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4>A;V465=P V ?@><8A;>28E 5:A?5@8<5=BV2 A2VB>28E 2G5=8E 2 FV9 >1;0ABV (+.&. %V<A, 
�.+. )035;P, �. %<VB B0 V=H8<8), 0 B0:>6 C:@0W=AP:8<8 2G5=8<8, I> 2V4=>ASBPAS 4> 
=0C:>28E H:V; �.�. #0B>=0,  .�. /=35;S, �.�. �>20;S, �.�. �2G5=:>, 
(. .  C@02G5=:>. �=0G=89 ?@0:B8G=89 4>A2V4, =0:>?8G5=89 2 ?@>F5AV 
5:A?;C0B0FVW �&�, ?>:0702, I> <>6;82>ABV :0@48=0;P=>3> ?>;V?H5==S AB@C:BC@8 V 
<5E0=VG=8E 2;0AB82>AB59 A?;02V2 7 28:>@8AB0==S< 2V4><8E EV<VG=8E :><?>78FV9 
?@0:B8G=> 28G5@?0=>. 

�0 @57C;PB0B0<8 0=0;VB8G=>3> >3;S4C ;VB5@0BC@=8E 465@5; 7@>1;5=> 
28A=>2:8, 0 B0:>6 >1ґ@C=B>20=> <5BC V 70240==S 4>A;V465=P. 

�@C389 @>74V; ?@8A2SG5=89 <5B>4>;>3VG=><C >1ґ@C=BC20==R 4>A;V465=P 
4;S 4>AS3=5==S ?>AB02;5=8E 2 @>1>BV FV;59, I> 2:;RG0є 28:>@8AB0=V <0B5@V0;8, 
@>7@0EC=:>2V V AB0=40@B=V 5:A?5@8<5=B0;P=V <5B>48 4>A;V465==S B0 ?>A;V4>2=VABP 
WE 70AB>AC20==S. �4V9A=5=> 281V@:C ;820@=8E �!% 7 ?>78FV9 @V7=><0=VBBS A8AB5< 
;53C20==S, I> 70 A:;04>< >E>?;Rє H8@>:89 4V0?07>=, 0 B0:>6 70157?5GCє 
=04V9=VABP @>7@0EC=:>28E V 5:A?5@8<5=B0;P=8E 40=8E. �>65= @>73;S=CB89 A?;02 
28:>@8AB>2C202AS S: A0<>ABV9=89 >1'є:B 4>A;V465==S. 

�>A;V465=> @S4 A?;02V2 ?@54AB02;5=89 2V4><8<8 ?@><8A;>28<8 <0@:0<8 (B0 
@>7@>1;5=89 A?;02 70 <0@:>R � �- 8), S:V 1C;8 A8AB5<0B87>20=> 70 B5E=>;>3VєR 
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;8B20. �;S 0?@>10FVW >B@8<0=8E @57C;PB0BV2 1C;8 28:>@8AB0=V 7=0G5==S 
2;0AB82>AB59 ;820@=8E 60@><VF=8E =V:5;528E A?;02V2 RR2000, �%32� B0 � �-3'. 

�81V@:C 4>A;V46C20=8E A?;02V2 1C;> 74V9A=5=> 7 ?>78FV9 @V7=><0=VB=8E 
EV<VG=8E A:;04V2 (A8AB5< ;53C20==S), 0 B0:>6 =040==S =04V9=8E @>7@0EC=:>28E V 
5:A?5@8<5=B0;P=8E 40=8E. �8E>4SG8 7 >B@8<0=>W 281V@:8, 1C;> 281@0=> 4V0?07>= 
20@VR20==S :>=F5=B@0FV9 EV<VG=8E 5;5<5=BV2 4;S ?>40;PH8E 0=0;VB8G=8E 
4>A;V465=P (B01;.1). 

 

&01;8FS 1 3 �V0?07>= 20@VR20==S EV<VG=>3> A:;04C 4>A;V465=8E ;820@=8E 
60@><VF=8E =V:5;528E A?;02V2   

�<VAB 5;5<5=BC, % 70 <0A>R 

% Cr Co Al Ti Mo W Nb Ta Hf V Zr B 

0,01& 
0,2 

1,0& 

35,0 

0,5& 

19,0 

0,5& 

6,25 

1,0& 

6,0 

0,1& 

 6,0 

0,1& 

16,0 

0,1& 

4,0 

0,1& 

12,0 

0,1& 

2,5 

0,1& 

1,6 

0,005& 

0,1 

0,004& 

0,03 

�D8@іF>4: Ni-BEAB64, S+  ó 0,015% 74 @4EBN. 
 

�0 AE5<>R, =02545=>R =0 @8AC=:C 1, 1C;0 ?@>2545=0 @>1>B0 ?> 2AB0=>2;5==R 
<0B5<0B8G=8E 70:>=><V@=>AB59 2;0AB82>AB59 4>A;V4=8E A?;02V2. "B@8<0=V 
@57C;PB0B8 1C;8 >1@>1;5=V 7 >B@8<0==S< 70;56=>AB59 B8?C «:>=F5=B@0FVS-
2;0AB82VABP» 7 ?>1C4>2>R DC=:FV9 2V43C:C B0 :>5DVFVє=B0<8 45B5@<V=0FVW (R2ó0,8) V 
>B@8<0==S< 70;56=>AB59, S:V >?B8<0;P=> >?8ACRBP FV ?@>F5A8. 

 

 
$8AC=>: 1 - %E5<0 A8AB5<0B870FVW B0 >1@>1;5==S E0@0:B5@8AB8: ;820@=8E 

60@><VF=8E =V:5;528E A?;02V2 
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$>7@0EC=:8 AB@C:BC@=>-D07>28E E0@0:B5@8AB8: 4>A;V465=8E A?;02V2 
28:>=0=> =0 >A=>2V EV<VG=>3> A:;04C 7 28:>@8AB0==S< :><?'RB5@=>3> <>45;R20==S 
B5@<>48=0<VG=8E ?@>F5AV2 :@8AB0;V70FVW (>E>;>465==S) <5B>4>< CALPHAD, 7 
>B@8<0==S< B5<?5@0BC@=8E 70;56=>AB59 B8?C «EV<VG=89 A:;04-2;0AB82VABP».  

�8BV 7@07:8 @>7@>1;5=>3> A?;02C � �- 8 (B01;. 2) V7 @V2=>>A=>R AB@C:BC@>R, 
0 B0:>6 0=0;>3VG=V 7@07:8 7 ?@><8A;>28E A?;02V2 >B@8<C20;8 2 20:CC<=>-

V=4C:FV9=V9 ?5GV <0@:8 '##(-3 . )V<VG=89 0=0;V7 B5AB>28E V ?@><8A;>28E ?;02>: 
74V9A=R202AS 2V4?>2V4=> 4> 28<>3 &' 14-1689-73 B0 "%& 1.90127-85. %?5:B@0;P=89 
EV<VG=89 0=0;V7 ?@>2>48;8 =0 >?B8G=><C 5<VAV9=><C ?@8;04V ARL-4460.  

 

&01;8FS 2 3 )V<VG=89 A:;04 @>7@>1;5=>3> A?;02C � �- 8 
�<VAB 5;5<5=BC %, 70 <0A>R (Ni 3 >A=>20) 

C Cr Co Mo W Al Ti Nb Ta Hf Zr 

0,09& 

0,15 

22,5& 

23,5 

8,5& 

9,5 

1,6& 

2,2 

3,0& 

4,0 

1,0& 

1,6 

1,0& 

1,6 

1,0& 

1,6 

1,0& 

1,6 

0,6& 

1,0 

 4> 
0,03 

 

 5E0=VG=V 2;0AB82>ABV 287=0G0;8 70 �%&' ISO 6892-1:2019 =0 @>7@82=8E 
<0H8=0E ' �-10&  V �% -20. '40@=V 28?@>1C20==S ?@>2545=> 70  
�%&' ISO 148-1:2022. �8?@>1C20==S =0 4>23>B@820;C <VF=VABP ?@>2545=> =0 
0=0;>3VG=8E 7@07:0E 70 B5<?5@0BC@8 800ð% =0 <0H8=0E �� �-5-2 V ZTZ 3/3  
(�%&' ISO 204:2019) H;SE>< >4=>2VA=>3> @>7BS3C20==S ?@8 ?>ABV9=><C 
=020=B065==V =0 AB0=40@B=8E B8<G0A>28E 1070E 40, 100 V 1000 3>48=. �87=0G5==S 
>?>@C 28A>:>B5<?5@0BC@=V9 :>@>7VW (�&�), ?@>2>48;8 2 A8=B5B8G=V9 7>;V, =0 
F8;V=4@8G=8E 7@07:0E (4V0<5B@ 10 <<, 4>268=0 l = 12 <<), S:V ?VA;S ?>?5@54=P>3> 
7=568@5==S, 28<V@R20;8AP V 7206C20;8AP =0 0=0;VB8G=8E 2030E 7 B>G=VABR 

 (± 0,0005 3), 7 =0=5A5==S< =0 WE=R ?>25@E=R A8=B5B8G=>W 7>;8 2 :V;P:>ABV 12 <3/A<2, 

I> V<VBCє ?@>4C:B8 73>@S==S 307>BC@1V==>3> ?0;820, B0:>3> A:;04C: Na2SO4 - 66,2%;  

Fe2O3 - 20,4% ; NiO - 8,3% ; Ca" - 3,3% ; V2O5 - 1,8%, ?>BV< @>7<VIC20;8 V 
28B@8<C20;8 2 ?5GV =0 ?;0BD>@<V 7 2>3=5B@82:>3> <0B5@V0;C 2 ?>2VB@S=V9 
0B<>AD5@V. �>@>7V9=V 28?@>1C20==S ?@>2>48;8 2 A8=B5B8G=V9 7>;V 70 B5<?5@0BC@ 
800, 850, 900 V 9500% 2?@>4>26 100&300 3>48=. #>@V2=S;P=C ABV9:VABP 7@07:V2 
4>A;V46C20=8E A?;02V2 4> �&� >FV=R20;8 70 ?8B><>R 2B@0B>R <0A8 (q, 3/<2) V 
A5@54=P>R H284:VABR :>@>7VW (ðVq, 3/<2A).  

"FV=R20==S @57C;PB0BV2 ;01>@0B>@=8E V ?@><8A;>28E 5:A?5@8<5=BV2 
28:>=0=> 7 28:>@8AB0==S< AB0=40@B=8E <5B>4V2 <0B5<0B8G=>W AB0B8AB8:8 B0 
<>45;R20==S. �;S <5B0;>3@0DVG=>3> V @5=B35=>A?5:B@0;P=>3> <V:@>0=0;V7C 
28:>@8AB0=> >?B8G=89 («Olympus IX-70») B0 5;5:B@>==89 @0AB@>289 <V:@>A:>? 
«$� -106�». 

# B@5Bь><C @>74V;V ?@54AB02;5=> @57C;PB0B8 4>A;V465==S 2?;82C 
;53C20;P=8E 5;5<5=BV2 =0 B5?;>DV78G=V, <5E0=VG=V B0 :>@>7V9=V 2;0AB82>ABV 
60@><VF=8E =V:5;528E A?;02V2 =0 >A=>2V >1@>1:8 5:A?5@8<5=B0;P=8E 40=8E. ' 
?5@V>48G=V9 ;VB5@0BC@V @>73;S=CBV 2;0AB82>ABV =0 >A=>2V EV<VG=>3> A:;04C ;820@=8E 
�!% ;8H5 7 C@0EC20==S< ÷ò-CB2>@R20;P=8E 5;5<5=BV2. !5>1EV4=VABP 4>A;V465==S 
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>A>1;82>AB59 2?;82C 2AVE ;53C20;P=8E 5;5<5=BV2 =0 2;0AB82>ABV ?>B@V1=> 4;S 
71V;PH5==S B>G=>ABV 287=0G5==S WE=VE E0@0:B5@8AB8:. &><C 02B>@>< 1C;> 
@>7@>1;5=> A?V22V4=>H5==S =0 ?V4AB02V B5@<>48=0<VG=8E AC465=P, S:V 40;8 7<>3C 
287=0G8B8 ?>:07=8:8 B5?;>DV78G=8E, <5E0=VG=8E B0 :>@>7V9=8E 2;0AB82>AB59 
;820@=8E 60@><VF=8E =V:5;528E A?;02V2, 28E>4SG8 7 =0ABC?=8E <V@:C20=P. 

