

consumption of less than 5%, in contrast to the results of blowing swirlers 

manufactured according to the current technology (casting method according to 

molten models) - 12%. The use of the SLS technological process in the production 

of the swirler ensured high stability of air flow along the contours of the swirler 

and reduced the stage of production preparation in the serial production of such 

parts. 

Thus, the SLS method has significant advantages, including reducing the 

number of necessary post-processing stages, controlling the spatial distribution of 

the composition and microstructure by printing with optimized parameters, as well 

as designing complex structural elements in combination with a computer system, 

increasing reliability and reducing labor intensity, the mass of the certificate is 

reduced by more than 15%. 

From the above, it follows that the use of additive technologies mainly has 

a positive effect on the technological aspects of the production of parts, and the use 

of this technology for the production of parts in aircraft construction will increase 

every year. 
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'�� 669.187.56:669.295 
�V;>=8: �.�.1, #>?>2 %. .2, �V;>=8: �. .3, �8@8;0E0 %.�.4 

1 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 4-@ DV;>A>D. =0C:, ?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 :0=4. B5E=. =0C:, 4>F. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
4 0A?. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
 

����&$",���"��� #�$�#��� ' ����$�&" ' 
�$�%&�����&"$� ����&$"��� -" ��&$�+�.&Ь%/, 

���"&"���!�) � ���)"��� ��%&"�"� "�$��� &�&�!' �&1-0 
 

!04V9=VABP V 4>23>2VG=VABP 45B0;59 <0H8= B0 >1;04=0==O 7 B8B0=>28E 
A?;02V2 7=0G=>N <V@>N 70;568BP O: 2V4 C<>2 5:A?;C0B0FVW, B0: V 2V4 
2;0AB82>AB59 A?;02V2. "4=0: C 1V;PH>ABV 28?04:V2 =5<0є ?>B@518 
@50;V7>2C20B8 >4=>G0A=> 25AP :><?;5:A A?5FV0;P=8E 2;0AB82>AB59 B8B0=>28E 
<0B5@V0;V2. !0?@8:;04, 28A>:0 C40@=0 2’O7:VABP B8B0=C �&1-0 G0AB> =5 
?>2=>N <V@>N 28:>@8AB>2CєBPAO 4;O >1;04=0==O, I> ?@0FNNBP 2 C<>20E 
:>@>7V9=>3> 2?;82C. ' @O4V :>=AB@C:FV9 7 B8B0=C V B8B0=>28E A?;02V2 
AE8;P=8E 4> <5E0=VG=8E =020=B065=P 4>FV;P=> 71V;PH8B8 <56V <VF=>ABV V 
?;8==>ABV ?@8 :>;8H=P><C @V2=V :>@>7V9=>W ABV9:>ABV. 

!0 <0H8=>1C4V2=8E ?V4?@8є<AB20E ':@0W=8 ?@8 283>B>2;5==V 
EV<VG=>3>, 307>>G8A=>3>, :>B5;P=>3> >1;04=0==O H8@>:> 28:>@8AB>2CєBPAO 
;8AB>289 ?@>:0B B8B0=>28E A?;02V2, 7>:@5<0 B8B0= �&1-0. �V4E>48 B8B0=C, 
I> CB2>@NNBPAO 2 @57C;PB0BV @>7:@>N ;8ABV2 =0 703>B>2:8, <>6CBP AB0=>28B8 
4> 35% 2V4 28EV4=>W :V;P:>ABV <0B5@V0;C. )V<VG=89 A:;04 ;8AB>2>3> >1@V7C 
2V4E>4V2, O: ?@028;>, =5 707=0є VAB>B=8E 7<V= C ?>@V2=O==V 7 28EV4=8< B8B0=>< 
�&1-0. &><C 7 >3;O4C =0 28A>:C 20@BVABP B8B0=>28E A?;02V2 ?@>1;5<0 
?5@5@>1:8 2V4E>4V2 ;8AB>2>3> >1@V7C 7 <5B>N >B@8<0==O 2B>@8==>3> B8B0=C C 
283;O4V 703>B>2>: 45B0;59 є 206;82>N B0 0:BC0;P=>N. 

