
 1 

  



 2

 

'�� 669.295 

��� 34.33 

 

 

 

&45 &578 4>?>2V459 �V  V6=0@>4=>W =0C:>2>-?@0:B8G=>W :>=D5@5=FVW �&8B0= 
2016: 28@>1=8FB2> B0 28:>@8AB0==O 2 02V01C4C20==V�.- �& � >B>@ %VG�.-

�0?>@V66O, 2016 @. � 152 A. 
 

 

� 71V@FV ?@54AB02;5=> B578 4>?>2V459  V6=0@>4=>W =0C:>2>-?@0:B8G=>9 

:>=D5@5=FVW « &8B0=-2016: 28@>1=8FB2> B0 28:>@8AB0==O 2 02V01C4C20==V». 

�1V@:0 2V4>1@060T H8@>:89 A?5:B@ B5<0B8: =0C:>28E 4>A;V465=L V B5E=VG=8E 
@VH5=L, O: 2 B8B0=>2V9 ?@><8A;>2>ABV, B0: V 2 :>;L>@>2V9 <5B0;C@3VW 4;O 
02V01C4C20==O. $>73;O=CBV ?8B0==O >1;04=0==O B0 283>B>2;5==O 28@>1V2 7 
70;CG5==O< 048B82=8E ?@>F5AV2 (3D-B5E=>;>3V9). �1V@:0 @>7@0E>20=0 =0 H8-

@>:5 :>;> V=65=5@V2 V =0C:>2FV2. 
 

 

$5F5=75=F8: 

�?BG<EVA �.�., =0G0;L=8: '� 5B �&� >B>@ %VG�. 

�4EB6 ..$., :0=4.. B5E=. =0C: 3>;>2=89 :>=AB@C:B>@ ?> A5@V9=8< 28@>10< 

�&� >B>@ %VG� 

�AG>B6 ..�., 4-@ B5E=. =0C:, ?@>D5A>@, �!&' 

,96G9A>B �.�., :0=4. B5E=. =0C:, 4>F5=B, �!&' 

�6G<AA<>B6 �.�., 4-@. B5E=. =0C:, ?@>D5A>@, �!&' 

 

 

 

"@83V=0;-<0:5B ?V43>B>2;5=> 2 �0?>@L7L:><C =0FV>=0;L=><C B5E=VG=>C C=V-
25@A8B5BV B0 C �8402=8G><C :><?;5:AV �&� >B>@ %VG�. 

 

�><?NB5@=89 48709= B0 25@AB:0  "<5;LG5=:> ".%. 

 

 

 

ISBN 978-966-2906-61-5 

ó �0?>@V7L:89 =0FV>=0;L=89 
B5E=VG=89 C=V25@A8B5B (�!&'), 2016 

ó �&� "&"$ %�+� 2016 

 



 3 

� �%& 

 

%��*�3 1. � ���&��!� &�)!"�"��� (3D).  �&�$����, 

"����!�!!3, ��$"������������������..� 

 

 

". . �64E<H<A, �.�. %4664><A, 3.�.  9?PA<>, �.�. %F4EN>  

-:>=><8G5A:8-MDD5:B82=0O B5E=>;>38O ?>;CG5=8O 8745;89 87 B8B0-
=>2KE A?;02>2 A 8A?>;L7>20=85< ?>@>H:0 =02>4>@>65==>3> B8B0-
=0������������������������..���� 

$G8P �.�., �4EA<> �. ., %<;BA9A>B ".!., �4=G9A>B �.�., #D<EF4H 

!.%., $G8P !.�. �A:@>-?;07<5==>5 A?5:0=85 <5E0=>0:B828@>20==KE 
Al-Mg ?>@>H:>2����.�����������������.. 

�EBA<A %.�., �9?BGE �.2., �D:<:96E><= 1.�., #9FD<G9A>B �.�. 

-;5:B@>==>-;CG520O 3-D =0?;02:0 A ?@8<5=5=85< A20@>G=>9 B8B0=>-
2>9 ?@>2>;>:8������������..����������. 

&4D4EB6 �.(., #46?9A>B �.�., �?FGEB6 �.�., �58G?B6 �.$. %0?@ 
?@>F5AA>2 45D>@<8@>20=8O 703>B>2>: 8 45B0;59 ?>;CG5==KE <5B>4>< 

3D-?5G0B8������������������������� 

%>D95FB6 �.�., "6G<AA<>B6 �.�.  #>;CG5=85 703>B>2>: 4;O 873>-
B>2;5=8O ?>@>H:>2 ;538@>20==KE B8B0=>2KE A?;02>2 4;O 0448B82=KE 
B5E=>;>389������������������������� 

Ianko T.B. Technological aspects of titanium powder�������� 

�97FOD96 �.�., �DO>B6  .!., �4@9A964 %.�., �?BF>4 �.�. #5@-
A?5:B82K ?@8<5=5=8O >B5G5AB25==KE 60@>?@>G=KE ?>@>H:>2 2 0448-

B82=KE B5E=>;>38OE 4;O 028042830B5;5AB@>5=8O��������� 

Ianko T.B., S.P.Panov, D.V Bachursky Characteristics of various surface  

finishes on titanium alloy articles���������������� 

 

%��*�3 2. "  �&��'$��3, &�)!"�"��� "&$� �!!3 

�"�0"$"��)  �&���� ������������������ 

 

�B?B5B6 �.�. $0D8=8@CNI85 ?5@5?;02K 8 4@C385 <5B>4K ?>;CG5=8O  
B8B0=0 ?>2KH5==>9 G8AB>BK������������..����� 

�47D<=GG> �.%.,  <I9A>B �.�. �2CEA;>9=K9 :><?>78B 4;O @50:B>-
@>2 <03=89B5@<8G5A:>3> ?@>872>4AB20 B8B0=0���������� 

%BH>B �.�., %BH>B �.�., �9D79D �.1.  5E0=>?;07<5==0O >1@01>B:0 
B8B0=0���������������������������. 
 

�EBA<A %.�., %969D<A �.2., �9D9;BE �.�., #<>G?<A �.!., �DBE<A 

�.�. "A>15==>AB8 ?>;CG5=8O A;8B:>2 A?;02>2 =0 >A=>25 0;N<8=84>2 

 

9 

 

 

 

 

 

9 

 

 

10 

 

 

11 

 

 

13 

 

 

17 

19 

 

 

19 

 

22 

 

 

23 

 

 

23 

 

24 

 

25 

 

 



 4

B8B0=0 2 M;5:B@>==>-;CG52KE CAB0=>2:0E������������. 

�T?B>BAP 2."., �9D95FB6 ".�., �T?B>BAP �.�. �>A;V465==O >A>1-
;82>AB59 ?@>F5AV2 >B@8<0==O V=B5@<5B0;V4=8E B8B0=>28E A?;02V2 ?@8 
=5AB0FV>=0@=8E B5<?5@0BC@=8E C<>20E�.�����.���..�. 

&D97G59A>B �.!., #B?O>B6 �.�., #B87BDAO= %.!. &5@<>48=0<8G5-
A:89 0=0;87 2>7<>6=>AB8 8A?>;L7>20=8O A8;L=>703@O7=5==KE B8B0=-
A>45@60I8E >BE>4>2 ?@8 ?@>872>4AB25 B8B0=>2>3> H;0:0����� 

#DBFB>B6<?B6 �.�., #9FDB6 �.�., #BDBEBAP>B �.�.  03=8B>C?@02-
;O5<0O M;5:B@>H;0:>20O ?;02:0 8=B5@<5B0;;84=KE A?;02>2 =0 >A=>25 
B8B0=0��������������������������. 

&D97G59A>B �.!., #B?O>B6 �.�., #B87BDAO= %.!. &5@<>48=0<8G5-
A:89 0=0;87 ?@>F5AA0 ?@>872>4AB20 B8B0=0 87 53> B5B@0E;>@840���

 

�6ETT64 !.".
 
,  VI9A>B �.�. �=0;87 AB@C:BC@=>-D07>2>3> A>AB>O=8O 

:>@@>78>==>AB>9:>9 AB0;8 03)17!3�9 ��.+���������..
 

(DB?B6 3.�. , �B?B6>B ". . , %4@EBA9A>B �.�., #DO8<FP><= ".�. 

�=0;V7 <>6;82>AB59 28:>@8AB0==O ?@>F5AV2 >1@>1:8 <5B0;V2 B8A:>< 

4;O 28@>1=8FB20 :><?>78BV2 7V A?;020<8 =0 >A=>2V B8B0=C����. 

�64AB6 �. �. �?;82 B8B0=C =0 <>@D>;>3VN 3@0DVB>28E 2:;NG5=L C 
G02C=0E��������������������������.. 

�4?<A<A �.�. #>;CG5=85 =0=>:@8AB0;;8G5A:8E :><?>78F89 =0 >A=>-
25 B8B0=0 C?@02;O5<K< ?;07<>E8<8G5A:8< A8=B57><�������. 

 4FN> %.!., �9?9A<A4 �.�., �DHB6 �.�., �BE>GFB6 %.�. #;07<5=-
=>5 =0?K;5=85 B8B0=0 =0 ?>25@E=>ABL :>AB=KE 8<?;0=B�����..  

�D<7BDP96 %.  ., #9FD<I96 �.%. $0D8=8@>20=85 <5B0;;87>20==>3> 
<>;8145=>2>3> :>=F5=B@0B0 =87:>B5<?5@0BC@=>9 ?;07<>>1@07CNI59 
A<5ALN��������������������������..

 

�GDO7VA4 �.�., &DBEFOAG<A �. ., �9@VH>4 �.�., �:G74A ".�. �@0-
=C;><5B@8G=V E0@0:B5@8AB8:8 ?>@>H:C B8B0=>2>3> A?;02C �&6, >B@8-
<0=>3> <5B>4>< 2V4F5=B@>2>3> ?;07<>2>3> @>7?8;5==O 5;5:B@>4C�. 

�4CGEFOA ".�., �>D<FB64 &."., %46BAB6 2. . "B@8<0==O 4>2-
3><V@=8E ?@CB:>28E 703>B>2>: 7 B8B0=C <5B>40<8 ?>@>H:>2>W <5B0-
;C@3VW������������..������..��������. 

�D<7BDP96 %.  ., #9FD<I96 �.%.  0B5<0B8G5A:>5 <>45;8@>20=85 
?0@0<5B@>2 ?>;CG5=8O ;830BC@K 4;O 2K?;02:8 ?@5F878>==KE A?;0-
2>2���������������������.������� 

�9EB6<F9D �.�., �O>B6 �."., %>D95FB6 �.�., "@9?PG9A>B ".%. 

#>;CG5=85 A?;020 �&8 <5B>4>< ?>@>H:>2>9 <5B0;;C@388 2 CA;>28OE 
 �" « >B>@ %8G»����������������������. 

�D<FE>4O &.�., �GD46?U6 �.!. "?B8<870F8O ?0@0<5B@>2 ?@>F5AA0 
?>;CG5=8O <>=>:@8AB0;;>2 :@5<=8O 87 @0A?;020�...�������.. 