"4=>G0A=0 ?@8ACB=VABP :V;P:>E ;53C20;P=8E 5;5<5=BV2 2 A:;04V ;820@=8E 
60@><VF=8E =V:5;528E A?;02V2 =040є 1V;PH 5D5:B82=89 2?;82 =0 60@><VF=VABP, =V6 
5:2V20;5=B=0 :V;P:VABP >4=>3> 5;5<5=B0. � 70;56=>ABV 2V4 2?;82C =0 <5E0=V7< 
7<VF=5==S ;820@=8E �!%, 5;5<5=B8 <>6=0 :;0A8DV:C20B8 V @>74V;8B8 =0 B0:V 
>A=>2=V 3@C?8: @>7G8==>-48A?5@AV9=V 7<VF=R20GV (Al, Ti, Ta, Hf ); B25@4>@>7G8==V 
7<VF=R20GV (Co, Cr, Mo, W, Re); :0@1V4>CB2>@R20;P=V 5;5<5=B8 (Ti, Ta, Hf, Nb, V, 
W, Mo, Cr); <V:@>;53C20;P=V 5;5<5=B8 V  4><VH:8 @V7=>3> B8?C. &0:89 ?>4V; є 4>A8BP 
C<>2=8<, >A:V;P:8 5;5<5=B8-7<VF=R20GV <>6CBP @>7G8=SB8AS =5 ;8H5 2 γ-B25@4><C 
@>7G8=V, 0 9 2 V=B5@<5B0;V4=V9 γò- D07V 7 CB2>@5==S< A?>;C:8 B8?C 
(Ni, Cr)3(Al, Ti, Mo, W, Nb, Ta). "4=0:, 02B>@ 22060є, I>, 4>B@8<CRG8AP B0:>W 
:;0A8DV:0FVW, AB2>@RєBPAS 1V;PH FV;VA=0 :0@B8=0. 

�2060єBPAS, I> >?B8<V70FVS 2;0AB82>AB59 ;820@=8E �!% ?>;S30є 2 
?V428I5==V AC<0@=>3> 2<VABC γò- CB2>@R20;P=8E 5;5<5=BV2, ?@8 710;0=A>20=><C 
AC<0@=><C ;53C20==V B25@4>@>7G8==8<8 7<VF=R20G0<8 (>4=0: WE 2=5A>: C 
7<VF=5==S є 7=0G=> <5=H8<). �3V4=> 7 B5@<>48=0<VG=8E ?>78FV9, 70;56=VABP 
2;0AB82>AB59 A8AB5< C 42>D07=><C @V2=>206=><C AB0=V (÷+÷ò- D078) 2V4 
:>=F5=B@0FV9=8E D0:B>@V2 AB2>@RRBP 5D5:B :>>?5@0FVW (:>=:C@5=FVW). &><C 4;S 
2V;P=>W 5=5@3VW (G) C 728G09=><C AB0=V  1C45 A?@0254;82> A?V22V4=>H5==S: 

 

 G[",  , Ni,j] =  Gi÷ò  ∑ Ni÷òi + Gj÷  ∑ NjNjj +⋯,   (1) 

45 &- B5<?5@0BC@0, �; $ 3 B8A:, #0; Ni, Nj 3 :>=F5=B@0FV9=V (A5@54=P>72065=V) 
D0:B>@8 ?@8ACB=VE C A?;02V EV<VG=8E :><?>=5=BV2. 

 

�0 C<>28 @V2=>2038 ($ V &= const) C 28?04:C 42>E >A=>2=8E D07 G÷+÷ò = min 

@V2=VABP (1) ?5@5B2>@RєBPAS C 28@07: 
 

 dG÷+÷ò = 0 = ( ∂G∂Ni)∑ Ni i + ( ∂G∂Nj)∑ Nj j = i÷ò ∑ Ni i + j÷ ∑ Nj j ,  (2) 

45 i(j) - ?0@FV0;P=V EV<VG=V ?>B5=FV0;8. 
 

/:I> 22060B8, I> :>5DVFVє=B B5@<>48=0<VG=>W 0:B82=>ABV :><?>=5=BV2 
=01;865=> 4>@V2=Rє 1, 0

÷ò+:& lnNi
÷ò  0

÷+:& lnNj
÷. �2060RG8, I> 0=0

÷ò - 0
÷ 

4>AB0B=P> <0;5 V 4> B>3> 6 =570;56=5 2V4 :>=F5=B@0FVW, 1C45<> <0B8: 
 ln∑ Ni÷òi 2 ln∑ Nj ÷j =  0     (3) 

 

�2V4A8: 
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∑Ni÷ò∑Nj÷    1      (4) 

 

� C@0EC20==S< <0AHB01=>3> D0:B>@C  >AB0==є @V2=S==S =01C20є =0ABC?=>3> 
283;S4C: � ∑Ni÷ò∑Nj÷  ó  1,      (5) 

45 q 3 <0AHB01=89 D0:B>@ ( ó 1). 

 

&><C, 28E>4SG8 7 28I5 =02545=8E A?V22V4=>H5=P, 02B>@>< 1C;> 70?@>?>=>20=> 
2V4?>2V4=V 70;56=>ABV �÷ò (D>@<C;0 6) V �÷ (D>@<C;0 7), I> 2@0E>2CRBP S: 
:>=:C@5=FVR, B0: V :>>?5@0FVR @V7=8E 3@C? 5;5<5=BV2 2 ;820@=8E �!%, AB0= S:8E 
=5 є @V2=>206=8<: 

 К÷ò = 5 ∑(Al+Ti+Nb+Ta+Hf)∑(Cr+W+Mo+Co) ,     (6) 

45 Al, Ti, Nb, Ta, Hf, Cr, W, Mo, Co 3 2V4?>2V4=89 2<VAB 5;5<5=BV2 2 A?;02V, % <0A. 
 

' D>@<C;V (6) :@8B5@V9 q=5 1C2 A?5FV0;P=> ?V4V1@0=89 4;S 70157?5G5==S 
=09:@0I>3> A?V22V4=>H5==S 5;5<5=BV2 73V4=> B0:8E <V@:C20=P: ÷ò-CB2>@R20;P=V 
5;5<5=B8 70157?5GCRBP 7=0G=> 1V;PH89 2=5A>: (?@81;87=> 2 5 @07V2) 2 7<VF=5==S 
A?;02C (2 =0A;V4>: 7@>AB0==S :V;P:>ABV 7<VF=R20;P=>W D078).  

%?V22V4=>H5==S �÷ (D>@<C;0 7) 28:>@8AB>2CєBPAS 4;S 287=0G5==S 
B5<?5@0BC@8 ?;02;5==S ;820@=8E �!%. "A:V;P:8 ?@8 F8E B5<?5@0BC@0E >A=>2=8< 
D0:B>@><, S:89 2?;820є =0 :@8B8G=C B5<?5@0BC@C, є ?@>F5A8 48DC7VW (H284:VABP 
S:8E 70;568BP 2V4 B25@4>@>7G8==8E 7<VF=R20GV2) 1C;> 70?@>?>=>20=> 
A?V22V4=>H5==S, I> 2@0E>2Cє V F59 ?@>F5A: 

 

 К÷ = ∑(Cr+W+Mo+Co)∑(Al+Ti+Nb+Ta+Hf)      (7) 

45 Al, Ti, Nb, Ta, Hf, Cr, W, Mo, Co 3 2V4?>2V4=89 2<VAB 5;5<5=BV2 2 A?;02V, % <0A. 
 

�=0;VB8G=V 28@078 (6, 7) @>7@>1;5=V 4;S :>=F5=B@0FV9=8E V=B5@20;V2 
5;5<5=BV2, 2:070=8E 2 B01;8FV 1, B0 =5 <0RBP DV78G=>W @>7<V@=>ABV. 

&5<?5@0BC@=0 ?@0F5740B=VABP ;820@=8E �!% E0@0:B5@87CєBPAS AB@C:BC@=>-
D07>2>R AB01V;P=VABR V @V2=5< 60@><VF=>ABV, I> 70;568BP 2V4 :@8B8G=8E 
B5<?5@0BC@, B0:8E S: B5<?5@0BC@8 ;V:2V4CAC (tL), A>;V4CAC (tS), B5<?5@0BC@8 (t52B.) 
;>:0;P=>3> ?;02;5==S 52B5:B8:8 (γ+γ'), 0 B0:>6 B5<?5@0BC@ ?>G0B:C (t?.@.γ') 
@>7G8=5==S 7<VF=R20;P=>W γò- D078. �2060єBPAS, I> G8< <5=H5 B5<?5@0BC@=89 
V=B5@20; :@8AB0;V70FVW (t:@.) A?;02C, B8< <5=H5 ABC?V=P 45=4@8B=>W ;V:20FVW. � 
72C65==S B5<?5@0BC@=>3> V=B5@20;C 3><>35=V70FVW (t3><.) =530B82=> 2?;820є =0 
B5E=>;>3VG=VABP B5@<VG=>3> >1@>1;5==S A?;02V2.  
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� 28:>@8AB0==S< 0=0;VB8G=8E 28@07V2 (6, 7) 287=0G5=> 70;56=>ABV, S:V 
4>72>;SRBP 74V9A=R20B8 @>7@0EC=:8 4;S ?@>3=>7C20==S B5?;>DV78G=8E 
2;0AB82>AB59 70 25;8G8=>R A?V22V4=>H5==S �÷ò B0 �÷ 2 ;820@=8E �!% (@8A. 2, 3).  

 

  
   0      1 

  
    2       3 

  
    4       5 

0 - t?@÷ò=(K÷ò); 1 3 t52B= (K÷ò); 2 - t3><=( K÷ò); 3 - tS=( K÷ò); 4 - tL=( K÷); 

 5 3 t:@=( K÷); 

$8AC=>: 2 - �0;56=VABP :@8B8G=8E B5<?5@0BC@ V V=B5@20;C 3><>35=V70FVW 2V4 
A?V22V4=>H5==S ;53C20;P=8E 5;5<5=BV2 2 A:;04V �!% @V2=>2VA=>W :@8AB0;V70FVW 
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    a      1 

   

    2      3 

   

    4      5 

0 - t?@÷ò=(K÷ò); 1 3 t52B÷+÷ò= (K÷ò); 2 - t3><=( K÷ò); 3 - tS=( K÷ò); 4 - tL=( K÷); 

 5 3 t:@=( K÷); 

$8AC=>: 3 3 �0;56=VABP :@8B8G=8E B5<?5@0BC@ B0 V=B5@20;C :@8AB0;V70FVW 2V4 
A?V22V4=>H5==S ;53C20;P=8E 5;5<5=BV2 2 A:;04V �!% A?@S<>20=>W :@8AB0;V70FVW  

 

�0;56=>ABV B5<?5@0BC@8 ;V:2V4CA V V=B5@20;C :@8AB0;V70FVW 2V4 
A?V22V4=>H5==S K÷ (482. @8A. 2, 4, 5) <0RBP 5:AB@5<C< 2 V=B5@20;V 7=0G5=P 4,5...5 K÷, 
I> 2V4?>2V40є 270є<>72'S7:C ÷-CB2>@R20;P=8E 5;5<5=BV2 4> ÷ò-CB2>@R20;P=8E 
5;5<5=BV2 S: 5:1. � ?V428I5==S< 7=0G5==S K÷ A?>AB5@V30єBPAS 45S:5 71V;PH5==S 
B5<?5@0BC@8 ;V:2V4CA, 0;5 <0:A8<C<C =5 4>AS30є. #@>B8;56=0 ?>254V=:0 
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A?>AB5@V30єBPAS 2 V=B5@20;V :@8AB0;V70FVW A?;02V2, ?@8 7=0G5==SE K÷5, t:@ 7@>AB0є 
V 4>AS30є <0:A8<0;P=8E 7=0G5=P B0 28:;8:0є 71V;PH5==S ;V:20FVW 2 7;82:0E. 