�;O 28@VH5==O 40=>W ?@>1;5<8 4>A;V48;8 <>6;82VABP 70AB>AC20==O 
?@>F5AC 5;5:B@>H;0:>2>3> ?@>F5AC C 2V4:@8B><C :@8AB0;V70B>@V, O:89 70157?5GCє 
28A>:C O:VABP ;8B>3> <5B0;C, 0 B0:>6 4>72>;Oє 28?;02;OB8 @V7=V 70 D>@<>N V 
@>7<V@0<8 703>BV2;V 45B0;59 7 <V=V<0;P=8<8 4>?CA:0<8 =0 <5E0=VG=C >1@>1:C. 

"?8B=V ?;02:8 ?@>2>48;8 =0 5;5:B@>H;0:>2V9 CAB0=>2FV �,#-0,25 =0 
O:V9 1C2 2AB0=>2;5=89 AB@C<>?@>2V4 :>27=>3> B8?C, I> 4>72>;Oє ?V42>48B8 
AB@C< 4> 5;5:B@>40, I> 28B@0G0єBPAO, 157?>A5@54=P> =0 @V2=V 25@E=P>3> 
D;0=FO :@8AB0;V70B>@0. *5 70157?5G8;> 7=0G=5 7=865==O >?>@C :>@>B:>W 
<5@56V CAB0=>2:8, 0 B0:>6 28:;NG8;> ?5@53@V2 B0 >:8A;5==O ?>25@E=V 
5;5:B@>40, I> 28B@0G0єBPAO ?V4 G0A ?;02:8. 

�V4E>48 ;8AB>2>3> >1@V7C B8B0=C �&1-0 @>7@V70;8 3V;P9>B8==8<8 
=>68FO<8 =0 ?>;>A8 H8@8=>N 2V4 30 4> 50 <<, 0 ?>BV< 720@N20;8 0@3>=>-

4C3>28< 720@N20==O< C 5;5:B@>48, I> 28B@0G0NBPAO. #5@5?;02 5;5:B@>4V2 
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?@>2>48;8 2 :@8AB0;V70B>@V 4V0<5B@V2 60 <<, 85 << V ?5@5B8=>< 90×100 << 7 
28:>@8AB0==O< D;NAC �!(1-#. � <5B>N 70E8ABC H;0:>2>W 20==8 B0 @V4:>3> 
<5B0;C 2V4 2?;82C 0B<>AD5@8, 2 ?;028;P=C є<:VABP 2 :@8AB0;V70B>@V ?>4020;8 
70E8A=89 307 0@3>=. #@8 ?@>2545==V ?;02>: 20@VN20;8 25;8G8=>N 
5;5:B@8G=>W ?>BC6=>ABV, I> 284V;OєBPAO H;0:>2>N 20==>N H284:VABN 
=0?;02;5==O, :V;P:VABN D;NAC, :>5DVFVє=B>< 70?>2=5==O. 

� @57C;PB0BV ?@>2545=8E 5:A?5@8<5=BV2 287=0G8;8 >?B8<0;P=V 7=0G5==O 
?0@0<5B@V2 5;5:B@>H;0:>2>3> ?@>F5AC, =0 O:8E ?;02;5==O 5;5:B@>4V2 
?@>E>48;> AB01V;P=>, :84:8 AB@C<C 1C;8 2V4ACB=V. "B@8<0=V 7;82:8 <0;8 
3;04:C, 1;8A:CGC ?>25@E=N (@8A. 1). 

  
     0          1 

0 – 4V0<5B@>< 85 <<; 1 – ?5@5@V7>< 90E100<<. 
$8AC=>: 1 – �>2=VH=V9 283;O4 5;5:B@>H;0:>28E 7;82:V2. 