24 

 

 

29 

 

 

31 

 

 

32 

 

37 

 

38 

 

 

40 

 

41 

 

43 

 

45 

 

 

46 

 

 

48 

 

 

52 

 

 

54 

 

 

56 

 

57 



 5 

�64AB6 �. �., ,4?B@TT6 �. �. �8:>@8AB0==O 2V4E>4V2 <03=VT28E A?;0-
2V2 4;O >B@8<0==O G02C=C 7 25@<8:C;O@=8< 3@0DVB><�������..  

�.�. #46?9A>B $5AC@A>A15@530NI0O, 8<?>@B>70<5I0NI0O B5E=>;>-
38O ?@>872>4AB20 ?>;CD01@8:0B>2  A;>6=>;538@>20==KE B8B0=>2KE 
A?;02>2��������������������������.. 

�4E<?PT6  ."., (V?4FB64 �.%.,
 3F9A>B �.(.

  �?;82 ?VA:>AB@C<8==>W 
>1@>1:8 70 B5<?5@0BC@8 @V4:>3> 07>BC =0 2;0AB82>ABV ?>25@E=V A?;02C 
�&6��������������������������..�. 

�9D9;<A4 �.�., $G8P �.�.,  BA4EFODE>4O &.�.,  B?95AO= ".�. 

�A?>;L7>20=85 F5;52>3> <8:@>;538@>20=8O 4;O ?>2KH5=8O ?@>G=>-
AB=KE A2>9AB2 8 B5@<>AB018;L=>AB8  :>=AB@C:F8>==KE 48A?5@A8>=-

=>B25@45NI8E 0;N<8=852KE A?;02>2������������� 
!4DV6EP><= ".�.,  4D>B64 !.�. �?;82 4><VH>:, @>7:8A=8:V2 V ;53C-
20;L=8E 5;5<5=BV2 =0 <V6:@8AB0;VB=C :>@>7VN A?;02C 06)!28 �& C 
28A>>:8A=N20;L=><C A5@54>28IV�������������..... 

#46?B6 �.�., ,G?P74 �.%., 3D9@9A>B �.�., &4D4EB64 �.�., �E49A-
>B !.�. �;8O=85 ?>43>B>2:8 <0B5@80;0 (B8B0=0 3C1G0B>3>) =0 ?@>F5AA 
 384@8@>20=8O�����������������������.  

#BH<64?B6 �. #., �G;P@<F>4O �. �., �84AB6 �. %. !87:>B5<?5@0-
BC@=0O >1@01>B:0 0;N<8=852>3> A?;020 � 36 ?>A;5 2KA>:>B5<?5@0-
BC@=>9 2K45@6:8����������������������.. 

,9?O7VA �.�.
 
,
 �9DA4FP><= �.�.,

 %VBD4 ".�., (98BETT64 ".�., 
 �9D-

5B?B; �. ., �B?<54H>VA %.". �075@=5 720@N20==O B02@>28E 7�T4=0=L 
7 B8B0=>2>3> A?;02C �&20�����������������..� 

�9=79?P;<@9D 3.�., &4D4EB6 �.(., #46?9A>B �.�., �BFN54 �.2. 

%>25@H5=AB2>20=85 CAB0=>2>: 8 HB0<?>2>9 >A=0AB:8 4;O @50;870F88 
?@>F5AA0 28=B>2>9 M:AB@C788����������������� 

,9?O7VA �.�.,  �9DA4FP><= �.�., #B?VH>B �."., &GAV> �.2., �?B-
G>B6 �. ., %F9C4AN> %. ., %VBD4 ".�., ,G54 �.�. �20@N20==O ;075-
@=8< 28?@><V=N20==O< B5E=VG=>3> B8B0=C, ?>?5@54=L> 7<VF=5==>3> 
07>B>< 2 ?@>F5AV 4C3>H;0:>2>3> ?5@5?;02C����������� 

%BH>B �.�., %BH>B �.�., �9D79D �.1. "1>A=>20=85 MDD5:B82=>AB8 
<5E0=>?;07<5==>9 >1@01>B:0 B8B0=0��������������. 

+GE?95 �.�., �?9@9HB6 �.%., 3DBH9A>B ".�., )4?9;B64 &.�., �OO 
). �AA;54>20=85 :>2:8 B8B0=>2KE A?;02>2 =0 384@02;8G5A:8E ?@5AA0E 
2 CA;>28OE  """ «�=5?@>?@5AA %B0;L»���..��������� 

!9FD95>B �.�. �A?>;L7>20=85 GC3C==KE >BE>4>2 B8B0=>2>3> ?@>87-
2>4AB20 ?@8 ?>;CG5=88 >B;82>: 87 2KA>:>E@><8ABKE GC3C=>2 ���. 

!9FD95>B �.�. �;8O=85 A>AB020 2KA>:>E@><8AB>3> GC3C=0 =0 @0A?@5-
45;5=85 Mn�����..������������������.. 

 

59 

 

 

60 

 

 

64 

 

 

 

66 

 

 

68 

 

 

72 

 

 

73 

 

 

77 

 

 

78 

 

 

 

81 

 

82 

 

 

83 

 

85 

 

86 



 6

%9?V6PBDEFB6 �.2., �BF9A>B 2.�., �BF9A>B !.�. �;8O=85 :><-

?;5:A=>3> 2>7459AB28O =0 AB@C:BC@>->1@07>20=85 ;8B59=>3> 0;N<8-
=852>3> A?;020 A8AB5<K �l-Si����������������.. 

�D9G>4 ".�.,  VI9A>B �.�. #V428I5==O O:>ABV ?>25@E=52>W >1@>1:8 
F5-Cr-Al A?;02V2 4;O 283>B>2;5==O =03@V20GV2 ?@><8A;>28E 5;5:B@8G-
=8E ?5G59 >?>@C����������������������� 

&4F4DG9A>B �."., �9?BH<F><= !.�. �>@@>78>==>-
M;5:B@>E8<8G5A:>5 ?>2545=85 B8B0=0 2 ?@8ACBAB288 >7>=0����.. 

�?FGEB6 �.�., &4D4EB6 �.(., �58G?B6 �.$., #B8A959EAO= !.!. $07-
@01>B:0 :><18=8@>20==KE ?@>F5AA>2 V=B5=A82=>3> ?;0AB8G5A:>3> 
45D>@<8@>20=8O 703>B>2>:������������������ 

�4>G?9A>B �.�., #?<FG9A>B %.�. "F5=:0 M=5@388 0:B820F88 ?;0-
AB8G5A:>3> B5G5=8O ?@8 A20@:5 B@5=85< A ?5@5<5H820=85<����. 

�4>G?9A>B �.�., %B><D>B �.�., !489:8<A 2.�. -;5:B@>8<?C;LA-
=0O >1@01>B:0 A20@=>3> H20 A8;C<8=0�������������..  

&>4G �.�. #V428I5==O 5:A?;C0B0FV9=8E 2;0AB82>AB59 V<?;0=BV2 <5-
B>40<8 V=B5=A82=>W ?;0AB8G=>W 45D>@<0FVW����������� 

%@B?O> 2.�. "?KB ?>;CG5=8O 45D>@<8@>20==KE 703>B>2>: 87 A?;0-
20 �&20 0280F8>==>3> =07=0G5=8O���������������.. 

"E<C9A>B �.�., ,96G9A>B �.�. $07@01>B:0 @5AC@A>A15@530NI59 
B5E=>;>388 ?>;CG5=8O M:>=><=>;538@>20==KE B8B0=>2KE A?;02>2�. 

,<?B �.�,  <F<A4 &.�., �BEF<F>4O �.#. #>2KH5=85 :0G5AB20 B8-

B0=>2KE >B;82>: ?@8 307>AB0B8@>20=88��������.����. 

#4AB6 %.#., %@B?O> 2.�.  $0728B85 ?>@>H:>2>9 <5B0;;C@388 B8B0-
=0 2 �0?>@>6A:>< @538>=5�����������������.. 

 

 

%��*�3 3. � �"!%&$'�*��!� �"�0"$"�� %#���� ��3 

�����'�'��!!3 ����������������. 
 

 

#B7D9?N> �.  .,
 �46D<EP %. ., #9AP>B6<= ".�. �?;82 <5E0=VG=>W 

>1@>1:8 ?>25@E=V B8B0=C =0 D>@<C20==O @V2=O WW DV78:>-<5E0=VG=8E 
E0@0:B5@8AB8: ?@8 =0ABC?=V9 EV<V:>-B5@<VG=V9 >1@>1FV������.. 
(<DEFB6 %.�., �G?4> �.�., �G;P@9A>B !.!., �4F>96<G ".�. !>2K5 
B8B0=>2K5 A?;02K =0 1075 A8AB5<K Ti-Si������������.  
#B7D9?N> �.  ., �46D<EP %.  ., �=>A>B@82:VABL A?;02C �&22 7 45-
D>@<0FV9=>-48DC7V9=> 7<VF=5=8<8 ?>25@E=528<8 H0@0<8����� 
�<D:BA �.�., %@B?O>B6 �.�., �8BDB69F �.(. �075@=>5 ;538@>20=85 
B8B0=0 ?5@5E>4=K<8 <5B0;;0<8 3@C??K 65;570���������.. 

 

 

88 

 

 

90 

 

92 

 

 

93 

 

96 

 

98 

 

100 

 

102 

 

103 

 

105 

 

108 

 

 

 

110 

 

 

 

 

110 

 

112 

 

113 

 

116 



 7 

#46?9A>B �.�., �9=79?P;<@9D 3.�., �G?47<A $.2., �46<89A>B 
�.�., $4ECBDAO �.�.  0AA>?5@5=>A ?@8 28=B>2>9 M:AB@C788 :0: 206-

=K9 D0:B>@ >15A?5G5=8O :0G5AB20 ?>@>H:>2KE ?>;CD01@8:0B>2 4;O 
>B25BAB25==KE 45B0;59 �&������������������.. 
(<DEFB6 %.�., �BDA4O �.�., #B8D9;B6 2.!., �BA84DP �.�., �B?-

F6OA<F4 �.%., �B?F6OA<F4 %.�.  �;8O=85 ;538@>20=8O =0 <5E0=8G5-
A:85 A2>9AB20  A?;02>2 =0 >A=>25 0;N<8=84>2 B8B0=0  2 H8@>:>< 8=-

B5@20;5 B5<?5@0BC@ 8A?KB0=8O����������������.
 

,4?B@TT6 �.�., *<6VD>B �.�., �=>VA  .�.  03=VT2V A?;028 7 ?V428-
I5=8< @V2=5< 2;0AB82>AB59 2 02V01C4C20==V�����������. 

�9:9AB6 %.�., �BFN54 �.2., #4EB?>4 %.!. "?@545;5=85 E0@0:B5@8-
AB8: A>?@>B82;5=8O CAB0;>AB8 8745;89 87 A?;02>2 B8B0=0 2 @0<:0E 
0:CAB>M<8AA8>==>9 <>45;8 F8:;8G5A:>9 453@040F88 :>=AB@C:F8>=-

=KE <0B5@80;>2�������������������..��.. 