#@8 7=0G5==V 1,6...1,7K÷ò, 4;S A?;02V2 A?@S<>20=>W :@8AB0;V70FVW, 
A?>AB5@V30єBPAS 7=865==S B5<?5@0BC@ t?@ V tS (482. @8A. 3, 0, 2), 2 =0A;V4>: 71V;PH5==S 
2<VABC  ÷- B25@4>@>7G8==8E 7<VF=R20GV2. #@8 ?V428I5==V 7=0G5==S 4> K÷ò=2,2 ... 2,3 

A?>AB5@V30єBPAS 7@>AB0==S B5<?5@0BC@ t?@ V tS, F5 ?>2'S70=> 7V 7@>AB0==S< :V;P:>ABV 
÷ò-CB2>@R20;P=8E 5;5<5=BV2. 

� <5B>R ?5@52V@:8 >B@8<0=8E 70;56=>AB59 1C;> ?@>2545=> ?>@V2=S;P=V 
4>A;V465==S @>7@0EC=:>28E B0 5:A?5@8<5=B0;P=8E 40=8E ?> ?@><8A;>28< A?;020< 
S: 2VBG87=S=>3> B0: V 70:>@4>==>3> 28@>1=8FB20. � B01;8FV 3 ?@54AB02;5=> 
@57C;PB0B8 @>7@0EC=:V2 B5?;>DV78G=8E 2;0AB82>AB59 A?;02V2 � �-3' B0 �%-32�� 
A5@54=P>3> @V2=S ;53C20==S, @>7@0E>20=8<8 70 70;56=>ABS<8 2 ?>@V2=S==V 7 
5:A?5@8<5=B0;P=8<8. 

 

&01;8FS 3 - #>@V2=S;P=V @>7@0EC=:>2V 7=0G5==S B5?;>DV78G=8E 2;0AB82>AB59 
4;S A?;02V2 � �-3' B0 �%-32�� =0 A5@54=P><C @V2=V ;53C20==S 

 5B>4 >B@8<0==S 
@57C;PB0BV2 

�@8B8G=V B5<?5@0BC@8, ð% 

t?@
÷ò tQ2B

÷+÷ò tS tL t3>< t:@ 

�%32-�� 
$>7@0E>20=V 70 
@>7@>1;5=8<8 
<>45;S<8 

1205 1265 1303 1355 55 53 

�:A?5@8<5=B0;P=V 
7=0G5==S 70 40=8<8 
#�& « "&"$ %�+» 

1197 1260 1298 1352 48 54 

� �-3' 

$>7@0E>20=V 70 
@>7@>1;5=8<8 
<>45;S<8 

1160,6 1233,5 1260,7 1354,3 72,9 93,6 

#0A?>@B =0 
60@><VF=89 

:>@>7V9=>ABV9:89 

=V:5;5289 A?;02 
� �-3' 

()!64� �.&). 

1165 1235 1255 1350 68 79 

 

�8:>@8AB0==S >B@8<0=8E 70;56=>AB59 ?>:070;>, I> @>7@0EC=:>2V 7=0G5==S 
:@8B8G=8E B5<?5@0BC@, <0RBP 71V6=VABP 7 5:A?5@8<5=B0;P=8<8 40=8<8 7 ?>E81:>R 
=5 1V;PH5 5% (482. B01;. 3). &0:8< G8=><, 28:>@8AB0==S >B@8<0=8E 70;56=>AB59 

4;S 2AB0=>2;5==S B0 >?B8<V70FVW B5<?5@0BC@ 28?;02;5==S B0 B5@<VG=>3> >1@>1;5==S 
40є 7<>3C 7<5=H8B8 :V;P:VABP 5:A?5@8<5=B0;P=8E @>1VB 4> <V=V<C<C.  

� G5B25@B><C @>74V;V 2AB0=>2;5=> 72’S7>: <V6 EV<VG=8< A:;04>< B0 
<5E0=VG=8<8 2;0AB82>ABS<8, I> 7C<>2;Rє 7=865==S :V;P:>ABV :>HB>2=8E 
5:A?5@8<5=BV2 ?@8 @>7@>1FV B0 24>A:>=0;5==V ;820@=8E �!%. #@>2545=> 
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4>A;V465==S ?> 287=0G5==R 0=0;VB8G=8E 70;56=>AB59 A?;02V2, S:V 4>72>;SRBP ?> 
287=0G5=8< <>45;S< @>7@0EC20B8 >A=>2=V E0@0:B5@8AB8:8. #>:070=>, I> 
@>7@0EC=:8 <5E0=VG=8E 2;0AB82>AB59 <>6=0 74V9A=R20B8, 28:>@8AB>2CRG8 
A?V22V4=>H5==S �÷ò (@8A. 4). "B@8<0=V 70;56=>ABV <0RBP ;V=V9=89 E0@0:B5@ 7 
?>78B82=8< :CB>< =0E8;C, B0:V 70;56=>ABV ?>SA=RRBPAS B8<, I> 7V 71V;PH5==S< 
�÷ò :V;P:VABP ÷ò-CB2>@R20;P=8E 5;5<5=BV2 2 A?;02V 7@>AB0є, 0 >B65, 7@>AB0є :V;P:VABP 
7<VF=R20;P=>W D078 (V÷ò20), S:0 2?;820є =0 4>23>B@820;C <VF=VABP A?;02V2.  

 

  
   0        1 

  
   2        3 

0, 2 - V÷ò
20=(K÷ò); 1, 3 - ó100

1000=(K÷ò); 0, 1 3 A?;028 @V2=>>A=>W :@8AB0;V70FVS; 
2, 3 3 A?;028 A?@S<>20=>W :@8AB0;V70FVW 

$8AC=>: 4 3 �0;56=>ABV :V;P:>ABV ÷ò-D078 ?@8 :V<=0B=V9 B5<?5@0BC@V B0 
4>23>B@820;>W <VF=>ABV 2V4 A?V22V4=>H5==S ;53C20;P=8E 5;5<5=BV2 K÷ò 

 

� B01;8FV 4 =02545=> @57C;PB0B8 @>7@0EC=:V2 <5E0=VG=8E 2;0AB82>AB59 4;S 
?@><8A;>28E A?;02V2 RR2000 B0 �%-32�� A5@54=P>3> @V2=S ;53C20==S, >B@8<0=8E 
70 70;56=>ABS<8 2 ?>@V2=S==V 7 5:A?5@8<5=B0;P=8<8 40=8<8. �8:>@8AB0==S 
>B@8<0=8E A?V22V4=>H5=P ?>:070;>, I> @>7@0EC=:>2V 7=0G5==S 2;0AB82>AB59, 
<0RBP 71V6=VABP 7 5:A?5@8<5=B0;P=8<8 40=8<8 7 ?>E81:>R =5 1V;PH5 8%. 

!0 28A>:>B5<?5@0BC@=C :>@>7VR (�&�) 7=0G=> 2?;820є EV<VG=89 A:;04 
;820@=8E �!%. )@>< є >A=>2=8< 5;5<5=B><, S:89 70157?5GCє ABV9:VABP A?;02V2 2 
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C<>20E �&�, >4=0: ?>78B82=C B5=45=FVR 40RBP 22545==S B8B0=C B0 0;R<V=VR (2 
?52=8E A?V22V4=>H5==SE).  

 

&01;8FS 4 -  5E0=VG=V 2;0AB82>ABV A?;02V2 �%-32�� B0 RR2000 =0 A5@54=P><C 
@V2=V ;53C20==S, >B@8<0=V @>7@0EC=:>28< <5B>4>< B0 5:A?5@8<5=B0;P=> 

 5B>4 >B@8<0==S @57C;PB0BV2 
�;0AB82>ABV 60@><VF=8E A?;02V2 

ó�,  
 #0 

20,  

% 

ó100
1000,  

 #0 
V÷ò

20,  

% 

V÷ò
1000,  

% 

ò, 

 3/A<3 

RR2000 

$>7@0E>20=V 70 @>7@>1;5=8<8 
<>45;S<8 1140 0,055 225 68 60 8,7 

�:A?5@8<5=B0;P=V 7=0G5==S 70 
40=8<8 P. Fusco 

1100 0,043 215 67 48 8,6 

�%32-�� 
$>7@0E>20=V 70 @>7@>1;5=8<8 
<>45;S<8 1090 0,35 240 62 51 8,5 

�:A?5@8<5=B0;P=V 7=0G5==S 70 
40=8<8 #�& « "&"$ %�+» 1100 0,36 245 64 55 8,55 

 

%CG0A=V 60@><VF=V =V:5;52V A?;028 <0RBP 2 A2>є<C A:;04V 5;5<5=B8, I> 
7=86CRBP ABV9:VABP 4> 28A>:>B5<?5@0BC@=>W :>@>7VW (2>;PD@0<, <>;V145=, 2C3;5FP 
B0 V=HV). "FV=:0 2?;82C :>6=>3> 5;5<5=BC >:@5<> <>65 1CB8 =5045:20B=>R ?@8 
@V7=8E 20@V0=B0E ;53C20==S A?;02V2, 2 72'S7:C 7 F8<, 7@>1;5=0 A?@>10 2@0EC20==S 
:><?;5:A=>W >FV=:8 WE 2?;82C 70 4>?><>3>R @>7@>1;5=>3> A?V22V4=>H5==S �?A: 

 К�! = Cr √(Al+Ti+Nb+Ta+Hf)(W+Mo+Co) ,     (8) 

45 Al, Ti, Nb, Ta, Hf, Cr, W, Mo, Co 3 2V4?>2V4=89 2<VAB 5;5<5=BV2 2 A?;02V, % <0A. 
 

� 28:>@8AB0==S< A?V22V4=>H5==S �?A >B@8<0=> 70;56=>ABV, S:V 4>72>;SRBP 
2AB0=>28B8 A5@54=R H284:VABP :>@>7VW (Vq

t) ?@8 @V7=8E B5<?5@0BC@0E, 70 C<>2 
=01;865=8E 4> @>1>G8E. !0 @8AC=:C 5 ?@54AB02;5=V 70;56=>ABV 4;S 2V4?>2V4=8E 
B5<?5@0BC@, S:V <0RBP 5:A?>=5=FV0;P=C 70;56=VABP, B>1B> 7V 71V;PH5==S< �?A 
H284:VABP :>@>7VW 7<5=HCєBPAS. *V 70;56=>ABV ?>SA=RRBPAS B8<, I> 7V 7@>AB0==S< 
�?A ?V428ICєBPAS :V;P:VABP ;53C20;P=8E 5;5<5=BV2, S:V ?>A8;RRBP ABV9:VABP 4> 
28A>:>B5<?5@0BC@=>W :>@>7VW. "B65, 70 >B@8<0=8<8 70;56=>ABS<8 <>6;82> 
2AB0=>28B8 A5@54=R H284:VABP :>@>7VW 4;S ;820@=>3> 60@><VF=>3> =V:5;52>3> 
A?;02C =0 5B0?V @>7@>1:8 EV<VG=>3> A:;04C.  