)V<VG=89 A:;04 >B@8<0=8E 7;82:V2: &V – >A=>20; % = 0,024 %;  
Fe = 0,06 %; Si = 0,05 %; O2 = 0,25 %; N2 = 0,058 %; !2 = 0,0016 %. 

&0:8< G8=><, 1C;> 2AB0=>2;5=> ?@8=F8?>2C B5E=>;>3VG=C <>6;82VABP 
70AB>AC20==O 5;5:B@>H;0:>2>3> ?@>F5AC 4;O ?5@5?;02C 28B@0B=8E 
5;5:B@>4V2, 283>B>2;5=8E 7 2V4E>4V2 ;8AB>2>W >1@V7V B8B0=C �&1-0. 
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'�� 621.9.06-529.001 

&5@5I5=:> �.�.1, �06<V=0 �.�.2 
1 ABC4. 3@. &-212 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
 

&�"$�&�+!� ���� %&�"$�!!/  "����� !� +#' ��$%&�&�) 

*8D@>2V D@575@C20;P=V 25@AB0B8 V7 G8A;>28< ?@>3@0<=8< C?@02;V==O< 
(+#' 25@AB0B8) є =5>4<V==>N G0AB8=>N ACG0A=>3> 28@>1=8FB20 2 @V7=8E 
30;C7OE ?@><8A;>2>ABV, I> ?V428ICє ?@>4C:B82=VABP B0 O:VABP 283>B>2;5=>W 
?@>4C:FVW. �5@AB0B8 ?@87=0G5=V 4;O D@575@C20==O A:;04=8E 45B0;59 V7 
28A>:>N B>G=VABN B0 ?>2B>@N20=VABN, >A>1;82> 2 B0:8E 30;C7OE O: 02V0FV9=0 
B0 <548G=0 B5E=V:0. +#' 25@AB0B8 02B><0B87CNBP ?@>F5A 28@>1=8FB20 B0 
7=86CNBP @878:8 ?><8;>: C ?@>F5AV >1@>1:8 <0B5@V0;C. "4=VєN 7 3>;>2=8E 
?5@5203 @>1>B8 7 B0:8<8 25@AB0B0<8 є <>6;82VABP H284:> 7<V=N20B8 
=0;0HBC20==O B0 ?5@5E>48B8 4> 28@>1=8FB20 =>28E 45B0;59, I> 7<5=HCє G0A 
=0AB@>N20==O B0 ?V428ICє 5D5:B82=VABP 28@>1=8FB20. 

%B2>@5==O ?@>3@0< 4;O +#' 25@AB0BV2 28<030є 2V4 D0EV2FO @>7C<V==O 
B@828<V@=8E D>@< B0 ?@8=F8?V2 ?@>є:FVN20==O 35><5B@8G=8E >1@07V2, I> 
ґ@C=BCNBPAO =0 7=0==OE =0@8A=>W 35><5B@VW. &0:, 4;O AB2>@5==O ?@>3@0<8 
>1@>1:8 45B0;V =0 25@AB0BV =5>1EV4=> @>7C<VB8 @>7B0HC20==O B>G>: C 
?@>AB>@V, @>7<VI5==O 45B0;V =0 @>1>GV9 ?>25@E=V 25@AB0B0, 2V4AB0=V <V6 
@V7=8<8 B>G:0<8 B>I>. �@V< FP>3>, 4;O 5D5:B82=>W @>1>B8 V7 +#' 25@AB0B0<8 
?>B@V1=> 2<VB8 28:>@8AB>2C20B8 @V7=V ?@>3@0<=V 70A>18 4;O @>7@>1:8 
<>45;59, I> B0:>6 28<030є 7=0=P :><?’NB5@=>W 3@0DV:8. 

�;O 7@CG=>W @>1>B8 7 D@570<8 =5>1EV4=> 70AB>A>2C20B8 2<V==O 
@>72’O7C20B8 @V2=O==O ?@O<>:CB=>3> B@8:CB=8:0. ->1 4V7=0B8AO :CB :>=VG=>W 
D@578, =5>1EV4=> >1G8A;8B8 :CB ³ 70 4>?><>3>N @V2=O==O alpha = asin (a/c) 

(@8A. 1). 