 4D>B6E><= #.�., �BA84DGG> �.�. �;8O=85 A:>@>AB8 45D>@<0F88, 
<8:@>AB@C:BC@K, E8<8G5A:>3> 8 D07>2>3> A>AB020 =0 <5E0=8G5A:>5 
?>2545=85 ?@><KH;5==KE B8B0=>2KE A?;02>2����������. 

%>G=5984 �.�. %?>A>1K CA>25@H5=AB2>20=8O B5E=>;>388 >1@01>B:8 
Al-Si A?;02>2 =0 >A=>25 2B>@8G=>3> AK@LO�����������. 

%9?<69DEFB6 �.�., #9FD<> �.�., "6G<AA<>B6 �.�. $5<>=B :><?@5A-
A>@=KE <>=>:>;5A 87 60@>?@>G=KE 42CED07=KE B8B0=>2KE A?;0-
2>2������������������������..��..� 

�BDB5P96 2.%., �G?<>B6E><= $.�., "6G4DB64 !.2. �A?>;L7>20=85 
0;N<8=840 B8B0=0 4;O ;>?0B:8 �&��������������.. 

,96G9A>B �.�., �<?4 &.�., #9D9C9?><A4  .!., +9DAO6E><= �.�.  

#>2KH5=85 45D>@<0F8>==>9 A?>A>1=>AB8 A;>6=>;538@>20==>3> B8-
B0=>2>3> A?;020 �&25'�������������������� 

 4DG9A>B 2.�., �9?B6 �.�., #9FD<> �.�. �;LB5@=0B82=K5 <5B>4K 

B5@<8G5A:>9 >1@01>B:8 A20@=KE H2>2 10@010=>2 :><?@5AA>@0 87 B8-
B0=>2>3> A?;020 <0@:8 �&8-1����������������� 
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�=AB8BCB <5B0;;>D878:8 8<.�.�.�C@4N<>20 !�! ':@08=K, 3. �852 
 

1�"!" �+�%��-1((��&��!�3 &�)!"�"��3 #"�'+�!�3 

������� �� &�&�!"�/) %#���"� % �%#"�0�"��!��  

#"$",�� !��"�"$"��!!"�" &�&�!� 
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!�! ':@08=K. �5B0;8 7040==>9 D>@<K ?>;CG0NB B5E=>;>38G5A:8 ?@>ABK< 

?CB5< E>;>4=>3> ?@5AA>20=8O 8 ?>A;54CNI53> 20:CC<=>3> A?5:0=8O <=>3>-
:><?>=5=B=KE ?>@>H:>2KE A<5A59 =0 >A=>25 ?>@>H:0 =02>4>@>65==>3> 
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A?;020 87 ?>@>H:>2KE A<5A59, 0 70B5< ?>;=>ABLN C40;O5BAO 87 <0B5@80;0 2 
?@>F5AA5 20:CC<=>3> A?5:0=8O. "A=>2=>5 ?>;>68B5;L=>5 2>7459AB285 0B>-
<0@=>3> 2>4>@>40, =0E>4OI53>AO 2 <5B0;;5, ?@>O2;O5BAO 2 C25;8G5=88 45-
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$C4L �.�.
1
, �0E=8: �. .

2
, %87>=5=:> ".!.

3
, �09G5=:> �.�.

4
, 

#@8AB0H !.%.
5
, $C4L !.�.

6 

1 4.D.-<.=., 702. ;01>@0B>@88, � ( 8<. �.�. �C@4N<>20 !�!', ':@08=0 
2 :.D.-<.=., AB.=.A, � ( 8<. �.�. �C@4N<>20 !�!', ':@08=0 
3 4.B.=., 254.=.A., ��#& !�!', ':@08=0 
4
 :.B.=., AB.=.A, ��#& !�!', ':@08=0,  

5 <.=.A., ��#& !�!', ':@08=0 
6 :.D.-<.=., 702. ;01>@0B>@88, #�" « >B>@ %8G», ':@08=0 
 

�%�$"-#��� �!!"� %#���!��  �)�!"��&���$"��!!/) 

Al-Mg #"$",�"� 
 

�AA;54>20=> 2;8O=85 B25@4KE 48A?5@38@CNI8E 035=B>2 (3@0D8B0) 8 
;538@>20=8O A:0=485< =0 ?@>F5AA D>@<8@>20=8O 8=B5@<5B0;;8G5A:8E A>-
548=5=89 (� %) 2 A8AB5<5 0;N<8=89-<03=89 2 CA;>28OE <5E0=>E8<8G5A:>-
3> A8=B570 ( %) 8AE>4=KE ?>@>H:>2 Al 8 Mg 2 AB5E8><5B@8G5A:>< A>>B=>-
H5=88 3:1. -:A?5@8<5=BK ?@>2545=K =0 >1@07F0E @07=>3> E8<8G5A:>3> A>-
AB020: Al-Mg; Al-Mg-C; Al-Mg-Sc-C A A>45@60=85< A:0=48O 0,3 8 2% 25A. 8 
3@0D8B0 4> 5% 25A. #@>45<>=AB@8@>20=0 ?@8=F8?80;L=0O 2>7<>6=>ABL A8=-

B570 � % =0 >A=>25 0;N<8=8O 8 <03=8O A ?@8<5=5=85<  % 8 >?@545;5=K 

M=5@35B8G5A:85 ?0@0<5B@K @568<>2  %.  5B>40<8 @5=B35=>2A:>9 48D@0:-
B><5B@88, A:0=8@CNI59 M;5:B@>==>9 <8:@>A:>?88, �%� 87CG5=K ?@>F5AAK 

D07>>1@07>20=8O ?@8 <5E0=>0:B820F88 8AE>4=KE ?>@>H:>2, AB@C:BC@=K5 
?0@0<5B@K >B45;L=KE D07, 8E <>@D>;>38O 8 B5@<8G5A:0O AB018;L=>ABL. #>4-
B25@645=> >1@07>20=85 � % Al3Mg2 8, 25@>OB=>, <5B0AB018;L=>9 D07K 

Al3Mg. �KO2;5=>, GB> 4>102;5=85 3@0D8B0 : 8AE>4=>9 A<5A8 ?>@>H:>2 Al 8 
Mg ?>2KH05B MDD5:B82=>ABL  %, 2 @57C;LB0B5 G53> C25;8G8205BAO A>45@60-
=85 � % (4> 60%) 2 A@02=5=88 A A8AB5<>9 Al-Mg (25%). #@8 4>?>;=8B5;L-
=>< ;538@>20=88 A8AB5<K Al-Mg-C A:0=485< =01;N405BAO :0: ACI5AB25==>5 
CA:>@5=85 ?@>F5AA0 D>@<8@>20=8O � %, B0: 8 C25;8G5=85 A>45@60=8O � % 

?> A@02=5=8N A A8AB5<0<8 Al-Mg 8 Al-Mg-C. 

#@>2545=K ?8;>B=K5 M:A?5@8<5=BK ?> :>=A>;840F88 2KH5C:070==KE 
48A?5@A=KE :><?>78F89 <5B>4>< 8A:@>?;07<5==>3> A?5:0=8O (�#%) =0 M:A-
?5@8<5=B0;L=>9 CAB0=>2:5 «�5D5AB-10», @07@01>B0==>9 2 ��#& !�! ':-
@08=K, :>B>@K9 ?>72>;O5B :>=A>;848@>20BL ?>@>H:8 ?@8 <5E0=8G5A:>< 

=03@C65=88 2 20:CC<5 ?CB5< ?@>?CA:0=8O G5@57 :><?0:B AC?5@?>78F88 ?>-
AB>O==>3> 8 ?5@5<5==>3> B>:0 0<?;8BC4>9 1,1 :� c G0AB>B>9 ?5@5<5==>9 

A>AB02;ONI59 10 :�F [1]. $568< :>=A>;840F88 1K; 2K1@0= 8AE>4O 87 CA;>-
289 684:>D07=>3> A?5:0=8O <03=8O, B5<?5@0BC@0 ?;02;5=8O :>B>@>3> A>-
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?88, 4N@><5B@88 8 <8:@>4N@><5B@88, 48=0<8G5A:>3> <8:@>845=B8@>20=8O 
8 384@>AB0B8G5A:>3> 2725H820=8O 8AA;54>20=K D07>2K9 A>AB02, AB@C:BC@0, 
:>;8G5AB25==K5 D878:>-<5E0=8G5A:85 E0@0:B5@8AB8:8 (B25@4>ABL, <>4C;L 
.=30, :>MDD8F85=BK 65AB:>AB8 8 ?;0AB8G=>AB8, ?;>B=>ABL) :>=A>;848@>-
20==KE <0B5@80;>2. 'AB0=>2;5=>, GB> B25@4>ABL :><?0:B=KE >1@07F>2 ?>A;5 
�#% =0E>48BAO 2 480?07>=5 220-265 HV 8 7=0G8B5;L=> ?@52KH05B 0=0;>-
38G=K9 ?>:070B5;L 4;O 4N@0;N<8=8O � 118 HV. #;>B=>ABL >1@07F>2 ?>A;5 
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$5=B35=>3@0D8G5A:85 8AA;54>20=8O :>=A>;848@>20==KE <5B>4>< 

�#% <0B5@80;>2 ?>4B25@48;8 =0;8G85 2 =8E � %. � >1@07F0E A>AB020 Al-

Mg-C 8 Al-Mg-Sc-C 4;O 2A5E @568<>2 �#% =01;N405BAO 1>;LH55 7=0G5=85 
?5@8>40 :@8AB0;;8G5A:>9 @5H5B:8 B25@4>3> @0AB2>@0 0;N<8=8O ?> A@02=5-
=8N A ?>@>H:>2>9 A<5ALN Al-Mg, GB> A2845B5;LAB2C5B >1 >1@07>20=88 ?5@5-
AKI5==>3> @0AB2>@0 =0 53> >A=>25 8 :>@@5;8@C5B A @57C;LB0B0<8 M;5:B@>=-

=>-<8:@>A:>?8G5A:8E 8AA;54>20=89. 
1. #0B. 101575 ':@0W=0,  #� B22F 3/14, B22F 3/105, B30B 15/02. #@8-

AB@V9 4;O VA:@>?;07<>2>3> A?V:0==O ?>@>H:V2 / %87>=5=:> ".  ., �2;VT2 �. �., 
$09G5=:> ". �. [B0 V=.]. � 7 201200957; 70O2;. 30.01.2012; >?C1;. 10.04.2013, 

�N;. 7 7. 
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2KA>B>9 35 << 8 F8;8=4@8G5A:>9 D>@<K 2KA>B>9 45 << A B>;I8=>9 AB5=:8 

10 <<. #@8 3D-=0?;02:5 45B0;8 F8;8=4@8G5A:>9 D>@<K � AB0:0=0, ?@54AB02-
;ONI53> A>1>9 B5;> 2@0I5=8O, 8A?>;L7>20;0AL =5?@5@K2=> ACI5AB2CNI0O 
20==0 @0A?;02;5==>3> <5B0;;0. � ?@>F5AA5 3D-=0?;02:8 B5;0 2@0I5=8O M;5:-
B@>==>-;CG520O ?CH:0 A>25@H05B ?5@5<5I5=8O 2 3>@87>=B0;L=>9 ?;>A:>AB8 