# ?’OB><C @>74V;V ?@>0=0;V7>20=> AB@C:BC@=>-D07>2V A:;048 ;820@=8E �!% 
B0 284V;5=> >A=>2=V A:;04>2V, I> D>@<CRBP 2;0AB82>ABV. �0 >AB0==V 45ASB8;VBBS 
=0C:>2FS<8 @>7@>1;5=> B0 2?@>20465=> 25;8:C :V;P:VABP <5B>48: 2AB0=>2;5==S 
EV<VG=>3> A:;04C 7<VF=R20;P=>W ÷ò-D078 B0 WW 2?;82 =0 2;0AB82>ABV A?;02V2. "4=0: 2 
F8E @>1>B0E <0965 =5 ?V440RBPAS 0=0;V7C  :0@1V4=V D078, S:V B0:>6 2?;820RBP =0 
@>1>GV E0@0:B5@8AB8:8.  
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   0     1 

  
   2     3 

0, 2- 800ð%; 1, 3 3 950ð% 

$8AC=>: 5 - �>@5;SFV9=V 70;56=>ABV A5@54=P>W H284:>ABV :>@>7VW (Vq
t) A?;02V2 

@V2=>2VA=>W (0, 1) B0 A?@S<>20=>W (2, 3) :@8AB0;V70FVW 2V4 25;8G8=8 A?V22V4=>H5==S 
K#% 

 

� A:;04=>;53>20=8E 60@><VF=8E =V:5;528E A?;020E CB2>@RRBPAS :0@1V48 
B8?V2  %,  23%6 B0  6%, B8? B0 AB01V;P=VABP S:8E 287=0G0єBPAS ;53C20==S<. �0@1V48 
 % <0RBP =091V;PHV ?>:07=8:8 <VF=>ABV B0 ABV9:>ABV 4> B5<?5@0BC@ 1300ð%. "4=0: 
2 ?@>F5AV 5:A?;C0B0FVW B0 B5@<>F8:;R20==S 2>=8 <>6CBP 1CB8 465@5;>< 
70@>465==S B@VI8=. &><C 4;S 7<5=H5==S =530B82=>3> 2?;82C  % :0@1V4V2 
=5>1EV4=> >?B8<V7C20B8 EV<VG=89 A:;04 B0 7<5=HC20B8 WE=R :V;P:VABP.  

�0@1V48 B8?V2  23%6 B0  6% ?>78B82=> 2?;820RBP =0 ?>27CGVABP (7=86CRBP 
75@=><56>25 ?@>:>27C20==S) ?@8 284V;5==V ?> <560< 75@5= C 283;S4V ?5@5@2=8E 
1;>G=8E 284V;5=P. �>=8 <>6CBP CB2>@R20B8AS ?@8 :@8AB0;V70FVW, 
28A>:>B5<?5@0BC@=V9 B0 B5@<VG=V9 >1@>1FV 70 =0ABC?=8<8 2V4><8<8 @50:FVS<8: 

 

 % + γ →  23%6 + γ' ;         (9) 

 

MC + γ →  M6C + γ' ;           (10) 

 

 6% +  ' ↔  23%6 +  "     (11) 
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� 70;56=>ABV 2V4 EV<VG=>3> A:;04C :0@1V48 1C4CBP <0B8 @V7=C ABV9:VABP ?@8 
B5<?5@0BC@0E 5:A?;C0B0FVW B0 AE8;P=VABP 4> ?5@5@>465==S 2 B>?>;>3VG=> 
IV;P=>C?0:>20=V D078 (&Щ#).  

�024S:8 7<V=V EV<VG=>3> A:;04C :0@1V4V2 <>6;82> 7<5=H8B8 =530B82=V 
?@>F5A8 B0 ?V428I8B8 5:A?;C0B0FV9=V 2;0AB82>ABV A?;02V2. � FP><C @>74V;V =02545=V 
@57C;PB0B8 @>7@>1:8 70;56=>AB59, S:V 2AB0=>2;RRBP 270є<>72’S7>: <V6 EV<VG=8< 
A:;04>< A?;02C B0 EV<VG=8< A:;04>< :0@1V4V2, 0 B0:>6 4>72>;SRBP 287=0G0B8 

B5<?5@0BC@8 ;V:2V4CAC V >1’є<=89 2<VAB :0@1V4V2. �<V=0 :V;P:>ABV :0@1V4V2 70;568BP 
2V4 2<VABC 2C3;5FR 2 A?;02V ?@S<>?@>?>@FV9=> 4;S :0@1V4V2  % B0  23%6 >4=>G0A=> 
2 A?;02V B8?C � �-3' (@8A. 6). &>1B> 7<V=RRG8 :V;P:VABP 2C3;5FR 2 A8AB5<V, 
<>6;82> :5@C20B8 >1’є<=8< 2<VAB>< 2 =V9 :0@1V4V2.  

 

  
   0       1 

   
   2  ô300     3   ô300 

0 3 4;S :0@1V4V2  %; 1 3 4;S :0@1V4V2  23%6; 2 3 A?;02 7 0,1% 2C3;5FR; 
 3 3 A?;02 7 0,18% 2C3;5FR 

$8AC=>: 6 3 �0;56=>ABV >1’є<=>3> 2<VABC :0@1V4V2 2V4 :V;P:>ABV 2C3;5FR 2 
;820@=><C 60@><VF=><C =V:5;52><C A?;02V B8?C � �-3' 

 

#@8 71V;PH5==V :V;P:>ABV B8B0=C 2 A?;02V, 2 :0@1V4V  % ?>ABC?>2> 
2V41C20єBPAS 70<V=0 0B><V2 2>;PD@0<C B8B0=>< B0 2V41C20єBPAS ?5@5EV4 4> :0@1V4C 
B8?C &V%, S:89 <0є H@8DB>2C <>@D>;>3VR B0 7=86Cє 2;0AB82>ABV A?;02C (@8A. 7). 
�2545==S B0=B0;C 1V;PH5 2% ?@82>48BP 4> 28BVA=5==S 0B><V2 B8B0=C B0 2>;PD@0<C 
7 :0@1V4C V CB2>@5==S 1V;PH AB01V;P=8E :0@1V4V2 B8?C &0%, S:V ?V4 G0A 5:A?;C0B0FVW 
=5 707=0RBP @>7?04C B0 ?>78B82=> 2?;820RBP =0 2;0AB82>ABV A?;02C.  
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   0       1 

   
   2  ô400     3  ô520 

   
   4       5 

 
       6  ô520 

0- 2V4 :V;P:>ABV B8B0=C; 1 3 2V4 :V;P:>ABV B0=B0;C; 2 3 H@8DB>2V :0@1V48 B8?C &V%;  
3 3 :0@1V48 B8?C &0% >3@0=5=>W D>@<8; 4 - 2V4 :V;P:>ABV =V>1VR; 5 - 2V4 :V;P:>ABV 

E@><C; 6 3 :0@1V48 B8?C (Nb, Ti)C =5?@028;P=>W >3@0=5=>W D>@<8 

$8AC=>: 7 3 �0;56=VABP EV<VG=>3> A:;04C B0 <>@D>;>3VW :0@1V4V2 B8?C  % 2V4 
2<VABC ;53C20;P=8E 5;5<5=BV2 2 ;820@=><C 60@><VF=><C =V:5;52><C A?;02V B8?C 
� �-3' 
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�>40B:>25 ;53C20==S =V>1Vє< CB2>@Rє A:;04=89 :0@1V4 B8?C (W, Ti, Nb)C 

(7 28A>:8< 2<VAB>< B8B0=C) H@8DB>2>W D>@<8, I> 7=86Cє 5:A?;C0B0FV9=V 
?>:07=8:8. #@8 2,5% =V>1VR 2 A?;02V, :0@1V4 7<V=Rє >A=>2C =0 (Nb, Ti)C, 2 S:><C 
0B><8 B8B0=C ?>ABC?>2> 70<V=RRBPAS =V>1Vє<. �<V=0 A:;04C :0@1V4C ?@872>48BP 4> 
CB2>@5==S >3@0=5=>W =5?@028;P=>W D>@<8 284V;5=P, I> <0RBP ?V428I5=C ABV9:VABP 
2 C<>20E 28A>:>B5<?5@0BC@=>W @>1>B8 <0B5@V0;C (482. @8A. 7).  

�1V;PH5==S E@><C 2 A?;020E 40=>3> :;0AC ?@872>48BP 4> 7=865==S 
2;0AB82>AB59. #>-?5@H5, 7024S:8 CB2>@5==R :0@:0AC V7 :0@1V4V2 B8?C  23%6 ?> 
<560< 75@5=, ?>-4@C35 3 284V;5==S< ó-D078 ?@8 4>AS3=5==V 15% E@><C 2 A?;02V B0 
ñ- B25@4>3> @>7G8=C =0 >A=>2V E@><C ?@8 23% Cr (482. @8A. 7). �AV 28I5=02545=V 
D078 <0RBP ?V428I5=V ?>:07=8:8 <VF=>ABV B0 7=865=C ?;0AB8G=VABP, B><C 2>=8 
1C4CBP 28ABC?0B8 F5=B@0<8 70@>465==S B@VI8= ?V4 G0A 5:A?;C0B0FVW.  

�>2>;V ?>H8@5=8< A?;02><, I> 28:>@8AB>2CRBP ?@8 283>B>2;5==V 
307>BC@1V==8E 4283C=V2 B0 CAB0=>2>: є GTD-111. %?;02 ;53>20=89 1;87P:> 10 
5;5<5=B0<8, S:V 70157?5GCRBP 4>B@8<0==S 28AC=CB8E 5:A?;C0B0FV9=8E 28<>3. 

�V 71V;PH5==S< :V;P:>ABV 2C3;5FR 2 A?;02V 7@>AB0є :V;P:VABP :0@1V4V2 ?> 
?@S<>?@>?>@FV9=V9 70;56=>ABV (@8A. 8). �A5 6 ?@03=CB8 4> <0:A8<0;P=>W :V;P:>ABV 
:0@1V4V2 2 A?;02V =5 є @0FV>=0;P=8<, G5@57 7=865==S 5:A?;C0B0FV9=8E 
E0@0:B5@8AB8: A?;02C.  

 

  
   0       1 

   
   2   ô300    3  ô300 

0 3 4;S :0@1V4V2  %; 1 3 4;S :0@1V4V2  23%6; 2 3 A?;02 7 0,08% 2C3;5FR;  
3 3 A?;02 7 0,16% 2C3;5FR 

$8AC=>: 8 3 �0;56=>ABV >1’є<=>3> 2<VABC :0@1V4V2 2V4 :V;P:>ABV 2C3;5FR 2 
A8AB5<V B8?C GTD-111 
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�1V;PH5==S :V;P:>ABV B8B0=C 2 A?;02V ?@82>45 =5 BV;P:8 4> 71V;PH5==S 
:V;P:>ABV ÷ò-D078, 0 V 4> 7@>AB0==S :>=F5=B@0FVW &V 2 :0@1V4V (@8A. 9), >A:V;P:8 7<V=0 
>A=>28 :0@1V4C 28:;8:0є B@0=AD>@<0FVR <>@D>;>3VW 7 >:@C3;>W 4> H@8DB>2>W 
D>@<8, I> 7=86Cє ABV9:VABP B0:8E 2:;RG5=P 4> =020=B065=P. �0@1V48 =0 >A=>2V 
B8B0=C CB2>@RRBPAS ?@8 B5<?5@0BC@0E =86G5 A>;V4CAC A?;020 2 <V645=4@8B=8E 
>1;0ABSE V <0RBP H@8DB>2C D>@<C.  
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  4       5 

0- 2V4 :V;P:>ABV B8B0=C; 1 3 2V4 :V;P:>ABV 30D=VR; 2 3 H@8DB>2V :0@1V48 B8?C &V%;  
3 3 :0@1V48 B8?C Hf% >:@C3;>W D>@<8; 4 - 2V4 :V;P:>ABV E@><C; 5 - 2V4 :V;P:>ABV 

2>;PD@0<C 
$8AC=>: 9 3 �0;56=VABP EV<VG=>3> A:;04C B0 <>@D>;>3VW :0@1V4V2 B8?C  % 2V4 
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�0D=V9 ?>78B82=> 2?;820є =0 2;0AB82>ABV A?;02V2 7024S:8 ?>:@0I5==R 
<>@D>;>3VW :0@1V4V2, 2 @57C;PB0BV G>3> ?V428ICєBPAS >4=>G0A=> <VF=VABP V 
?;0AB8G=VABP. "A=>20 :0@1V4V2  % 7<V=RєBPAS ?@8 2<VABV 0,75% Hf 2 A?;02V  
(482. @8A. 9), D>@<0 284V;5=P ?5@5B2>@RєBPAS =0 >:@C3;C, >A:V;P:8 B0:V :0@1V48 
CB2>@RRBPAS ?@8 B5<?5@0BC@0E, 7=0G=> 28I8E 70 A>;V4CA. *V :0@1V48 <0RBP 28A>:C 
5=5@3VR 72’S7:C, I> CB@C4=Rє @50:FVW @>7?04C 7 CB2>@5==S<  6% B0  23%6. 