 

$8AC=>: 1 – "1G8A;5==O :CB0 ³ 

#@8:;048 @>7@>1;5=8E 25:B>@V2 4;O +#' 25@AB0B0 ?@>V;NAB@>20=> =0 
@8A. 2, 0 3>B>289 28@V1 – =0 @8A. 3. 
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$8AC=>: 2 – �2B>@AP:V @>1>B8 45B0;59 (�0;5@V9 &5@5I5=:>) 

 

$8AC=>: 3 – �>B>289 28@V1 2V9AP:>2>3> 65B>=0 

"B65, 7=0==O =0@8A=>W 35><5B@VW B0 :><?’NB5@=>W 3@0DV:8 є 
B5>@5B8G=>N 107>N 4;O @>1>B8 V7 +#' 25@AB0B0<8, >A:V;P:8 A?@8ONBP 
5D5:B82=><C 28:>@8AB0==N @V7=8E ?@>3@0<=8E 70A>1V2 @>7@>1:8 <>45;59 V 
AB2>@5==N ?@>3@0<. 
 

 

'�� 621-047.58 

�06<V=0 �.�.1, .@5=:> %.�.2 
1 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 ABC4. 3@. &-322 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
 

 "���.��!!/ �"!%&$'�*�� 

 >45;N20==O :>=AB@C:FV9 є ?@>F5A>< @>7@>1:8 <>45;59 45B0;59 
FV;VA=>W 1C4>28 2 @V7=8E 30;C7OE =0C:8 B0 B5E=V:8, I> C<>6;82;Nє WE 
283>B>2;5==O 4;O ?>B@51 ACA?V;PAB20.  >45;N20==O :>=AB@C:FV9 ґ@C=BCєBPAO 
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=0 7=0==OE >A=>2 =0@8A=>W 35><5B@VW B0 V=65=5@=>W 3@0DV:8 9 28:>=CєBPAO 2 
@V7=8E ?@>3@0<0E 70A>10<8 F8D@>28E B5E=>;>3V9. 

&0:, 4;O <>45;N20==O 45B0;V A?>G0B:C >18@0NBP WW >A=>2C – DV3C@C 
45B0;V. #>BV< C4>A:>=0;NNBP ?5@2VA=C D>@<C, 4>40NBP ?>B@V1=V 5;5<5=B8, 
@50;VAB8G=VABP 2V4>1@065==O V 45<>=AB@CNBP 45B0;P C B@828<V@=><C 
7>1@065==V, I> 40є FV;VA=5 CO2;5==O ?@> ?52=89 ?@>4C:B. $V25=P 
@50;VAB8G=>ABV ?>2=VABN 70;568BP 2V4 281>@C <0B5@V0;C. %CG0A=V ?@>3@0<8 
=040NBP ?>2=89 A?5:B@ B0:8E B5:ABC@. "4=8< V7 =09A:;04=VH8E 5B0?V2 3D 
<>45;N20==O є :>@5:FVO A2VB;0 B0 <VAFO A?>AB5@565==O. �>@5:FVO 40є 7<>3C 
?>:070B8 3;818=C BV=59, @V25=P OA:@02>ABV B0 B>= A2VB;0.  VAF5 A?>AB5@565==O 
<>6=0 281@0B8, O: V7 28A>B8 ?B0H8=>3> ?>;P>BC, B0: V <0AHB01C20==O 
?@>AB>@C 7 5D5:B>< ?@8ACB=>ABV 2 =P><C (281V@ ?>3;O4C 7 28A>B8 7@>ABC 
;N48=8). /:I> =5>1EV4=> 4>AO3B8 <0:A8<0;P=>W 45B0;V70FVW, B> 4>FV;P=> 
4>40B8 B0:V 3@0DVG=V A?5FV0;P=V 5D5:B8 O: BC<0=, AO92> B>I>. /:I> B@510 
7@>18B8 2V45>2V7C0;V70FVN, B> 7=04>18BPAO =0;0HBC20==O ?@54<5BV2, 
;0=4H0DBV2. *5 @>18BPAO 7 <5B>N <0:A8<0;P=>W V;NAB@0FVW 45B0;59 
:>=AB@C:FVW B0 WW 2=CB@VH=P>W 1C4>28, 70 =5>1EV4=>ABV. 