A>2<5AB=> A <5E0=87<>< ?>40G8 ?@8A04>G=>3> <5B0;;0 2 2845 ?@>2>;>:8. 
�5B0;L D>@<8@C5BAO =0 2>4>>E;06405<>9 D>@<8@CNI59 ?>4;>6:5, A>25@-
H0NI59 2@0I0B5;L=>5 42865=85. -:A?5@8<5=B0;L=> >B@01>B0=0 8 B5E=8:0 
?>A;>9=>9 3D-=0?;02:8 45B0;8 ?@O<>;8=59=>9 D>@<K, ?@54AB02;ONI0O 
A>1>9 25@B8:0;L=CN AB5=:C, D>@<8@C5<CN =0 <5B0;;8G5A:>9 ?>4:;04:5. � 

MB>< A;CG05 ?@8<5=O5BAO ?5@8>48G5A:8 D>@<8@CNI0OAO 20==0 @0A?;02;5=-

=>3> <5B0;;0. #@8 3D-=0?;02:5 ?@O<>;8=59=>9 45B0;8 M;5:B@>==>-;CG520O 
?CH:0 8 <5E0=87< ?>40G8 ?5@5<5I0NBAO 2 3>@87>=B0;L=>9 ?;>A:>AB8, ?@8 

MB>< @0AAB>O=85 <564C ?@8A04>G=>9 ?@>2>;>:>9 8 :0B>4>< M;5:B@>==>-
;CG52>9 ?CH:8 B0:65 O2;O5BAO D8:A8@>20==K< 8 =5 87<5=O5BAO 2 ?@>F5AA5 
A>740=8O 2A59 45B0;8. #> <5@5 2K?>;=5=8O A;>O, AB>; A 70:@5?;5==>9 45B0-
;LN 8 ?>4;>6:>9 >?CA:05BAO 2=87, 0 A20@>G=0O 20==0 =02>48BAO 70=>2> 2 
<5AB5 AB0@B0.  $0725@B:0 8 D>:CA8@>2:0 ;CG0, ?>40G0 ?@8A04>G=>9 ?@>2>;>-
:8, @072545=85 20==K 684:>3> <5B0;;0 8 ?5@5<5I5=85 20==K ?> ?>25@E=>-
AB8 D>@<8@C5<>9 45B0;8 >ACI5AB2;O;>AL ?> 02B><0B8G5A:>9 :><?;5:A=>9 

?@>3@0<<5 4;O >15A?5G5=8O B@51C5<KE @07<5@>2 20==K @0A?;02;5==>3> <5-
B0;;0. 

�7CG5=K AB@C:BC@0 =0?;02;5==KE A;>52, >B<5G5=> >BACBAB285 ?>@8A-
B>AB8 <5B0;;0 F8;8=4@8G5A:>9 8 ?@O<>;8=59=>9 =0?;02:8, AB@C:BC@0 <5-
B0;;0 =0?;02;5==KE A;>52 0=0;>38G=0 AB@C:BC@5 ;8B>3> <5B0;;0 B5E=8G5A:>-
3> B8B0=0 �&1-0.  8:@>B25@4>ABL <5B0;;0 45B0;8 873>B>2;5==>9 M;5:B@>=-

=>-;CG52>9 3D-=0?;02:>9 A ?@8<5=5=85< A20@>G=>9 ?@>2>;>:8 �&1-00 A>-
>B25BAB2CNB C@>2=N <8:@>B25@4>AB8 ;8B>3> <5B0;;0 B5E=8G5A:>3> B8B0=0 
�&1-0. #>:070=>, GB> B5E=>;>38O M;5:B@>==>-;CG52>9 =0?;02:8 ?>72>;O5B 
?>;CG0BL 45B0;8 A;>6=>9 D>@<K 87 B8B0=0 A >4=>@>4=>9 AB@C:BC@>9. 
 

 

 



 13

'�� 620.171.2 

&0@0A>2 �.(.
1
, #02;5=:> �.�.

2
, �;BCE>2 �.�.

3
, �14C;>2 �.$.

4
  

1 4.B.=., ?@>D. �>=10AA:0O 3>AC40@AB25==0O <0H8=>AB@>8B5;L=0O 0:045<8O, 
2
 :.B.=., 4>F., �0?>@>6A:89 =0F8>=0;L=K9 B5E=8G5A:89 C=825@A8B5B,  

3 :.B.=. �>=10AA:0O 3>AC40@AB25==0O <0H8=>AB@>8B5;L=0O 0:045<8O,  
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� =0AB>OI55 2@5<O 2 @07;8G=KE >B@0A;OE ?@><KH;5==>AB8 =0E>4OB 

H8@>:>5 ?@8<5=5=85 =>2K5 B5E=>;>38G5A:85 ?@>F5AAK ?>;CG5=8O 45B0;59 

87 :><?0:B=KE 8 ?>@>H:>2KE <5B0;;8G5A:8E <0B5@80;>2. #>@>H:>2K5 B5E-
=>;>388 O2;ONBAO >A=>2>9 4;O A>2@5<5==KE <0;>>BE>4=KE B5E=>;>389 ?>-
;CG5=8O 45B0;59, 2 B>< G8A;5 8 0448B82=KE B5E=>;>389 3D ?@O<>3> ;075@=>-
3> A?5:0=8O (?;02;5=8O) [1]. 

"A>15==K9 8=B5@5A 4;O <0H8=>AB@>5=8O, 028042830B5;5AB@>5=8O 
?@54AB02;ONB B5E=>;>388, >15A?5G820NI85 ?>;CG5=85 703>B>2>: A C;CG-
H5==K<8 D878:>-<5E0=8G5A:8<8 A2>9AB20<8 8 AC1<8:@>:@8AB0;;8G5A:>9 

AB@C:BC@>9. � B0:8< B5E=>;>38O< >B=>AOBAO ?@>F5AAK >1@01>B:8, A2O70==K5 
A 8=B5=A82=K<8 ?;0AB8G5A:8<8 45D>@<0F8O<8 (�#�) 703>B>2>: [2]. $0728-
20NBAO B0:65 0448B82=K5 B5E=>;>388, ?>72>;ONI85 A8=B578@>20BL 45B0;8 
87 ?>@>H:>2 <5B0;;>2 8 A?;02>2 @07;8G=KE :;0AA>2 ?CB5< 3D-?5G0B8 [3]. 

$0728B85 =>2KE B5E=>;>389 B@51C5B A>25@H5=AB2>20=8O <5B>4>2 8E ?@>5:-
B8@>20=8O, <>45;8@>20=8O ?>2545=8O <0B5@80;>2 8 703>B>2>: ?@8 =03@C65-
=88 2 ?@>F5AA5 45D>@<8@>20=8O 8 M:A?;C0B0F88.  

� =0AB>OI55 2@5<O ?@54;>65= 8 8AA;54>20= @O4 <5B>4>2 �#� 8 <0@-
H@CB>2 (?>A;54>20B5;L=>AB59 >?5@0F89) 4;O >1@01>B:8 703>B>2>: [2], >4=0-
:>, 87-70 B5E=>;>38G5A:8E A;>6=>AB59 <5B>4K �#� >3@0=8G5=K 2 8A?>;L7>-
20=88 2 0280AB@>5=88 8 4@C38E =0C:>5<:8E >B@0A;OE. �K1>@ <0@H@CB>2 >1-
@01>B:8 8 8E ?0@0<5B@>2 ?@>872>48BAO =0 M<?8@8G5A:>< C@>2=5.  5B>4K 

B8?0 B>?>;>38G5A:>9 >?B8<870F88 ?@>F5AA>2 >1@01>B:8, >A=>20==K5 =0 
:>=B@>;5 =0?@O65==>-45D>@<8@>20==>3> A>AB>O=8O (!�%) <5B>4>< :>=5G-
=KE M;5<5=B>2 ( �-), 4;O <>45;8@>20=8O <0@H@CB>2 �#� 703>B>2>: =5-
?@85<;5<K, =5>1E>48<K 4@C385 :@8B5@88 >?B8<870F88.  

#0@0;;5;L=> @072820NBAO 8 8=D>@<0F8>==K5 B5E=>;>388 A>740=8O 
%�#$ =0 >A=>25 8=B53@0F88 A ?@><KH;5==K<8 CAD/CAE-A8AB5<0<8, GB>-
1K >15A?5G8BL :0G5AB25==>5 ?@>5:B8@>20=85 8 <>45;8@>20=85 ?>2545=8O 
8745;89 87 =>2KE <0B5@80;>2, 2 B>< G8A;5 ?>;CG5==KE 3D-?5G0BLN. 
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�;O A>740=8O 8=B53@8@>20==KE %�#$ (�%�#$) @07@01>B0= @O4 0@E8-
B5:BC@=KE 8 0;3>@8B<8G5A:8E @5H5=89, @5H0NBAO 7040G8 ?0@0<5B@870F88 8 
AB@C:BC@=>9 (B>?>;>38G5A:>9) >?B8<870F88 :>=AB@C:F89. "1I59 ?@>1;5<>9 
O2;O5BAO =5>1E>48<>ABL 045:20B=>3> G8A;5==>3> <>45;8@>20=8O ?@>F5AA>2 
45D>@<8@>20=8O 2 CAE-A8AB5<0E 4;O 0=0;870 !�% 703>B>2>: 8 45B0;59. 
%;>6=>ABL <>45;8@>20=8O �#� 703>B>2>: 87 =>2KE <0B5@80;>2 >?@545;O5B-
AO ACI5AB25==>9 =5;8=59=>ABLN ?@>F5AA0, B5=7>@=K< E0@0:B5@>< 8=D>@<0-
F88 > !�%, =5>1E>48<>ABLN ?@8<5=5=8O >BACBAB2CNI8E 2 CAE-A8AB5<0E 
<>45;59 ?>2545=8O <0B5@80;>2 A> A;>6=>9 @5>;>3859, 2 G0AB=>AB8 ?>@>H-

:>2KE, 2 CA;>28OE 1>;LH8E ?;0AB8G5A:8E 45D>@<0F89, >BACBAB285< 0;3>-
@8B<>2 (?@028;) 2K1>@0 ?>A;54>20B5;L=>AB8 >?5@0F89 >1@01>B:8 703>B>2>:. 
�A5 MB> B@51C5B: A >4=>9 AB>@>=K @07@01>B:8 8 8AA;54>20=8O =>2KE B5E=>-
;>38G5A:8E ?@>F5AA>2 ?>;CG5=8O 45B0;59, A 4@C3>9 - A>25@H5=AB2>20=8O 
8=D>@<0F8>==KE B5E=>;>389 A>740=8O �%�#$ 4;O <>45;8@>20=8O MB8E 
?@>F5AA>2. 