�;S ?>:@0I5==S >?>@C 28A>:>B5<?5@0BC@=V9 :>@>7VW 2 A?;020E 71V;PHCRBP 
2<VAB E@><C, 0;5 71V;PH5==S 9>3> :>=F5=B@0FVW 28:;8:0є ?>S2C ó-D078 B0  
ñ- B25@4>3> @>7G8=C =0 >A=>2V E@><C ?@8 17 B0 25% 2V4?>2V4=>. *V D078 >:@8EGCRBP 
A?;02, >A:V;P:8 CB2>@RRBPAS =0 75@=><56>28E :0@1V40E C 283;S4V ?;0AB8= 
783703>?>4V1=>W D>@<8 B0 7<V=RRBP @>7?>4V; EV<VG=8E 5;5<5=BV2 2 A?;02V. 

� <5B>R ?V428I5==S :@8B8G=8E B5<?5@0BC@ B0 B5<?5@0BC@8 @5:@8AB0;V70FVW 2 
;820@=V �!% 22>4SBP 206:>?;02:V 5;5<5=B8 B0:V S: 2>;PD@0<. "4=0: F5 <>65 
?@8725AB8 4> 284V;5==S =51060=8E &Щ'- D07, I> <0RBP ?;0AB8=G0ABC D>@<C V 
<V=V<0;P=C ?;0AB8G=VABP. �65 70 10%W 2 A?;02V GTD-111 CB2>@RєBPAS ó-D070, 0 
:>=F5=B@0FVS 2>;PD@0<C 2 :0@1V4V 4>AS30є <0:A8<0;P=>3> 7=0G5==S 14%. &0:C 
?>254V=:C 206:>?;02:8E 5;5<5=BV2 A;V4 2@0E>2C20B8 ?@8 281>@V @0FV>=0;P=>3> 
;53C20==S A?;02V2 =0 >A=>2V =V:5;R.  

� H>AB><C @>74V;V ?@>2545=> ?>@V2=S;P=89 0=0;V7 @>7@0EC=:>28E B0 
5:A?5@8<5=B0;P=8E 40=8E EV<VG=8E A:;04V2 :0@1V4V2 C A?;02V � �-3'. �AB0=>2;5=>, 
I> 4> A:;04C :0@1V4V2 2E>4SBP B8B0=, 2>;PD@0<, <>;V145=, E@>< V :>10;PB. � 
B01;8FV 5 =02545=> EV<VG=89 A:;04 :0@1V4V2 2 A?;02V � �-3', C 2V4?>2V4=8E B>G:0E 
<V:@>AB@C:BC@8 (@8A. 10). 
 

&01;8FS 5 - )V<VG=89 A:;04 :0@1V4V2, @>7@0E>20=89 70 2AB0=>2;5=8<8 
<>45;S<8 V 5:A?5@8<5=B0;P=> 287=0G5=V @5=B35=>A?5:B@0;P=8< <V:@>0=0;V7>< 2 
A?;02V � �-3' 

 5B>4 >B@8<0==S 
@57C;PB0BV2 

)V<VG=89 A:;04 :0@1V4V2 ?@8 20ð%, % 70 <0A>R 0B. % 
Ti W Mo Cr Ni Co % 

� �-3' 

$>7@0E>20=89 70 
2AB0=>2;5=8<8 
<>45;S<8 ( %) 

55,7 

45,82 
28,68 

6,14 
0,15 

0,06 
0,58 

0,43 - - 
14,4 

47,4 

�:A?5@8<5=B0;P=> 
287=0G5=89 ( %) 

(482. @8A. 10,  

B>G:0 1) 

53,59 

ñ5,8 

44,4 

28,21 

ñ5,3 

6,08 

1,59 

ñ0,1 

0,65 

0,26 

ñ0,1 

0,19 
- 

0,29 

ñ0,1 

0,19 

14,3 

ñ1,6 

47,2 

$>7@0E>20=89 70 
2AB0=>2;5=8<8 
<>45;S<8 ( 23%6) 

- 
14,87 

4,14 
6,94 

3,7 
66,22 

65,29 
5,8 

5,07 
1,33 

1,15 
4,83 

20,61 

�:A?5@8<5=B0;P=> 
287=0G5=89 
( 23%6) (482. 
@8A.10, B>G:0 2) 

- 

14,14 

ñ2,1 

3,88 

7,31 

ñ0,5 

3,85 

66,28 

ñ6,8 

64,45 

5,36 

ñ1,2 

4,64 

1,73 

ñ0,5 

1,48 

5,15 

ñ0,8 

21,68 
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0, 1 3 <VAFS ?@>2545==S 0=0;V7C; 2, 3 3 A?5:B@8 28?@><V=5==S 
$8AC=>: 10 3 �0@1V48 2 AB@C:BC@V A?;02C � �-3' B0 A?5:B@8 28?@><V=5==S 

2V4 ?>7=0G5=8E B>G>: 
 

�8:>@8AB0==S >B@8<0=8E 70;56=>AB59 ?>:070;>, I> @>7@0EC=:>2V 7=0G5==S, 
<0RBP 71V6=VABP 7 5:A?5@8<5=B0;P=8<8 40=8<8 7 ?>E81:>R =5 1V;PH5 6%. �BV< 
:V;P:VABP <>;V145=C V 2>;PD@0<C 45I> 7028I5=V ?@8 5:A?5@8<5=B0;P=><C 
287=0G5==V. �1V;PH5==S <>;V145=C <>6;82> 4;S :0@1V4V2 B0:>3> B8?C 7024S:8 
70<V=8 45S:>W G0AB8=8 2>;PD@0<C <>;V145=><. �>10;PB <0є 1CB8 2V4ACB=V< 2 
:0@1V40E  %, ?@>B5 2V4><V 28?04:8, :>;8 %> <>65 7=0E>48BPAS 2 =525;8:8E 
:V;P:>ABSE 2 ?5@28==8E :0@1V40E, 70<VICRG8 E@><. 

�?@>10FVS >B@8<0=8E 70;56=>AB59 74V9A=R20;0AP =0 ;820@=><C 
60@><VF=><C =V:5;52><C A?;02V GTD-111.  >@D>;>3VS  % :0@1V4V2, S:0 =091V;PH 
G0AB> 7CAB@VG0єBPAS 2 AB@C:BC@V A?;02V2 40=>3> :;0AC, <0є 283;S4 >:@5<8E 1;>:V2 
(@8A. 11, B>G:0 1). �0@1V48 B8?C M23C6 (@8A. 11, B>G:0 2) ?@8ACB=V 2 ?5@5@82G0AB8E 
1;>:>2>W V ?;0AB8=G0AB>W D>@<0E (B01;. 6). !091V;PH @0FV>=0;P=8< є 1;>:>289 B8? 
284V;5=P :0@1V4V2, >A:V;P:8 2 FP><C 28?04:C :>=F5=B@0FVS =0?@C65=P 7 <0B@8F5R 
7=0E>4SBPAS =0 <V=V<0;P=> <>6;82><C @V2=V. 
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$8AC=>: 11 3 �0@1V48 2 AB@C:BC@V A?;02C GTD-111 B0 A?5:B@8 28?@><V=5==S 
2V4 ?>7=0G5=8E B>G>: 

 

&01;8FS 6 3 )V<VG=89 A:;04 :0@1V4V2, @>7@0E>20=8E 70 2AB0=>2;5=8<8 
70;56=>ABS<8 V 5:A?5@8<5=B0;P=> 287=0G5=89 @5=B35=>A?5:B@0;P=8< 
<V:@>0=0;V7>< 2 A?;02V GTD-111 

 5B>4 >B@8<0==S 
@57C;PB0BV2 

�<VAB 5;5<5=BC, % 70 <0A>R 0B. % 
&0 Ti W Mo Co Ni Cr Hf C 

$>7@0E>20=89 70 
2AB0=>2;5=8<8 
<>45;S<8  % 

51,4 

16,1 
27 

32,04 
4,3 

1,32 - - - - 

7,1 

2,25 
10,2 

48,23 

$>7@0E>20=89 70 
2AB0=>2;5=8<8 
<>45;S<8  23%6 

- - 
8,3 

2,22 
9,8 

5,03 
2,4 

2 
4,4 

3,69 
70,1 

66,5 

- 5,0 

20,53 

�:A?5@8<5=B0;P=> 
287=0G5=89  %  

(482. @8A. 11, B>G:0 1) 

53,6 

ñ3,1 

16,9 

26,3 

ñ0,9 

31,4 

3,2 

ñ0,4 

0,99 
- - - - 

6,7 

ñ0,3 

2,14 

10,2 

ñ0,4 

48,53 
�:A?5@8<5=B0;P=> 
287=0G5=89  23%6 

(482. @8A.11, B>G:0 2) 
- - 

9,5 

ñ0,3 

2,57 

10,2 

ñ0,4 

5,3 

1,9 

ñ0,1 

1,6 

6,1 

ñ0,3 

5,18 
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�:A?5@8<5=B0;P=> ?V4B25@465=>, I> 40=V, >B@8<0=V @>7@0EC=:>28< (70 
2AB0=>2;5=8<8 70;56=>ABS<8) B0 5:A?5@8<5=B0;P=8< <5B>40<8, <0RBP ?>E81:C 
S:0 =5 ?5@528ICє 7%. 

%B@C:BC@8, =02545=V =0 @8AC=:C 9, є =0A;V4:>< ?@>E>465==S ?5@5@>7?>4V;C 
5;5<5=BV2, I> 7=0E>4SBPAS 2 <0B@8FV A?;02C B0 :0@1V4=8E D070E. %B@C:BC@=>-
5=5@35B8G=89 AB0=, S:89 287=0G0є <>@D>;>3VR :0@1V4V2 (@8A. 12), ?>2'S70=89 7V 
7<V=>R A:;04V2 :0@1V4=8E D07 (482. B01;. 6) (2 ?@>F5AV @>7G8=5==S-284V;5==S) V 
7<V=>R 2V4=>A=8E 2V;P=8E 5=5@3V9 <56, ?>2'S70=8E 7 42>3@0=8<8 :CB0<8 270є<=>3> 
:>=B0:BC (2 ?>;SE 7>@C <V:@>AB@C:BC@8 A?;02V2). 

 

  
   0      1 

0 3 � �-3'; 1 - GTD-111 

$8AC=>: 12 3 �0=FR6:>2V :0@1V48 2 ;820@=8E 60@><VF=8E =V:5;528E A?;020E 
 

�V4?>2V4=> 4> E0@0:B5@C :>=BC@V2 :0@1V4=8E 284V;5=P (3;04:8E 01> 283=CB8E) 
<0RBP <VAF5 B0:V 70;56=>ABV 2V;P=8E 5=5@3V9 2V4 :CBV2 :>=B0:BC D07 2 <5675@5=8E V 
<V6D07=8E AB8:0E: 

 

- 2 @07V 3;04:8E :>=BC@V2: 
÷км
÷мм = 12 cos2;     (12) 

 

-0 ?@8 42VGV 283=CB8E :>=BC@0E: 
 

 
÷км
÷мм = 12 (cos22 sin2 ô tan2) ,   (13) 

 

45 ÷:< - <V6D07=0 5=5@3VS =0 <56V <0B@8FS-:0@1V4=0 D070;  
÷<< - <V675@5==0 5=5@3VS =0 <56V <0B@8FS-<0B@8FS (5=5@3VS ?>@V2=S==S);  
 - @V2=>206=89 42>3@0==89 :CB. 
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�V4?>2V4=> 4> 28I5=02545=8E D>@<C;, ?@>2545=0 CA5@54=5=0 >FV=:0 
2V4=>A=>W 5=5@3VW 4;S @V7=8E 284V2 :0@1V4V2. &0:, 4;S AD5@>W40;P=8E B8?V2 :0@1V4V2 
(7 :CB0<8  45&120ð) 2V4=>A=0 5=5@3VS 7=0E>48BPAS =0 @V2=V 0,53&0,85, 0 4;S 
:CB>28E 284V;5=P (7 :CB0<8  30&80ð) 2V4=>A=0 5=5@3VS AB0=>28BP 0,57&1,28. 