#VA;O 7025@H5==O 3D <>45;N20==O ?@>AB>@>25 7>1@065==O 45B0;V 
?5@5B2>@NNBP =0 :@5A;5=8: V7 =5>1EV4=8<8 @>7@V70<8, ?5@5@V70<8, 
28=>A=8<8 5;5<5=B0<8 B0 283>B>2;ONBP =0 281@0=><C >1;04=0==V. 
 

 

'�� 669.14.018.4:629.3.027.4 
 VI5=:> �.�.1, �06<V=0 �.�.2, ,52G5=:> �.".3 
1 4-@ B5E=. =0C:, ?@>D. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
2 AB0@H. 28:;. !' «�0?>@V7P:0 ?>;VB5E=V:0» 
3 ABC4. 3@. &-212 !' «�0?>@V7P:0 ?>;VB5E=V:0» 
 

��%#�$� �!&��Ь!� #�$���$�� $��'�Ь&�&�� �"%�����!!/ 
�#���' %)� � ��$/+"� ��("$ �*�� %&��� 10)(&�+ ��/ 

�"��% ��&"&$�!%#"$&!�) ��%"��� 

�:A?5@8<5=B0;P=0 ?5@52V@:0 @57C;PB0BV2 <>45;N20==O B0 4>A;V465==O 
2?;82C AE5<8 30@OG>W 45D>@<0FVW AB0;V 10)(&�G 4;O :>;VA 02B>B@0=A?>@B=8E 
70A>1V2, ?@>2545=0 H;OE>< ?@>:0BC20==O 7@07:V2 (<>45;59) V 282G5==O WE 
AB@C:BC@8 (@8A. 1). �030;>< <>6=0 284V;8B8 B@8 7>=8 7 @V7=8< ABC?5=5< 
45D>@<>20=>ABV. ' ?5@HV9 7>=V @V7=8FO <V6 =0?@C65==O<8 =57=0G=0 V <>65 
=5 2V4?>2V40B8 C<>2V ?;0AB8G=>ABV, E>G0 A0<V =0?@C65==O (@V2=V) 25;8:V. ' 
B@5BV9 7>=V AB@8<CNG89 2?;82 A8; B5@BO B0:89 65, O: V 2 4@C3V9, 0;5 AE5<0 
=0?@C65=>3> AB0=C V=H0 (A?>AB5@V30єBPAO =0?@C65==O @>7BO3C20==O), I> 
7=86Cє ?;0AB8G=V 2;0AB82>ABV B0 ?>3V@HCє 45D>@<>20=VABP BV;0. 
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I – 7>=0 30;P<C20==O; II – 7>=0 ?5@8D5@V9=>W 45D>@<0FVW;  

III – 7>=0 V=B5=A82=>W 45D>@<0FVW 
$8AC=>: 1 – %E5<0 @>7B0HC20==O ?>;V2 45D>@<0FVW 

$57C;PB0B8 ?@>2545=>3> 5:A?5@8<5=BC 45<>=AB@CNBP, I> 2AV 7@07:8 
?VA;O ?@>:0BC20==O 7 @V7=>N B5<?5@0BC@>N 45D>@<0FVW <0;8 @V7=>75@5==C 
AB@C:BC@C 2 ?5@5@V7V (@8A.2 – 3). 