%>2@5<5==K5 �%�#$ =5 ?>72>;ONB :0G5AB25==> <>45;8@>20BL 8 >?B8-

<878@>20BL 0448B82=K5 B5E=>;>38G5A:85 ?@>F5AAK ?>;CG5=8O 703>B>2>: 87 
?>@>H:>2KE <0B5@80;>2. -B> A2O70=> A >3@0=8G5==K<8 2>7<>6=>ABO<8 

CAE-A8AB5< 4;O @50;870F88 ?>;L7>20B5;LA:8E <>45;59 ?>2545=8O =>2KE 
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?>25@E=>AB8 45B0;59, ;>:0;L=>3> ?;0AB8G5A:>3> 45D>@<8@>20=8O >B45;L=KE 
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A8AB5<0<8; 48=0<8G5A:>3> >1<5=0 40==K<8 <564C ?@8;>65=8O<8 A 8A?>;L-
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D>@<K 2 SolidWorks (?@>5:B8@>20=85 35><5B@88) 8 Abaqus (<>45;8@>20=85 
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4;O ?>;CG5=8O 703>B>2>: A C;CGH5==K<8 D878:>-<5E0=8G5A:8<8 A2>9AB20-
<8 8 AC1<8:@>:@8AB0;;8G5A:>9 AB@C:BC@>9 2 ?@><KH;5==>AB8; <0B5<0B8G5-
A:85 <>45;8 @O40 ?@>F5AA>2 �#� 8 4@C38E, 2:;NG0O 45D>@<8@>20=85 ?>-
@>H:>2KE <0B5@80;>2.  

"4=>9 87 >A=>2=KE 7040G, :>B>@0O 4>;6=0 1KBL @5H5=0 4;O CA?5H=>3> 
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20=8O. �725AB=>, GB> ACI5AB2CNI85 <5B>4K >F5=:8 ?@>G=>AB=>9 =0456=>-
AB8 >A=>20=K =0 8=D>@<0F88 > !�% 45B0;8 8 <>45;8 <0B5@80;0, >?8AK-

20NI59 53> ?>2545=85 ?@8 @07;8G=KE 2840E =03@C65=8O. � A2>N >G5@54L 
7040G0 >F5=:8 !�% 45B0;8, 4;O @5H5=8O :>B>@>9 8A?>;L7CNB @07;8G=K5 
G8A;5==K5 <5B>4K, 2:;NG05B 2 A51O MB0?K <0B5<0B8G5A:>3> >?8A0=8O <>45-
;8 <0B5@80;0 8 845=B8D8:0F8N ?>2545=8O <0B5@80;0, A2O70==CN A >?@545-
;5=85< M<?8@8G5A:8E :>MDD8F85=B>2 <>45;8. �;O 8E >?@545;5=8O 2K?>;-
=ONB =5A:>;L:> @07;8G=KE 8A?KB0=89 >1@07F>2.  

� A>2@5<5==KE CAE � A8AB5<0E 2AB@>5=K 4>AB0B>G=> >1I85 <>45;8 

?>2545=8O <0B5@80;>2, 2:;NG0O =5:><?0:B=K5, 0=87>B@>?=K5 8 4@. "4=0:> 
?>2545=85 <0B5@80;0, ?>;CG5==>3> 3D � ?5G0BLN 8<55B A2>8 >A>15==>AB8 8 

B@51C5B 87CG5=8O. �725AB=>, GB> 2 7028A8<>AB8 >B B5E=>;>388 ?5G0B8 >1I0O 
?>@8AB>ABL 45B0;8 <>65B 4>AB830BL 8% 8 1>;55. 'G8BK20O, GB> ACI5AB2CN-

I85 =0 A53>4=OH=89 45=L B5E=>;>388 3D-?5G0B8 =5 ?>72>;ONB ?>;CG0BL 
:><?0:B=K5 (15A?>@8ABK5) <0B5@80;K, 8A?>;L7>20=85 ACI5AB2CNI8E 2 @07-
;8G=KE :><<5@G5A:8E A8AB5<0E ?@>G=>AB=>3> 0=0;870 <>45;59 <0B5@80;>2 
=5 ?>72>;ONB ?>;CG8BL 4>AB>25@=K5 40==K5 > !�% 45B0;59 ?@8 =03@C65=88. 
-B> A2O70=> A B5<, GB> =5>1E>48<> CG8BK20BL =5 B>;L:> =0;8G85 ?>@8AB>AB8 

8 55 M2>;NF8N 2 ?@>F5AA5 =03@C65=8O, => 8 0=87>B@>?8N <0B5@80;0 8745-
;89, A2O70==CN A B5E=>;>3859 873>B>2;5=8O. #@>1;5<K A>7405B B0:65 =5>?-

@545;5==>ABL 25;8G8= 2=CB@5==8E =0?@O65=89 2 45B0;OE ?>A;5 8E 873>B>2-
;5=8O, =5>1E>48<>ABL C?@>G=OBL ?>25@E=>AB=K9 A;>9 45B0;59, =0 :>B>@>< 

@0A?>;>65=K =5 ?>;=>ABLN ?5@5?;02;5==K5 G0AB8FK ?>@>H:0. !5>?@545-
;5==>ABL E0@0:B5@8AB8: <0B5@80;0 A=8605B MDD5:B82=>ABL <5B>4>2 B>?>;>-
38G5A:>9 (AB@C:BC@=>9) >?B8<870F88 :>=AB@C:F89. 

�;O 845=B8D8:0F88 >A=>2=KE ?5@5<5==KE <>45;8 ?>2545=8O =5:><-

?0:B=KE <0B5@80;>2, 2 B>< G8A;5 A8=B578@>20==KE ?CB5< 3D-?5G0B8 @07;8G-
=K<8 <5B>40<8 8 @568<0<8 873>B>2;5=8O, @07@01>B0=0 :>=AB@C:F8O A?5F8-

0;L=>3> CAB@>9AB20 4;O M:A?5@8<5=B0;L=>3> >?@545;5=8O ?0@0<5B@>2 <>45-
;8 ?>2545=8O <0B5@80;>2 8 <5B>4K 8E 845=B8D8:0F88 (@8A.1) [4]. �040G0 
?>;CG5=8O >A=>2=KE ?0@0<5B@>2 <>45;8 <0B5@80;0 @5H05BAO ?CB5< >A04:8 
F8;8=4@8G5A:8E >1@07F>2 A @07;8G=>9 ?>@8AB>ABLN ?@8 @07;8G=>< A>G5B0-
=88 >A52>3> 8 @0480;L=>3> CA8;89 45D>@<8@>20=8O. #@8 MB>< @0480;L=>5 
CA8;85 >15A?5G8205BAO 70 AG5B 45D>@<0F88 A?5F80;L=>9 M;0AB8G=>9 2BC;:8 
2 ?@>F5AA5 8A?KB0=8O. '@>25=L 384@>AB0B8G5A:>3> 402;5=8O 8 >A52>9 =0-
3@C7:8 =0 >1@075F :>=B@>;8@C5BAO ?@8 ?><>I8 <5A4>7. #@5420@8B5;L=K5 
8AA;54>20=8O <0B5@80;>2, A8=B578@>20==KE @07;8G=K<8 <5B>40<8 8 @568-

<0<8, ?>72>;OB =0:>?8BL 8=D>@<0F8N >1 8E 2;8O=88 =0 ?0@0<5B@K <>45;8 

8 8A:;NG8BL MB0? 845=B8D8:0F88 <>45;59 4;O :064>9 87 0=0;878@C5<KE 
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45B0;59. �;O MB>3> =5>1E>48<> @07@01>B0BL <5B>48:C 8A?KB0=89 A CG5B>< 

>A>15==>AB59 B5E=>;>388 3D-?5G0B8. 
 

 
$8A. 1 � %E5<0 CAB@>9AB20 4;O 8AA;54>20=8O =5:><?0:=KE <0B5@80;>2: 

5 � F8;8=4@8G5A:89 >1@075F A8=B578@>20==K9 ?CB5< 3D-?5G0B8.  
 

&0:8< >1@07><, CG5B M2>;NF88 2 ?@>F5AA5 =03@C65=8O ?>@>2>3> ?@>-
AB@0=AB20 8 0=87>B@>?88 A2>9AB2 2 <>45;8 ?>2545=8O =5:><?0:=KE <0B5@80-
;>2, ?@8<5=5=85 CAB@>9AB20 4;O M:A?5@8<5=B0;L=>9 845=B8D8:0F88 ?0@0-
<5B@>2 <>45;8, ?>72>;OB A 4>AB0B>G=>9 B>G=>ABLN >F5=8BL !�% 45B0;59, 
A8=B578@>20==KE ?CB5< 3D-?5G0B8. "F5=:0 !�% 45B0;8 =0 AB0488 ?@>5:B8-

@>20=8O A ?@8<5=5=85< �%�#$ ?>72>;8B 2K1@0BL <5B>4 ?5G0B8, 0 B0:65 
>?B8<878@>20BL ?0@0<5B@K @568<>2 @50;870F88 ?@>F5AA0 8 ?>A;54CNI59 
>1@01>B:8 703>B>2>:, 2 B>< G8A;5 A ?@8<5=5=85< �#�.  
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4 �0O2:0 =0 :>@8A=C <>45;L 7 u201607615 ':@0W=0. #@8AB@V9 4;O 
4>A;V465==O 2;0AB82>AB59 =5:><?0:B=8E <0B5@V0;V2 / ".(. &0@0A>2, �.�. 

#02;5=:>, ".�. �;BCE>2, 2V4 11.07.2016 @. 
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;5B2>@OBL >B5G5AB25==K< B@51>20=8O<. 

� ?>A;54=85 3>4K >B<5G5=0 B5=45=F8O ?>2KH5=8O =03@C7>: =0 @01>-
G85 M;5<5=BK <0H8=, 345 8A?>;L7C5BAO B8B0= 8 53> A?;02K. #@>G=>AB=K5 
A2>9AB20, :>B>@K5 4>;6=K >15A?5G820BL =>2K5 A?;02K, A>AB02;ONB 1000 � 

1200  #0. -B> ?@825;> : =5>1E>48<>AB8 8A?>;L7>20=8O ?A524> ñ- 8 ñ+ò- 

A?;02>2 B8B0=0. #>;CG8BL ?@>G=>ABL ?>@O4:0 1000  #0 <>6=>, ?@8<5=OO 
A;>6=K5 A8AB5<K ;538@>20=8O, >4=0:> 1>;55 2KA>:85 ?>:070B5;8 ?@>G=>AB8 
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TECHNOLOGICAL ASPECTS OF TITANIUM POWDER PRODUCTION 

FOR ADDITIVE MANUFACTURING 

 

Existing and new technologies of titanium alloy powder manufacture have 

been reviewed in a current article. Advantages and limitations of different meth-

ods have been pointed out. The reasons why the produced powders cannot be used 

for additive manufacturing have also been shown.  

Three approaches to technological development of powder production were 

considered. Majority of electrochemical, plasma chemical, metallothermic and 

metallurgical processes has briefly been described. Mechanical-chemical methods 

for powder making have been presented as well.  Prospective directions for tech-

nological development were displayed. Likewise problems and restrictions for 

industrial applications of titanium powder metal compositions and additive manu-

facturing technologies in general have been defined.  