%E8;P=VABP 4> :>0;5AF5=FVW <>6=0 >FV=8B8 70 4>?><>3>R 5=5@35B8G=>3> 
:@8B5@VR: 

ø =  ∑ ÷1і
÷2 ,       (14) 

45 ∑ ÷1і  - AC<0@=0 <V6D07=8E 5=5@3V9 ;0=FR30 7 n @V2=8E G0AB>:, S:V :>0;VAFCRBP 70 
?52=89 G0A 2 >4=C G0AB8=:C; 

 ÷2 - <V6D07=0 5=5@3VS 2AVєW ?>25@E=V G0AB8=:8 V G0AB8=8 <56V @>74V;C, S:0 
72V;P=8;0AS  ?@8 7<V=V 7030;P=>W ?>25@E=V G0AB8=>:. 

 

' 28I5 ?@82545=8E D>@<C;0E F59 D0:B>@ =01C20є 283;S4C B0:8E 
A?V22V4=>H5=P 2V4?>2V4=> 4> 7<V=8 :CB0 : 

-4;S 3;04:>3> :>=BC@C: 

  ø(, n) =  sin + 1√n ( 2 sin) ;    (15) 

-4;S 42VGV 283=CB>3> :>=BC@C: 

   ø(, n) =  122(12   1√n ) sin22)    (16) 

 

� 28:>@8AB0==S< F8E 28@07V2 ?@>2545=0 CA5@54=5=0 >FV=:0 H284:>ABV 
:>0;VAF5=FVW 4;S @>73;S=CB8E B8?V2 :0@1V4=8E D07 ( % V  23%6). &0:, 4;S 
AD5@>W40;P=8E B8?V2 :0@1V4V2 (7 :CB0<8  45&120ð) H284:>ABV :>0;VAF5=FVW 
7=0E>4SBPAS =0 @V2=V 8,77&9,38, 0 4;S :CB>28E 284V;5=P (7 :CB0<8  30&80ð) - =0 
@V2=V 1,09&2, 27. 

&0:8< G8=><, S:I> 2 :V=F52V9 AB@C:BC@V <0RBP <VAF5 284V;5==S ;0=FR3>2>3> 
284C, B> 4;S <>6;82>ABV 7<5=H5==S H284:>AB59 <V675@5=>3> ?@>:>27C20==S, 
=5>1EV4=0 >FV=:0 AE8;P=>ABV B0:8E D07>28E 284V;5=P 4> 270є<=>W :>0;VAF5=FVW (I>1 
>?B8<V7C20B8 F59 :V=5B8G=89 D0:B>@ B0 7<5=H8B8 75@=><56>25 ?@>:>27C20==S). 

� 48A5@B0FV9=V9 @>1>BV ?@>2545=> 4>A;V465==S ?> 287=0G5==R 72’S7:C <V6 
EV<VG=8< A:;04>< A?;02C B0 A:;04>< :0@1V4V2 =0 ?@><8A;>28E A?;020E (>:@V< B8E, 
I> @>73;S=CBV 28I5) @V7=>W B5E=>;>3VW 28@>1=8FB20 B0:8E S:: �%6�, �%6', �)4�, 
�%26, �%32-��, �%32�-��, �%32�-��.  

!0 >A=>2V 2AB0=>2;5=8E 70;56=>AB59, 70 S:8<8 <>6;82> @>7@0EC=:>2> 
287=0G8B8 >A=>2=V 2;0AB82>ABV ;820@=8E �!%, @>7@>1;5=> 0;3>@8B<, S:89 40є 
7<>3C ?@>є:BC20B8 =>2V A?;028 40=>3> :;0AC 01> <>45@=V7C20B8 A:;048 VA=CRG8E 
?@><8A;>28E <0@>: 7 =5>1EV4=8< @V2=5< 2;0AB82>AB59. !>289 :>=F5?BC0;P=89 
?V4EV4 4> @>7@>1:8 A?;02V2 H;SE>< >?B8<V70FVW WE EV<VG=>3> A:;04C @50;V7>20=> 2 
7030;P=><C 0;3>@8B<V, I> ?@54AB02;5=> =0 @8AC=:C 13.  
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$8AC=>: 13 3 �;3>@8B< <5B>48:8 :>=AB@CR20==S B0 C4>A:>=0;5==S EV<VG=>3> 

A:;04C EV<VG=>3> A:;04C ;820@=8E 60@><VF=8E =V:5;528E A?;02V2 
 

�;3>@8B< <5B>48:8 :>=AB@CR20==S B0 C4>A:>=0;5==S A:;04V2 ;820@=8E 
�!% 2:;RG0є 28:>=0==S =0ABC?=8E 5B0?V2: 

- @>7@>1;SєBPAS B5E=VG=5 70240==S =0 A?;02, =0 >A=>2V 28<>3 :>=AB@C:B>@V2 V 
B5E=>;>3V2; 

- 2V4?>2V4=> 4> B5E=VG=>3> 70240==S D>@<CєBPAS ?5@5;V: 28<>3 4> A?;02C, S:V 
7040RBPAS 7 C@0EC20==S< >A>1;82>AB59 C<>2 9>3> 5:A?;C0B0FVW; 

- 287=0G0єBPAS  A?;02-0=0;>3 V A?;02-?@>B>B8? 7 <5B>R 281>@C 4>A;V4=8E 
A:;04V2 A?;02V2; 

- =0 >A=>2V 7040=8E ?0@0<5B@V2 287=0G0RBPAS >A=>2=V E0@0:B5@8AB8:8 A?;02V2. 
' @07V =52V4?>2V4=>ABV 4> 28AC=CB8E 28<>3, EV<VG=V A:;048 7<V=RRBPAS. #VA;S 
?>@V2=S;P=>3> 0=0;V7C >B@8<0=8E @>7@0EC=:>28E 2;0AB82>AB59 287=0G0єBPAS >48= - 
=091V;PH >?B8<0;P=89 A:;04; 

- 2 ?@><8A;>28E C<>20E 74V9A=RRBPAS B5AB>2V ?;02:8 >?B8<V7>20=>3> A:;04C 
A?;02C V 2AB0=>2;5==S 2;0AB82>AB59 4>A;V4=8E 7@07:V2. 

%B2>@5=89 0;3>@8B< :>=AB@CR20==S B0 C4>A:>=0;5==S EV<VG=>3> A:;04C 
4>72>;Sє >?B8<V7C20B8 A:;04 ;820@=8E �!%, 157 ?@>2545==S 5:A?5@8<5=BV2 B0 
287=0G8B8 >A=>2=V E0@0:B5@8AB8:8 A?;02V2 @>7@0EC=:>2>.  
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# Aь><><C @>74V;V ?@54AB02;5=> @57C;PB0B8 @>7@>1:8 =>2>3> A?;02C 4;S 
283>B>2;5==S :>@?CA=8E 45B0;59 307>BC@1V==8E CAB0=>2>:, 70 AB2>@5=8< 

0;3>@8B<>< =0 >A=>2V 2AB0=>2;5=8E 70;56=>AB59. 

!0 ?>G0B:>2><C 5B0?V @>7@>1:8 1C;> AD>@<C;P>20=> 28<>38 4> @V2=S 
:>=B@>;P>20=8E E0@0:B5@8AB8:, S:V 70:;040;8AS 2 @>7@0EC=>: 4;S >?B8<V70FVW 
EV<VG=>3> A:;04C A?;02C, I> @>7@>1;SєBPAS =0 >A=>2V C<>2 5:A?;C0B0FVW 28@>1V2 
(B01;. 7).  

 

&01;8FS 7 - �>=B@>;P>20=V ?0@0<5B@8 4;S >?B8<V70FVW A:;04C A?;02C, I> 
@>7@>1;SєBPAS 

�>=B@>;P>20=V ?0@0<5B@8 
"48=8FS 
28<V@C 

�5;8G8=0 
?0@0<5B@0 

&5<?5@0BC@0 A>;V4CAC, tS ð% ≥ 1290 
&5<?5@0BC@0 :V=FS @>7G8=5==S γ'- D078, t�.$.

γ' ð% ≥ 950 
&5<?5@0BC@=89 V=B5@20; 4;S ?@>2545==S 
3><>35=V70FVW, Δt�" . 

 

ð% 

 

≥ 20 

"1'є<=0 G0AB:0 7<VF=R20;P=>W γ'- D078 2 
AB@C:BC@V ?@8 200%, Vγ' 20 

%,  

70 <0A>R 

 

15  Vγ' 
20  25 

�@0=8FS :>@>B:>G0A=>W <VF=>ABV ?@8 200%, ÃB
20  #0 ≥ 700 

�V4=>A=5 284>265==S ?@8 20ð%, 20 % ó15 

'40@=0 2S7:VABP ?@8 20ð%, KCU �6/A<2 ó25 

+0A 4> @C9=C20==S 7@07:V2 (4>23>2VG=VABP) ?@8 
ô40

800 

 

3>48= 
 

≥ 40 
�>@>7V9=V 2;0AB82>ABV, (Vq 

t) 3 / <2 ·A 0,002&0,09 
 

�;S >B@8<0==S 4>A;V4=8E :><?>78FV9 70 >A=>2C 1C;> >1@0=> 2V4><V 
?@><8A;>2V ;820@=V 60@><VF=V =V:5;52V A?;028 ��98� B0  �%3�%, S: =091V;PH 
1;87P:V 70 =0C:>2>-B5E=VG=>R ACB=VABR V >GV:C20=><C @57C;PB0BC. #>HC: 
>?B8<0;P=>W :><?>78FVW A?;02C, ?@>2>48;8 2 =>2V9 A8AB5<V ;53C20==S 
 Ni-Co-Cr-Al-Ti-Mo-W-Ta-Hf-Zr-B-C H;SE>< ?>:@>:>2>3> 20@VR20==S ;53C20;P=8E 
5;5<5=BV2 (B01;. 8).  

 

&01;8FS 8 - )V<VG=89 A:;04 5:A?5@8<5=B0;P=8E A?;02V2 
№ 

A:;04C 
�<VAB 5;5<5=BC %, 70 <0A>R; Ni - >A=>20 

C Cr Co Mo W Al Ti Nb Ta Hf Zr 

1 0,12 22,0 7,5 1,3 2,5 1,9 1,9 1,9 1,9 0,6 0,03 

2 0,10 22,5 8,0 1,6 3,0 1,6 1,6 1,6 1,6 0,8 0,03 

3 0,08 23,0 8,5 1,9 3,5 1,3 1,3 1,3 1,3 1,0 0,03 

4 0,06 23,5 9,0 2,2 4,0 1,0 1,0 1,0 1,0 1,2 0,03 

5 0,04 24,0 9,5 2,5 4,5 0,7 0,7 0,7 0,7 1,5 0,03 
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�V4?>2V4=> 7 @>7@>1;5=8< 0;3>@8B<>< 4;S 4>A;V4=8E A:;04V2 1&5 (482.  
B01;. 8), 1C;8 @>7@0E>20=V ?>:07=8:8 70 :>=B@>;P>20=8<8 E0@0:B5@8AB8:0<8. 
$>7@0EC=:>2V @57C;PB0B8 ?>@V2=R20;8AS 7 @V2=5< :>=B@>;P>20=8E ?>:07=8:V2 (482. 
B01;. 7), I> 4>72>;8;> WE >FV=8B8 70 7040=8<8 :@8B5@VS<8 V >1@0B8 4;S ?>40;PH8E 
5:A?5@8<5=B0;P=8E 4>A;V465=P =091V;PH >?B8<0;P=89 A:;04 3.  