   
0 1 2 

0 – 7>=0 :>=B0:BC 7 V=AB@C<5=B><, I; 1 – 7>=0 ?5@8D5@VW, II;2 – F5=B@0;P=0 7>=0 
V=B5=A82=>W 45D>@<0FVW 

$8AC=>: 2 –  V:@>AB@C:BC@0 45D>@<>20=8E 7@07:V2 AB0;V ?@8 B5<?5@0BC@V 45D>@<0FVW 
770 °% ( 360) 

   
0 1 2 

0 – 7>=0 :>=B0:BC 7 V=AB@C<5=B><, I; 1 – 7>=0 ?5@8D5@VW, II;2 – F5=B@0;P=0 7>=0 
V=B5=A82=>W 45D>@<0FVW 

$8AC=>: 3 –  V:@>AB@C:BC@0 45D>@<>20=8E 7@07:V2 AB0;V ?@8 B5<?5@0BC@V 45D>@<0FVW 
850 °% ( 360) 
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�AB0=>2;5=>, I> 7=865==O B5<?5@0BC@8 45D>@<0FVW A?@8Oє 7<5=H5==N 
@>7<V@V2 @5:@8AB0;V7>20=>3> 0CAB5=VB=>3> 75@=0, 0 2V4?>2V4=>, ?>4@V1=5==N 
D5@8B=>3> 75@=0. -5 >4=8< 206;828< G8==8:>< 70?>1V30==O @>ABC 
D5@8B=>3> 75@=0 C 25@E=V9 G0AB8=V D5@8B=>W >1;0ABV є >E>;>465==O AB0;V C 
20;:0E. 

$5:><5=4>20=89 @568< 4;O AB0;V 10)(&�G: B5<?5@0BC@0 70:V=G5==O 
?@>:0BC20==O – 850 °%, ?>G0B>: ?@8A:>@5=>3> >E>;>465==O – 750 °%, 
B5<?5@0BC@0 =0<>BC20==O A<C38 C 20;:8 – 600 °%. 

&0:, C @07V 70:V=G5==O ?@>:0BC20==O ?@8 850 °% 1C;8 >B@8<0=V B0:V 
<5E0=VG=V 2;0AB82>ABV, 287=0G5=V 2 E>4V 28?@>1C20==O =0 @>7@82: <560 
<VF=>ABV 540 ... 560  #0, C40@=0 2’O7:VABP 0,80 ... 0,85  �6/<2, 2V4=>A=5 
?>4>265==O 25...29 %. ' @07V 7=865==O B5<?5@0BC@8 45D>@<0FVW 
70157?5GCNBPAO 28IV E0@0:B5@8AB8:8 <VF=>ABV ?@8 ?><VB=><C 7=865==V 
?;0AB8G=>ABV B0 C40@=>W 2’O7:>ABV.  5E0=VG=V 2;0AB82>ABV 287=0G5=V =0 7@07:0E 
?VA;O @5:@8AB0;V70FV9=>W >1@>1:8 7 850 °%. 

�0 4>?><>3>N <5B>4C DV78G=>3> <>45;N20==O @>7:@8B> <5E0=V7< 
2?;82C 5=5@3>A8;>28E ?0@0<5B@V2 ?@>:0BC20==O =0 D>@<C20==O <0:@>- V 
<V:@>AB@C:BC@8 42>D07=8E AB0;59 (D5@8B>-?5@;VB=>W), C ?@>F5AV WE 30@OG>W 
45D>@<0FVW. �0AB>A>20=0 AE5<0 =0?@C65=>-45D>@<>20=>3> AB0=C, 7 
28:>@8AB0==O< @>1>G8E 20;:V2 7<V==>3> ?5@5@V7C, 70157?5G8;0 ?V428I5==O 
>4=>@V4=>ABV AB@C:BC@8 @>7@>1;5=8E AB0;59 V 715@53;0 F5=B@0;P=C G0AB8=C 
?5@5@V7C ?@>:0BC 2V4 ?5@53@V2C. 

' ?@>F5AV 4>A;V465==O 70?@>?>=>20=> <5B>4>;>3VN :V;P:VA=>3> 
287=0G5==O B5<?5@0BC@=>3> ?>;O F5=B@0;P=>W G0AB8=8 ;8AB>2>3> ?@>:0BC, O:C 
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