It has been shown that one of the most prospective directions for powder 

manufacture is hydrogenisation/de-hydrogenisation method. Raw materials here: 

titanium sponge with definite concentration of alloying components and also syn-

thesised titanium alloys.   

Vital objectives for additive technologies have been exhibited: cost reduction for 

titanium alloy powder making and productivity increasing for novel manufactur-

ing methods.  
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CHARACTERISTICS OF VARIOUS SURFACE FINISHES ON 

TITANIUM ALLOY ARTICLES 

 
A current work reviews requirements and main complications for surface 

finishes on titanium and its alloys. The problems related to the film formation with 

defined properties in different technologies for various metal chemical composi-

tions have been highlighted. It has been shown that the major technical problem 

for articles manufactured by powder metallurgy technique is obtaining of continu-

ous coating with homogeneous properties. Prospective applications of not only 

electrochemical but also additive manufacturing methods for surface finishes on 

titanium and its alloys have been discussed 
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$>7@>1:0 =>2VB=VE <0B5@V0;V2 7 ?>:@0I5=8<8 DV78:>-EV<VG=8<8 E0@0:-
B5@8AB8:0<8 4;O @>1>B8 ?@8 5:AB@5<0;L=8E C<>20E T 0:BC0;L=>N B5<>N C 
02V0FV9=V9 30;C7V. 

�V4><>, I> 25;8:0 C2030 A5@54 @>7@>1=8:V2 B0 =0C:>2FV2 =040TBLAO 
A?;020< =0 V=B5@<5B0;V4=V9 >A=>2V A8AB5<8 Ti-Al. *5 >1C<>2;5=> FV;>N ;0=-
:>N 28A>:8E ?>:07=8:V2 2;0AB82>AB59 40=8E A?>;C:. #>?@5 F5, 45O:V =54>;V-
:8 F8E A?;02V2 ?>2�O70=V 7V A:;04=>ABO<8 V >A>1;82>ABO<8 WE=L>W B5E=>;>3VW 
>B@8<0==O. &0: ?@>F5A A?V:0==O ?>@>H:V2 <5B0;V2, I> <0NBL 4V03@0<C AB0=C 
7 V=B5@<5B0;V4=8<8 7�T4=0==O<8 ?@>BV:0T ?@8 =5AB0FV>=0@=8E B5<?5@0BC@-
=8E C<>20E, I> CA:;04=NT C<>28 4>A;V465==O D07>CB2>@5==O ?V4 G0A @50:-
FV9=>3> A8=B57C ;53:>?;02:>3> B0 BC3>?;02:>3> :><?>=5=BV2. 

"4=VTN 7 ?5@A?5:B82=8E B5E=>;>3V9 >B@8<0==O 40=8E A?;02V2 T A0<>-
@>7?>2AN46C20;L=89 28A>:>B5<?5@0BC@=89 A8=B57, I> ?@8 @568<V B5?;>2>-
3> A0<>70?0;N20==O =040T <>6;82VABL 4>A;V465==O :V=5B8:8 @50:FV9, O:V 
>1C<>2;NNBL ?@>F5A 3>@V==O B0 D0:B>@V2, I> 2?;820NBL =0 7<V=8 >1�T<V2 C 
@50:FV9=8E 1@8:5B0E.  

#@8 B5?;>2><C A0<>70?0;5==V 4>A;V4=89 <0B5@V0; O2;OT A>1>N 5:7>-
B5@<VG=C AC<VH ?>@>H:>28E :><?>=5=BV2 2 =0A8?=><C 01> A?@5A>20=><C 
AB0=V. �0=0 B5E=>;>3VO 70728G09 ?@>BV:0T ?@8 =5V7>B5@<VG=8E C<>20E B0 AC-
?@>2>46CTBLAO >1�T<=8< 7<V=5==O< 703>BV25;L, I> ?>2�O70=> 7 48DC7VTN 

0B><V2 ;53:>?;02:>3> :><?>=5=BC 4> G0AB>: BC3>?;02:>3>. #@8 FL><C ?@0:-
B8G=> =5 2AB0=>2;5=V C<>28, ?@8 O:8E <>6;8289 =0?@02;5=89 ?>BV: 7 @V4:>W 
D078 4> B25@48E G0AB>: V 2?;82 V=B5@<5B0;V4=8E D07 =0 ?@>F5A A8=B57C. 

 5B>N 40=>W @>1>B8 T 2AB0=>2;5==O 70:>=><V@=>AB59 >1�T<=8E B0 
AB@C:BC@=8E 7<V= ?@8 B5?;>2><C A0<>70?0;5==V V=B5@<5B0;V4=8E B8B0=>28E 
A?;02V2. 
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"1�T:B>< 4>A;V465==O >1@0=V V=B5@<5B0;V4=V A?;028 A8AB5<8 Ti-Al. 

�0=0 A8AB5<0 2V4=>A8BLAO 4> 3@C?8 V=B5@<5B0;V4=8E A8AB5<, C O:8E 04V010B8-

G=0 B5<?5@0BC@0 A8=B57C =86G5 70 B5<?5@0BC@C ?;02;5==O  >B@8<0=>3> 
7�T4=0==O (&C? < T48) (B01;8FO 1). 

 

&01;8F0 1 2 #0@0<5B@K 8AA;54C5<>9 A8AB5<K 

$50:F8O 
R1 + R2 ³ P 

&?;(R1), K &?;(R2), K &?;(P), K &04, K 

Ti + Al ³ TiAl 1941 933 1733 1654 

 

' @>1>BV @>73;O=CB> 70:>=><V@=>ABV 7<V=8 >1�T<=8E V AB@C:BC@=8E ?0-
@0<5B@V2 ?>@8AB8E BV; 2 ?@>F5AV A8=B57C ?@8 =0ABC?=8E A?V22V4=>H5==OE 
B5<?5@0BC@=8E C<>2: 

2 B5<?5@0BC@0 A8=B57C ?5@528ICT B>G:C ?;02;5==O :V=F52>3> ?@>4C:-
BC; 

2 B5<?5@0BC@0 A8=B57C =86G0 B>G:8 ?;02;5==O :V=F52>3> ?@>4C:BC, 
?@>B5 28I0 B>G:8 ?;02;5==O ?@><V6=8E D07; 

2 B5<?5@0BC@0 A8=B57C =86G0 B>G:8 ?;02;5==O :V=F52>3> ?@>4C:BC B0 
?@><V6=8E D07. 

�:A?5@8<5=B0;L=V 4>A;V465==O ?>:07CNBL, I> 5:7>B5@<VG=89 5D5:B B0 
?@8@VAB 7@07:V2 287=0G0NBLAO  ?@>F5A0<8 7<VHC20==O :><?>=5=BV2 C @V4:V9 
D07V 9 ?>O2>N D07 =0 3@0=8FV B25@4V G0AB:8 � @>7?;02. �AB0=>2;5=>, I> ?V4 
G0A A8=B57C C A8AB5<V Ti-Al @>72820NBLAO =0ABC?=V ?@>F5A8: CB2>@5==O @V4:>W 
D078 7024O:8 :>=B0:B=><C ?;02;5==N B0 ?;02;5==N @V4:>3> :><?>=5=B0; 
7<>GC20==O G0AB>: B25@4>3> :><?>=5=BC 9 @>7BV:0==O @V4:>W D078 2 >1�T<V 
1@8:5BC; @>7G8= G0AB>: B25@4>3> :><?>=5=BC C @V4:V9 D07V; 28=8:=5==O =>-
28E D07 H;OE>< @50:FV9=>W 48DC7VW 9 :@8AB0;V70FVW A?;02C. 

�AB0=>2;5=>, I> B5<?5@0BC@0 A8=B57C TiAl A?;02V2 =86G0 B>G:8 ?;02-
;5==O :V=F52>3> ?@>4C:BC V BC3>?;02:>3> :><?>=5=BC, >4=0: 28I0 B>G:8 

?;02;5==O ?@><V6=8E D07 (C 40=><C 28?04:C TiAl3 � 1613 �, B0 TiAl2 � 1273 

�). �70T<>4VO G0AB>: B8B0=C B0 @V4:>3> 0;N<V=VN 2 7>=V A8=B57C =>A8BL 35B5-
@>35==89 E0@0:B5@ V ?@872>48BL 4> CB2>@5==O H0@C BC3>?;02:>3> ?@>4C:BC 
TiAl, O:89 @>74V;OT @5035=B8. �V<VBCNG>N AB04VTN ?@>F5AC T 48DC7VO 0B><V2 
G5@57 H0@ FL>3> 7�T4=0==O, O:89 ?V4:>@NTBLAO ?0@01>;VG=><C 70:>=C (A;01:5 
:V=5B8G=5 30;L<C20==O) V 287=0G0TBLAO ?0@FV0;L=8<8 :>5DVFVT=B0<8 48DC7VW V 
AB@C:BC@>N >A5@54:C. ' @57C;LB0BV @50:FV9=>3> 48DC7VW ?@>F5A ?@>BV:0T C 
2C7L:V9 7>=V B0 157 7<V=8 >1�T<C, B0: O: 4@C389 :><?>=5=B, C O:><C ?>28==0 
9B8 ?5@5206=0 48DC7VO, 7=0E>48BLAO C @V4:><C AB0=V. 
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&�$ "��!� �+�%��� �!���� �"� "�!"%&� 

�%#"�0�"��!�3 %��0!"���$3�!�!!/) 

&�&�!%"��$��-�) "&)"�"� #$�   #$"���"�%&�� 

&�&�!"�"�" ,����  

 

� =0AB>OI55 2@5<O A8;L=> 703@O7=5==K5 >BE>4K B8B0=0 ?>425@30NB 
E;>@8@>20=8N. !5 2A5340 MB>B A?>A>1 O2;O5BAO M:>=><8G5A:8 F5;5A>>1@07-
=K< [1]. !54>AB0B:>< MB>3> A?>A>10 ?5@5@01>B:8 >BE>4>2 O2;O5BAO =5>1E>-
48<>ABL ?@8<5=5=8O 4>2>;L=> B@C4>5<:>9 8 A;>6=>9 >?5@0F88 ?>43>B>2:8 

>BE>4>2 ?5@54 ?>40G59 8E =0 E;>@8@>20=85. � @01>B5 [1] @0AA<>B@5=0 38?>-
B5B8G5A:0O 2>7<>6=>ABL CB8;870F88 =5:>=48F8>==KE B8B0=>2KE  >BE>4>2 
?@8 8E 22>45 2 @C4=>B5@<8G5A:CN ?5GL 2 :>;8G5AB25 80-100 :3 =0 1 B 8;L<5-
=8B>2>3> :>=F5=B@0B0 ?>A;5 53> @0A?;02;5=8O 2 ?5@8>4 4>2>4:8 H;0:0. �;O 
B>3> GB> 1K >?@545;8BL B5>@5B8G5A:CN F5;5A>>1@07=>ABL ?@54;>65==>3> 
B5E=>;>38G5A:>3> ?@>F5AA0 ?@>2545= 53> B5@<>48=0<8G5A:89 0=0;87.  