"?B8<0;P=89 A:;04 3 70 2;0AB82>ABS<8 <0є B0:V @>7@0EC=:>2V ?>:07=8:8: 
- B5?;>DV78G=V E0@0:B5@8AB8:8: tL = 1361ð%; tS = 1298ð%; t52B. = 1204ð%; 

t?.@.
γ' = 968ð%; t:.@.= 63ð% ; t3><. = 236ð%; 

- <5E0=VG=V 2;0AB82>ABV: :>@>B:>B@820;0 <VF=VABP (ÃB
t), ?@8 :V<=0B=V9 

B5<?5@0BC@V - ÃB
20 = 705,1  #0; 4>23>B@820;0 100-3>48==0 <VF=VABP (Ã100

t), 4;S 
B5<?5@0BC@8 1000ð%: Ã100

1000 = 36  #0; 3CAB8=0 <0B5@V0;C - ρ = 8,41 3/c<3; 

- :>@>7V9=V E0@0:B5@8AB8:8: ðVq
800  = 0,0021 · 10 3 4 ; ðVq

850  = 0,006 · 10 -3 ;  

ðVq
900 = 0,0366 · 10 -3 ; ðVq

950  = 0,0620 · 10 -3, 3/<2A; 
- AB@C:BC@=>-D07>2V E0@0:B5@8AB8:8 ?@8 200%, % 70 <0A>R: >1’є<=0 G0AB:0 

(Vγ'
t)%, 7<VF=R20;P=>W γ'- D078 2 AB@C:BC@V 4;S B5<?5@0BC@ 20ð% - Vγ' 20 = 22,5%; 

EV<VG=89 A:;04 :0@1V4C B8?C MC=10Ti-37,78Nb-25,34Ta-16,5Hf-0,48W-0,15Cr-

9,44C; EV<VG=89 A:;04 :0@1V4C B8?C M23C6=69,5Cr-13,6Mo-5,6Ni-4,48W-1,69Co-

5,1C. 

�8E>4SG8 7 ?>@V2=S;P=>3> 0=0;V7C 7040=8E :>=B@>;P>20=8E ?0@0<5B@V2 B0 
>B@8<0=8E @>7@0EC=:>28E 40=8E 1C;> >1@0=> 70 >?B8<0;P=89 20@V0=B 
5:A?5@8<5=B0;P=89 A:;04 3. *59 A:;04 1C;> ?@89=SB> 70 A5@54=V9 @V25=P ;53C20==S 
7 ?@8A2>є==S< 9><C <0@:8 � �- 8.  

�:A?5@8<5=B0;P=V 4>A;V465==S 2;0AB82>AB59 1C;> 74V9A=5=> =0 7@07:0E 7 
@V2=>2VA=>R AB@C:BC@>R, >B@8<0=8E 70 5:A?5@8<5=B0;P=>R B5E=>;>3VєR 2 C<>20E 
?V4?@8є<AB20 #�& « "&"$ %�+».  

 5B0;>3@0DVG=V 4>A;V465==S ?>:070;8, I> 2 ;8B><C AB0=V <V:@>AB@C:BC@0 
7@07:V2 A?;02C � �- 8 ?@54AB02;Sє A>1>R @V2=>2VA=C AB@C:BC@C 45=4@8B=>W 
1C4>28, γ- B25@489 @>7G8=, 7<VF=R20;P=C γ'- D07C, 52B5:B8:C (γ+γ') V :0@1V4=V D078. 

� <5B>R >B@8<0==S ?>2=>3> A?5:B@0 E0@0:B5@8AB8: 4>A;V4=>3> A?;02C, 
?@>2>48;8 287=0G5==S <5E0=VG=8E 2;0AB82>AB59 (B01;. 9). ' 2V4?>2V4=>ABV 7 
:>6=8< 5B0?>< 5:A?5@8<5=B0;P=>3> B5@<VG=>3> >1@>1;5==S, 2=0A;V4>: 
AB@C:BC@=8E 7<V= 2 <0B5@V0;V, E0@0:B5@8AB8:8 ?;0AB8G=>ABV A?;02C 7=86C20;8AP, 0 
<VF=VABP 7@>AB0;0. &0:, AB@C:BC@0 ?VA;S ;8B20 E0@0:B5@87CєBPAS 28A>:>R ;V:20FVєR, 
<5B0AB01V;P=VABR B0 =0:>?8G5==S< 2=CB@VH=VE =0?@C65=P. �0@BC20==S ?@82>48BP 
4> 7=865==S ;V:20FV9=>3> 2?;82C B0 @>7G8=5==S <5B0AB01V;P=8E D07. %B0@V==S 
28:;8:0є <0:A8<0;P=C AB01V;V70FVR AB@C:BC@8 B0 284V;5==S 7<VF=R20;P=>W  
÷ò-D078, 2=0A;V4>: G>3> 7@>AB0є <VF=VABP A?;02C. "?B8<0;P=V 2;0AB82>ABV, S:V 
7=0E>4SBPAS =0 28I><C @V2=V :>=B@>;P>20=8E E0@0:B5@8AB8:, 4>AS30RBPAS ?VA;S 
?>2=>3> F8:;C B5@<VG=>3> >1@>1;5==S. 

!0 @8AC=:C 14 ?@54AB02;5=0 AB@C:BC@0 A?;02C � �- 8 2 ;8B><C AB0=V ?@8 
@V2=>2VA=V9 :@8AB0;V70FVW. %?>AB5@V30RBPAS AB@C:BC@=V A:;04>2V 3@C1>W D>@<8, I> є 
B8?>28< 4;S ;820@=>3> A?;02C. 
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&01;8FS 9 3  5E0=VG=V 2;0AB82>ABV A?;02C � �- 8 2 70;56=>ABV 2V4 5B0?C 
B5@<VG=>3> >1@>1;5==S 

�B0? B5@<VG=>3> >1@>1;5==S 

 5E0=VG=V 2;0AB82>ABV 
?@8 200% 

&@820;0 <VF=VABP,  
4>23>2VG=VABP ?@8 

8000%  
Ã�, 
 #0 

δ,  
% 

KCU, 

�6/A<2 Ä210
800 , 3>48= 

�57 B5@<VG=>3> >1@>1;5==S (;8B2>) 660ñ9 21ñ2 39ñ4 330ñ10 

�0@BC20==S 1180 ± 15 °%, 28B@8<:0 
4 3>48=8, >E>;>465==S =0 ?>2VB@V  570ñ9 28ñ3 94ñ5 310ñ15 

�0@BC20==S 1180 ± 15 °%, 28B@8<:0 
4 3>48=8, >E>;>465==S =0 ?>2VB@V. 
%B0@V==S ?@8 900 ± 10°%, 28B@8<:0 
16 3>48=, >E>;>465==S =0 ?>2VB@V 

670 

ñ10 
16ñ2 37ñ3 310ñ10 

�8<>38 4> @V2=S :>=B@>;P>20=8E 
E0@0:B5@8AB8: ó650 ó15 ó25 ó40 

 

 

       
   0   ô100    1   ô300 

     
2   ô500    3   ô1000 

$8AC=>: 14 -  V:@>AB@C:BC@0 7@07:V2 @V2=>2VA=>W :@8AB0;V70FVW A?;02C 
 � �- 8 2 ;8B><C AB0=V ?@8 @V7=><C 71V;PH5==V 
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!0 ?>25@E=SE @C9=C20==S 28?@>1C20=8E 7@07:V2 (@8A.15) A?>AB5@V30RBPAS 
AB@C:BC@=V A:;04>2V, I> 2V4?>2V40RBP ?;0AB8G=><C E0@0:B5@C @C9=C20==S (S<:8, 

I> CB2>@RRBPAS 2 ?@>F5AV ?;0AB8G=>W B5GVW <5B0;C, 70@>465==S S:8E <>65 
2V41C20B8AS =0 2B>@8==8E D070E G8 <V:@>=5ACFV;P=>ABSE) B0 :@8E:><C @C9=C20==R 
(3@51=V V AE>48=:8, I> CB2>@RRBPAS 2=0A;V4>: ?5@5<8G>: <V6 5;5<5=B0<8 7;0<C B0 
?@8 7’є4=0==V 42>E ?>25@E>=P @C9=C20==S). �=0G=0 :V;P:VABP AB@C:BC@=8E 
A:;04>28E, S:0 2V4?>2V40є ?;0AB8G=><C @C9=C20==R, A?>AB5@V30єBPAS ?VA;S 
30@BC20==S (482. @8A. 15, 1), 7024S:8 CB2>@5==R >4=>@V4=>W AB@C:BC@8. &0:>6 
7=0G=0 :V;P:VABP S<>: ?@8ACB=S =0 7;0<0E ?VA;S 4>23>B@820;8E 28?@>1C20=P ?@8 
?V428I5=8E B5<?5@0BC@0E, I> A2V4G8BP ?@> 71V;PH5==S @CE><>ABV 0B><V2 ?@8 
?V428I5=8E B5<?5@0BC@0E (482. @8A. 15, 3). 

 

       
    0      1 

   
    2      3 
0 - ?VA;S ;8B20; 1 3 30@BC20==S; 2 -  30@BC20==S V AB0@V==S; 3 -  4>23>B@820;8E 

28?@>1C20=P 
$8AC=>: 15 3 #>25@E=V @C9=C20==S 7@07:V2 A?;02C � �- 8 ?VA;S 28?@>1C20=P 
 

!0 @8AC=:C 16 =02545=> AB@C:BC@8 A?;02C � �- 8 ?VA;S ?>2=>3> F8:;C 
B5@<VG=>3> >1@>1;5==S (30@BC20==S 1180 ± 15°%, 28B@8<:0 4 3>48=8, >E>;>465==S 
=0 ?>2VB@V; AB0@V==S ?@8 900 ± 10°%, 28B@8<:0 16 3>48=, >E>;>465==S =0 ?>2VB@V), 
I> E0@0:B5@87CєBPAS @V2=><V@=8< @>7?>4V;>< :0@1V4V2  % >:@C3;>W D>@<8, 
:0@1V4V2  23%6, @>7B0H>20=8E ?> <560< 75@5= C 283;S4V 1;>:V2, I> ?5@5@820RBPAS, 
÷-B25@4>3> @>7G8=C B0 ÷ò-D078.  
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   0  ô100     1   ô200 

   

   2  ô500   3    ô1000 

$8AC=>: 16 - %B@C:BC@0 A?;02C � �- 8 ?VA;S B5@<VG=>W >1@>1:8 

 

�AB0=>2;5=>, I> 2 ?@>F5AV B5@<>>1@>1;5==S 7=8:0RBP <5B0AB01V;P=V :0@1V48 
B8?C  % 7 ?V428I5=8< 2<VAB>< E@><C, 2>;PD@0<C B0 B8B0=C V 7=865=8< 2<VAB>< 
=V>1VR B0 30D=VR. #@8 FP><C :0@1V48 B8?C  23%6 V45=B8DV:CRBPAS BV;P:8 ?VA;S 
?>2=>3> F8:;C B5@<VG=>3> >1@>1;5==S.  

#>@V2=S;P=89 0=0;V7 5:A?5@8<5=B0;P=> 287=0G5=>3> A:;04C :0@1V4V2 B0 
@>7@0EC=:>28E 7=0G5=P (B01;. 10) 28S282 =57=0G=C @>71V6=VABP (=5 1V;PH5 5% <0A.). 
&0:8< G8=><, 70?@>?>=>20=89 0;3>@8B< <5B>4C :>=AB@CR20==S B0 C4>A:>=0;5==S 
EV<VG=>3> A:;04C ;820@=8E 60@><VF=8E =V:5;528E A?;02V2 <>65 1CB8 28:>@8AB0=89 
2 4>A;V4=8FP:8E B0 :>=AB@C:B>@AP:8E @>1>B0E.   