"A=>2=>9 ?@>F5AA :;0AA8G5A:>9 2>AAB0=>28B5;L=>9 ?;02:8 8;L<5=8-
B>2>3> :>=F5=B@0B0 >?8AK205BAO 2 >1I5< 2845 C@02=5=85<: 

 

                    Fe"÷TiO2 + C = Fe + TiO2 + CO                                      (1) 

%>3;0A=> 02B>@0< @01>BK [1] >BE>4K <5B0;;8G5A:>3> B8B0=0 G0AB8G=> 
2>AAB0=02;820NB 65;57> 87 :>=F5=B@0B0 ?> @50:F88: 

 

                 5(FeO·TiO2)+4Ti=5Fe+3Ti3O5                                                            (2) 

 

&5@<>48=0<8G5A:89 0=0;87 ?@>2>48;8 ?> <5B>48:5 &5<:8=0-
,20@F<0=0: 

 

ýôýôýô 0
298

0
298

0
STHG&

T(ôaM0 � ôbM1 � ôcM2 � ôdM-2)            (3) 

�=0G5=8O M=B@>?88 ( 0
298S ) 8 87<5=5=8O M=B0;L?88 ( 0

298Hô ) 2A5E 25-
I5AB2, ?@8=8<0NI8E CG0AB85 2 @50:F8OE (1) 8 (2), 0 B0: 65 :>MDD8F85=B>2 
a, b, c, d,  0,  1,  2 8  -2 27OBK 87 @01>BK [2]. 

!0 >A=>20=88 B5@<>48=0<8G5A:8E @0AG5B>2 8 AB0B8AB8G5A:>9 >1@0-
1>B:8 ?>;CG5==KE 40==KE, ?>;CG5=K A;54CNI85 B5<?5@0BC@=K5 7028A8<>-
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AB8 87<5=5=8O 87>10@=>-87>B5@<8G5A:>3> B5@<>48=0<8G5A:>3> ?>B5=F80;0 
4;O @50:F89 (1) 8 (2): 

 

                  
)1(

0
TGô  = 181582 - 160,29÷&                                               (4) 

 

                     
)2(

0
TGô  =  -1181,2 + 1,22·&                                               (5) 

 

!0 >A=>20=88 ?>;CG5==KE 2K@065=89 (4) 8 (5) 284=>, GB> 22>4 A8;L-
=>703@O7=5==KE >BE>4>2 B8B0=0 2 @C4=>B5@<8G5A:CN ?5GL >15A?5G8205B 4>-
?>;=8B5;L=>5 2K45;5=85 B5?;0 8, A>>B25BAB25==>, 4>;65= A=860BL @0AE>4 
M;5:B@>M=5@388. "4=0:> B5?;>2>9 MDD5:B >B M:7>B5@<8G5A:>9 @50:F88 (2) 

O2;O5BAO >G5=L =57=0G8B5;L=K< 8 A>AB02;O5B 2A53> 0,05-0,07 % >B B5?;0 =5-
>1E>48<>3> 4;O ?@>B5:0=8O M=4>B5@<8G5A:>9 @50:F88 (1). #>MB><C, ?> =0-
H5<C <=5=8N, 8A?>;L7>20=85 =5:>=48F8>==KE B8B0=>2KE >BE>4>2 ?@8  

?@>872>4AB25 B8B0=>2>3> H;0:0 O2;O5BAO B5@<>48=0<8G5A:8 =5F5;5A>>1@07-
=K<. 

1. �>;>1>2, �.�. &8B0= 2B>@8G=K9. +0ABL 2:  >=>3@0D8O / �.�. �>;>-
1>2, �.�. #>6C52, �.�. &M;8=. � �0?>@>6L5: ����, 2007. � 126 A. 

2. �5@OB8=, '. �. &5@<>48=0<8G5A:85 A2>9AB20 =5>@30=8G5A:8E 25-
I5AB2: %?@02>G=8: / '. �. �5@OB8=, �.#.  0H8@52, !.�. $O1F52 8 4@. �  .: 

�B><8740B, 1965. � 460 A. 
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� ?>A;54=55 2@5<O 2A5 1>;55 H8@>:>5 @0728B85 ?>;CG0NB B8B0=>2K5 
A?;02K 2 A>AB025 :>B>@KE ?@8ACBAB2CNB @07;8G=K5 D07K 2 2845 8=B5@<5B0;-
;84=KE A>548=5=89. -B> 2KA>:>?@>G=K5 8 60@>?@>G=K5 A?;02K =0 >A=>25 
B25@4>@0AB2>@=>9 <0B@8FK A 4>?>;=8B5;L=K< 48A?5@A=K<8 8;8 :0@:0A=K< 

8=B5@<5B0;;84=K< C?@>G=5=85<, 0 B0:65 A?;02K =0 >A=>25 8A:;NG8B5;L=> 
8=B5@<5B0;;84=KE A>548=5=89. �7 ?>A;54=8E A;54C5B 2K45;8BL A?;02K =0 
>A=>25 A>548=5=89 B8B0=0 8 0;N<8=8O - Ti3Al (AC?5@-0;LD0-2-A?;02K), 

Ti2NbAl-A?;02K (>@B>A?;02K), TiAl (30<<0-A?;02K). �0==K5 A?;02K (?@5645 
2A53> 30<<0-A?;02K) ?> A@02=5=8N A B@048F8>==K<8 B8B0=>2K<8 A?;020<8 
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8<5NB 1>;55 2KA>:89 C@>25=L <5E0=8G5A:8E A2>9AB2 ?@8 B5<?5@0BC@0E 2K-
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>:8A;5=8N, B5@<8G5A:0O AB018;L=>ABL 8 8E ?@8<5=5=85 2 42830B5;5AB@>5=88 
?>72>;O5B A=878BL 25A :>=AB@C:F88 42830B5;O 4> 25 % 8 ?>2KA8BL 53> @01>-
GCN B5<?5@0BC@C. 

� 8=B5@<5B0;;84=K< B8B0=>2K< A?;020< B0:65 >B=>AOBAO A?;02K 

A8AB5<K Ti-Ni >1;040NI85 C=8:0;L=K<8 A2>9AB20<8 - MDD5:B>< ?0<OB8 

D>@<K 8 A25@EC?@C3>ABLN. -B8 A2>9AB20 2 A>G5B0=88 A 2KA>:8<8 E0@0:B5@8-

AB8:0<8 ?@>G=>AB8 8 :>@@>78>==>9 AB>9:>AB8, =87:>9 ?;>B=>AB8, 2KA>:>9 

18>;>38G5A:>9 A>2<5AB8<>AB8 8 =87:8< <>4C;5< C?@C3>AB8, >1CA;02;820NB 
MDD5:B82=>ABL 8A?>;L7>20=8O =8:5;84>2 B8B0=0 4;O 873>B>2;5=8O <548F8=-

A:8E 8=AB@C<5=B>2 8 8<?;0=B0B>2, B5@<>GC2AB28B5;L=KE 40BG8:>2, @07;8G-
=KE B5@<><5E0=8G5A:8E CAB@>9AB2, A>548=8B5;L=KE <CDB 8 ?@. 

 5B0;;C@38G5A:>5 ?@>872>4AB2> 8=B5@<5B0;;84=KE B8B0=>2KE A?;0-
2>2 A2O70=> A @O4>< A;>6=>AB59. �0==K5 A?;02K B@51CNB B>G=>3> A>1;N45-
=8O 7040==>3> E8<8G5A:>3> A>AB020, >G5=L GC2AB28B5;L=K : E8<8G5A:>9 8 

AB@C:BC@=>9 =5>4=>@>4=>AB8, =0;8G8N ?@8<5A59 8 @07;8G=KE 45D5:B>2 ;8-

:20F8>==>3> 8 8=>3> E0@0:B5@0, GB> 2 A2>N >G5@54L 48:BC5B =5>1E>48<>ABL 
?@8<5=5=8O A;>6=>3> <=>3>ABC?5=G0B>3> B5E=>;>38G5A:>3> ?@>F5AA0 4;O 8E 
?>;CG5=8O. 

*5;L =0AB>OI59 @01>BK 70:;NG0;0AL 2 >F5=:5 2>7<>6=>AB59 ?>;CG5-
=8O 8=B5@<5B0;;84=KE B8B0=>2KE A?;02>2 87 8AE>4=KE =5:><?0:B=KE H8E-
B>2KE :><?>=5=B>2 <5B>4>< <03=8B>C?@02;O5<>9 M;5:B@>H;0:>2>9 ?;02:8 

( -#). #@>F5AA  -# >ACI5AB2;O5BAO 2 M;5:B@>H;0:>2>9 ?5G8 :0<5@=>3> 
B8?0 (@8A. 1). #;028;L=>5 ?@>AB@0=AB2> ?@5420@8B5;L=> 20:CC<8@C5BAO, 70-
B5< 70?>;=O5BAO 8=5@B=K< 307><. #;02;5=85 @0AE>4C5<>3> M;5:B@>40 2, 

A?@5AA>20==>3> 87 8AE>4=KE =5:><?0:B=KE H8EB>2KE :><?>=5=B>2, >ACI5-
AB2;O5BAO 70 AG5B �6>C;520 B5?;0, 2K45;ONI53>AO 2 H;0:>2>9 20==5 4 ?@8 
?@>E>645=88 2 =59 @01>G53> B>:0 ?;02:8. %;8B>: 5 D>@<8@C5BAO 2 CA;>28OE 
?>A;54>20B5;L=>9 =0?@02;5==>9 :@8AB0;;870F88. �;O 2>7459AB28O =0 ?@>-
F5AAK ?;02;5=8O <5B0;;0 8 70B25@4520=8O A;8B:0 8A?>;L7C5BAO 2=5H=55 <03-
=8B=>5 ?>;5, AD>@<8@>20==>5 M;5:B@><03=8B=>9 A8AB5<>9 3, >?>OAK20NI59 
:@8AB0;;870B>@ 7. 
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20==0; 6 - A;8B>:; 7 - 2>4>>E;06405<K9 :@8AB0;;870B>@.  

 

"B;8G8B5;L=K<8 ?@87=0:0<8 ?@>F5AA0  -#, >1CA;02;820NI8<8 

?5@A?5:B82=>ABL 53> ?@8<5=5=8O 4;O ?@>872>4AB20 A;8B:>2 A;>6=>;538@>-
20==KE B8B0=>2KE A?;02>2 O2;ONBAO: 
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- =0;8G85 H;0:>2>3> 30@=8A060 <564C 684:><5B0;;8G5A:>9 20==>9 8 

AB5=:>9 2>4>>E;06405<>3> :@8AB0;;870B>@0 A2>48B : <8=8<C<C :>=B0:B 
@0A?;020 A <0B5@80;>< D>@<8@CNI53> CAB@>9AB20 8 2>7<>6=>ABL 703@O7=5-
=8O <5B0;;0;  

- M;5:B@><03=8B=>5 2>7459AB285 =0 <5B0;;C@38G5A:CN 20==C ?@8 

 -# A?>A>1AB2C5B ?>2KH5=8N >4=>@>4=>AB8 2K?;02;O5<>3> A?;020 8 87-
<5;LG5=8N ;8B>9 AB@C:BC@K A;8B:0. 