$>7@>1;5=89 60@><VF=89 =V:5;5289 A?;02 � �- 8 2V4?>2V40є @V2=R 
:>=B@>;P>20=8E E0@0:B5@8AB8: V <>65 1CB8 28:>@8AB0=> 4;S 283>B>2;5==S 
:>@?CA=8E 45B0;59 307>BC@1V==8E 4283C=V2 4;S 157?V;>B=8E ;VB0;P=8E 0?0@0BV2 B0 
307>?5@5:0GC20;P=8E CAB0=>2>:.   



33 

 

&01;8FS 10 3 )V<VG=89 A:;04 :0@1V4V2, 5:A?5@8<5=B0;P=> 287=0G5=89 B0 
@>7@0E>20=89 4;S A?;02C � �- 8 ?@8 20ð% 

%:;04 :0@1V4V2 
B8?C 

�<VAB 5;5<5=BC, % 70 <0A>R 

Ti Nb &0 Hf %> W Mo Ni Cr C 

�:A?5@8<5=B0;P=> 287=0G5=89 A:;04 :0@1V4V2 
 % (?VA;S 
;8B20) 

19,3 

ñ3 

31,23 

ñ3 

24,51 

ñ3 

2,73 

ñ0,5 
- 

1,07 

ñ0,3 

4,1 

ñ0,6 
- 

8,36 

ñ2 

8,7 

ñ1 

 % (?VA;S 
30@BC20==S) 

13,61 

ñ2 

42,98 

ñ4 

29,04 

ñ4 
- - 

0,63 

ñ0,1 

0,21 

ñ0,1 
- 

0,2 

ñ0,1 

10,5 

ñ1,5 

 % (?VA;S 
?>2=>3> F8:;C 

&") 

12,19 

ñ2 

36,1 

ñ4 

25,26 

ñ3 

14,85 

ñ2 
- 

0,42 

ñ0,1 
- - 

0,79 

ñ0,1 

10,0 

ñ1,5 

 23%6(?VA;S 
?>2=>3> F8:;C 

&") 
- - - - 

1,5 

ñ0,3 

4,34 

ñ0,5 

11,26 

ñ2 

7,3 

ñ1 

70,57 

ñ8 

5,1 

ñ0,5 

$>7@0EC=:>289 A:;04 :0@1V4V2 
 % 10 37,78 25,34 16,5 - 0,48 - - 0,15 9,44 

 23%6     1,69 4,48 13,6 5,6 69,5 5,1 

 

!572060RG8 =0 B5, I> 2 @>7@>1;5=89 A?;02 4>40RBP 5;5<5=B8, S:V 
71V;PHCRBP 9>3> 20@BVABP, A?>AB5@V30єBPAS 7@>AB0==S G0AC <V6@5<>=B=>3> 
>1A;C3>2C20==S :>@?CA=8E 45B0;59 7024S:8 71V;PH5==R 28B@820;>ABV A?;02C, S:5 
7<5=HCє 5:A?;C0B0FV9=V 28B@0B8. "GV:C20=89 5:>=><VG=89 5D5:B, >B@8<0=89 2 
@57C;PB0BV 70<V=8 A?;02C �%3�% =0 @>7@>1;5=89 A?;02 � �- 8 ?@8 283>B>2;5==V 
:>@?CA=8E 45B0;59 307>BC@1V==8E 4283C=V2 (7 @VG=>R ?@>3@0<>R 1510 :3 
<5B0;>28@>1V2) B0 307>?5@5:0GC20;P=8E CAB0=>2>:, AB0=>28BP 15 368 300 3@= /@V: 70 
FV=0<8 2025 @>:C. 

 

��!����� 

' 48A5@B0FV9=V9 @>1>BV C7030;P=5=> =0C:>2V B0 ?@0:B8G=V 40=V I>4> 206;82>W 
=0C:>2>-?@8:;04=>W ?@>1;5<8 V 70?@>?>=>20=> WW =>2V @57C;PB0B8, S:V AB>ACRBPAS 
?>40;PH>3> @>728B:C >?B8<V70FVW =0C:>2>-B5E=>;>3VG=8E >A=>2 ?@>F5AV2 ;53C20==S 
;820@=8E 60@><VF=8E =V:5;528E A?;02V2 B0 2AB0=>2;5==S 70:>=><V@=>AB59 72’S7:C 
<V6 B5?;>DV78G=8<8, <5E0=VG=8<8 B0 :>@>7V9=8<8 2;0AB82>ABS<8 B0:8E A?;02V2, 
A?8@0RG8AP =0 @57C;PB0B8 =0C:>28E B0 5:A?5@8<5=B0;P=8E 4>A;V465=P, 
2@0E>2CRG8 ?@><8A;>2C @50;V70FVR :><?;5:AC B5E=>;>3VG=8E 70E>4V2 7 <5B>R 

>B@8<0==S AC:C?=>ABV ?>;V?H5=8E 2;0AB82>AB59 :>@?CA=8E 45B0;59 307>BC@1V==8E 
4283C=V2 I>4> 71V;PH5==S B@820;>ABV WE=P>W 5:A?;C0B0FVW. �8:>=0=V 4>A;V465==S 
4>72>;SRBP 7@>18B8 B0:V 28A=>2:8: 

1. #@>0=0;V7>20=> =0C:>2>-B5E=VG=C ;VB5@0BC@C, AB>A>2=> CS2;5=P 
?@>F5AV2 AB@C:BC@>CB2>@5==S 2 60@><VF=8E =V:5;528E A?;020E B0 ACG0A=>3> AB0=C 
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A?>A>1V2 WE=P>3> ;53C20==S 4;S 2AB0=>2;5==S 270є<>72’S7:V2 <V6 EV<VG=8< A:;04>< 
V 2;0AB82>ABS<8 <0B5@V0;V2. �AB0=>2;5=>, I> 4;S 287=0G5==S 70:>=><V@=>AB59 B8?C 
«EV<VG=89 A:;04 - AB@C:BC@0 (2;0AB82>ABV)», 7 28:>@8AB0==S< ACG0A=8E =0C:>28E 
?V4E>4V2 B0 <5B>48:, 0:BC0;P=8<8 V ?5@A?5:B82=8<8 є 4>A;V465==S AB>A>2=> 
287=0G5==S >A>1;82>AB59 D07>CB2>@5==S B0 @>7@>1;5==S B5E=>;>3VG=8E @VH5=P, S:V 
AB>ACRBPAS :5@C20==S AB@C:BC@>R 4;S 70157?5G5==S ?>;V?H5=8E 2;0AB82>AB59 
:>@?CA=8E 45B0;59 307>BC@1V==8E 4283C=V2. 

2. �7 C@0EC20==S< ACG0A=8E B5=45=FV9 28@>1=8FB20 60@><VF=8E =V:5;528E 
A?;02V2 C7030;P=5=> B0 A8AB5<0B87>20=> ?5@A?5:B82=V :><?>78FVW EV<VG=8E A:;04V2 
A?;02V2 70 2;0AB82>ABS<8 B0 B5E=>;>3VS<8 >B@8<0==S ?@8 287=0G5==V <56 
;53C20==S >A=>2=8<8 5;5<5=B0<8.  

3. !0 >A=>2V <5B>4V2 B5@<>48=0<V:8, S:V AB>ACRBPAS EV<VG=8E ?>B5=FV0;V2 
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SUMMARY 

 

Hlotka O.A. Scientific and technological foundations of alloying processes 

optimization of nickel-based superalloys for increased resource of gas turbine 

engines. 3 Qualifying research paper as manuscript. 

Thesis for the Academic Degree of a Doctor of Technical Sciences in the specialty 

05.02.01 3 «Materials science». - National University "Zaporizhzhya Polytechnic", 

Zaporizhzhya, 2026. 

The content of the dissertation. This dissertation addresses the pressing scientific 

and technical challenge of ensuring a range of properties in nickel-based superalloys by 

developing an algorithm based on the ratio of alloying elements. This area is relevant and 

promising for the modern development of gas turbine engineering in Ukraine, allowing 

the domestic developer and manufacturer to establish itself at the same level as leading 

international companies. 

For the first time, the ratios K÷ò, K÷ and Kps are presented for which dependencies 

were obtained to determine the properties based on the processing of calculated and 

experimental data of cast nickel-based superalloys. 

Dependences have been obtained for calculating the critical temperatures of nickel-

based superalloys: liquidus (tL) and solidus (tS), the end (tpr.
γ') of the dissolution of the γ'-

phase in the γ-solid solution, and the temperature (teut.) of local melting of the eutectic (γ 
+ γ ') in terms of the ratios K÷ò and K÷, which take into account the total content of 

elements in the composition of alloys with high accuracy (R2ó0.8) 

Dependences have been obtained to establish the volume fraction (Vγ'
t) of the γ'-

phase in the structure of nickel-based superalloys of temperatures 20ð and 1000ð% by the 
value of the K÷ò ratio. A relationship has been established between K÷ò and the short-term 

(ÃB
t) strength limit of a temperature 20ð%, as well as the limit of 100- and 1000-hour long-

term (ÃÄt) strength in a wide temperature range with an error not exceeding ó5%. Also, a 

relationship has been found with the help of which it is possible to determine the value of 

the dimensional mismatch of crystal lattices ÷/÷ò (misfit) in the structure of cast nickel-

based superalloys, based on the obtained ratio K÷ò. 
It has been established that the Kps ratio takes into account the total content of 

elements in the composition of the alloys. This made it possible to obtain a connection 

for different classes of cast nickel-based superalloys with the help of which it is possible 

to determine the average corrosion rate under the influence of synthetic ash at 

temperatures of 800ð, 850ð, 900ð and 950ð%. 
Also, dependences were obtained with the help of which it is possible to determine 

the liquidus temperature and the volume fraction of primary and secondary carbides. 
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Regularities of the influence of alloying elements on the liquidus temperatures of primary 

and secondary carbides of nickel-based superalloys are presented, which depend on the 

processes of new phases precipitation and of alloying systems (generations of alloys). 

This makes it possible to more carefully plan the heat treatment modes and operating 

temperatures. Regularities of the influence of the morphology of carbide phases on the 

content of alloying elements in the composition of the alloy are established. The influence 

of pertain elements on the shape and size of carbides, which affect the performance 

properties, are shown. 

It is shown that in some cases, alloying within the generally accepted boundaries is 

not rational, since this causes the formation of non-equilibrium or T%P phases in the alloy, 

which educes the performance properties of materials. An experimental-theoretical 

analysis of the obtained dependences was carried out, which gives good agreement and 

convergence of experimental data with theoretical calculations. 

In accordance with the developed algorithm for designing cast nickel-based 

superalloys, the composition of a new domestic foundry nickel-based superalloys of the 

ZMI-M8 brand, intended for the manufacture of body parts, has been developed. It has 

been established that the developed alloy ZMI-M8 has a heat resistance higher than the 

industrial nickel-based superalloys ZhS3LS, due to the optimization of the content of 

alloying elements in the chemical composition: tantalum - 1.3%, hafnium - 0.15%, 

chromium - 23%, molybdenum - 1.9% and tungsten - 3.5%, by weight. Based on the 

obtained dependences, the structural-phase composition of carbide inclusions was 

determined, according to which two types of carbide MC and M23C6 are present in the 

structure. Analytical-experimental comparison of the results showed good agreement 

between calculated and experimental results the chemical compositions for experimental 

alloys. 

Experimental studies were carried out on samples of equiaxed crystallization 

obtained using experimental technology on test melts under the production conditions of 

MOTOR SICH JSC. 

Key words: composition optimization, nickel-based superalloys, gas turbine 

engine, phase composition, carbides, critical temperature, high-temperature corrosion, 

mechanical properties, morphology, alloying elements, increased service life. 