-:A?5@8<5=B0;L=K5 8AA;54>20=8O ?@>2>48;8 ?@8 2K?;02:5 A;8B:>2 
480<5B@>< 60...120 << A?;02>2 Ti-46,8Al-1Cr-0,2Si (% 0B.), Ti-48Al-2Cr-2Nb 

(0B. %), Ti�50Ni (0B. %). � :0G5AB25 H8EB>2KE <0B5@80;>2 4;O 2K?;02:8 
A;8B:>2 8A?>;L7>20;8 B8B0= 3C1G0BK9 &�90 (D@0:F8O -12+2 <<), 4>78@>20=-



 35

=K5 3@0=C;K 0;N<8=8O �99 (ö5ô7 <<), E@>< )99, =8>189 !11 (?>;>A0 ô=0,5 

<<), =8:5;L 3@0=C;8@>20==K9 !0 (ö5...10 <<), =8:5;L !#2 (?>;>A0 ô=0,4 

<<), :@5<=V9 (99,027%).  

#>43>B>2:0 H8EBK 4;O 873>B>2;5=8O M;5:B@>4>2 A>AB>O;0 87 A;54CN-

I8E >?5@0F89: ACH:0 3C1G0B>3> B8B0=0 ?@8 B5<?5@0BC@5 170
0% 2 B5G5=88 3 G; 

87<5;LG5=85 ;538@CNI8E M;5<5=B>2 =0 D@0:F88 @07<5@>< 3...10 <<; 2725-
H820=85 8 ?5@5<5H820=85 ?>@F89 H8EBK. 

$0AE>4C5<K5 M;5:B@>4K 480<5B@>< 35, 45, 75 <<. 873>B02;820;8 <5-
B>4>< ?>;C=5?@5@K2=>3> ?@5AA>20=8O A:2>7L :>=CA=CN ?@>E>4=CN ?@5AA-
D>@<C =51>;LH8E ?>@F89 H8EBK ?> 60...100 3@, GB> >15A?5G820;> @02=><5@-
=>5 @0A?@545;5=85 ;538@CNI8E :><?>=5=B>2 ?> 2KA>B5 M;5:B@>40. #;>B-
=>ABL ?>;CG5==KE M;5:B@>4>2 A>AB02;O;0 2 A@54=5< 55...70% >B ?;>B=>AB8 

2K?;02;O5<KE A?;02>2.  
%;8B:8 ?>;CG0;8 ?CB5< 42C:@0B=>3> ?5@5?;020 ?>4 15A:8A;>@>4=K<, 

DB>@84=>-E;>@84=K< D;NA><. !5>1E>48<>ABL ?>2B>@=>3> ?5@5?;020 1K;0 
2K720=0 =5AB018;L=>ABLN M;5:B@8G5A:8E @568<>2 ?5@5?;020 ?@5AA>20==>3> 
M;5:B@>40 8 =0;8G85< 2 A?;025 :><?>=5=B>2 A> 7=0G8B5;L=> >B;8G0NI8<8AO 
D878G5A:8<8 A2>9AB20<8.  

�=5H=89 284 8 <0:@>AB@C:BC@0 2K?;02;5==KE A;8B:>2 ?@82545=K =0 
@8A. 2, 3. %;8B:8 E0@0:B5@87CNBAO E>@>H8< :0G5AB2>< D>@<8@>20=8O 1>:>-
2>9 ?>25@E=>AB8, 157 :>25@=, 3>D@ 8 ?@>G8E 45D5:B>2.  0:@>AB@C:BC@0 
A;8B:>2 2 ?@>4>;L=>< A5G5=88 ?;>B=0O 8 >4=>@>4=0O, 157 ?>@, H;0:>2KE 
2:;NG5=89, CA04>G=>9 ?>@8AB>AB8, 7>=K A;018=K ?> >A8 A;8B:0 (@8A.26, 35).  

$5=B35=>D;C>@5AF5=B=K9 0=0;87 E8<8G5A:>3> A>AB020 A?;02>2 ?>:0-
70; 8E A>>B25BAB285 @0AG5B=><C, 7040205<><C ?@8 H8EB>2:5 M;5:B@>4>2. 
#@87=0:>2 7>=0;L=>9 ;8:20F88 =5 2KO2;5=>.  

!87:0O ?;0AB8G=>ABL A?;02>2 =0 >A=>25 ´-TiAl =5 ?>72>;8;0 ?@>25AB8 

8E ?>A;54CNICN 45D>@<0F8>==CN >1@01>B:C. � 40==>< =0?@02;5=88 ?5@-
A?5:B82=K< <>65B 1KBL ?@8<5=5=85 2KA>:>B5<?5@0BC@=>9 307>AB0B8G5A:>9 

>1@01>B:8 ;8B>3> <5B0;;0 4;O 53> 3><>35=870F88 8 ?>2KH5=8O ?;0AB8G5-
A:8E E0@0:B5@8AB8:. -B>B 2>?@>A B@51C5B 40;L=59H8E A5@L57=KE 8AA;54>20-
=89 :0: A B>G:8 7@5=8O A>740=8O =>2KE <5B0;;C@38G5A:8E A8AB5< A?;02>2, 
B0: 8 @568<>2 8E 2K?;02:8 8 ?>A;54CNI59 B5@<8G5A:>9 >1@01>B:8.  

%;8B:8 =8:5;840 B8B0=0 Ti�50Ni (0B. %) 1K;8 CA?5H=> ?>425@3=CBK 

B5@<><5E0=8G5A:>9 >1@01>B:5, 2 @57C;LB0B5 G53> 1K;8 ?>;CG5=K ?>;CD01-
@8:0BK 2 2845 ?;0AB8= B>;I8=>9 0,8...12 << 8 ?@>2>;>:8 480<5B@>< 0,4...1,2 

<< (@8A. 36), GB> A2845B5;LAB2C5B > E>@>H5< <5B0;;C@38G5A:>< :0G5AB25 
<5B0;;0. 
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&0:8< >1@07>< ?@>2545==K5 8AA;54>20=8O ?>:070;8 ?5@A?5:B82=>ABL 
?@8<5=5=8O ?@>F5AA0  -# 4;O ?>;CG5=8O A;8B:>2 8=B5@<5B0;;84=KE B8B0-
=>2KE A?;02>2 87 8AE>4=KE =5:><?0:B=KE H8EB>2KE :><?>=5=B>2.  
 

 
 

$8A. 2. %;8B:8 ?5@2>3> (4) 8 2B>@>3> (5) ?5@5?;02>2 A?;020 Ti-46,8Al-1Cr-

0,2Si (0B.%) ?>;CG5==K5 <5B>4><  -# 8 ?@>4>;L=K9 <0:@>H;8D (6) A;8B:0 
2B>@>3> ?5@5?;020 480<5B@>< 85 <<. 

 

 

 
$8A. 3. �=5H=89 284 (4) 8 ?@>4>;L=K9 <0:@>H;8D (5) A;8B:0 Ti-50Ni (0B.%) 

480<5B@>< 100 << ?>;CG5==>3> <5B>4><  -# 8 873>B>2;5==0O 87 =53> ?@>-
2>;>:0 (6). 
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1
 4-@ B5E=. =0C:, ?@>D5AA>@ :0D54@K M;5:B@><5B0;;C@388 ! 5B�', 

2
 70254CNI89 #�! # ! 5B�', 

3 0AA8AB5=B :0D54@K M;5:B@><5B0;;C@388 ! 5B�'. 

 

&�$ "��!� �+�%��� �!���� #$"*�%%� #$"���"�%&�� 

&�&�!� �� ��" &�&$�)�"$��� 

 

� =0AB>OI55 2@5<O ?@>872>4AB2> B8B0=0 87 53> B5B@0E;>@840 2>7<>6-

=> ;81> <03=85B5@<8G5A:8< A?>A>1>< (<5B>4 �@>;;0) ;81> =0B@85B5@<859 

(<5B>4 )0=B5@0). �064K9 87 MB8E A?>A>1>2 8<55B A2>8 ?@58<CI5AB20 8 =5-
4>AB0B:8. � 40==>9 @01>B5 ?>AB02;5=0 F5;L >?@545;8BL :0:>9 87 C:070==KE 
A?>A>1>2 O2;O5BAO =081>;55 >?B8<0;L=K< A B>G:8 7@5=8O B5@<>48=0<8:8 

?@>B5:0=8O B5E=>;>38G5A:8E ?@>F5AA>2. %C<<0@=K5 @50:F88 >158E A?>A>1>2 
(?@8 8E =>@<0;L=>< B5E=>;>38G5A:>< ?@>B5:0=88, B.5. 157 >1@07>20=8O =87-
H8E E;>@84>2 B8B0=0) <>6=> ?@54AB028BL A;54CNI8< >1@07><: 

 

TiCl4 + 2Mg = Ti + 2MgCl2                                  (1) 

 

                                TiCl4 + 4Na = Ti + 4NaCl                                     (2) 

 

&5@<>48=0<8G5A:89 0=0;87 ?@>2>48;8 ?> <5B>48:5 &5<:8=0-
,20@F<0=0: 

 

ýôýôýô 0
298

0
298

0 STHG& T(ôaM0 � ôbM1 � ôcM2 � ôdM-2)        (3) 

 

�=0G5=8O M=B@>?88 ( 0
298S ) 8 87<5=5=8O M=B0;L?88 ( 0

298Hô ) 2A5E 25-
I5AB2, ?@8=8<0NI8E CG0AB85 2 @50:F8OE (1) 8 (2), 0 B0: 65 :>MDD8F85=B>2 
a, b, c, d,  0,  1,  2 8  -2 27OBK 87 @01>BK [1]. 

!0 >A=>20=88 B5@<>48=0<8G5A:8E @0AG5B>2 8 AB0B8AB8G5A:>9 >1@0-
1>B:8 ?>;CG5==KE 40==KE, ?>;CG5=K A;54CNI85 B5<?5@0BC@=K5 7028A8<>-
AB8 87>10@=>-87>B5@<8G5A:>3> B5@<>48=0<8G5A:>3> ?>B5=F80;0 (87<5=5=85 
A2>1>4=>9 M=5@388 �811A0) 4;O @50:F89 (1) 8 (2): 

 

                        46498554,790

)1(

ý÷ýô &G
T

                                      (4) 

                       72369342,3000

)2(

ý÷ýýô &G
T

                                  (5) 
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�A?>;L7CO 2K@065=8O (4) 8 (5), 0 B0: 65 C@02=5=85 87>10@K �0=B-
�>DD0: 

                                    

RT

G
K T
D

3,2
lg

0ôýý                                             (6) 

 

>?@545;8< B5<?5@0BC@=K5 7028A8<>AB8 ;>30@8D<0 :>=AB0=BK @02=>25A8O 
@50:F89 (1) 8 (2): 

 

                                 16,4
24328

lg
)1(

ýý
T

K D                                     (7) 

 

                     72,15
37864

lg
)2(

ûý
T

K D                                      (8) 

 

�=0;87 ?>;CG5==KE 2K@065=89 (4), (5), (7) 8 (8) ?>:070;, GB> =0B@85-
B5@<8G5A:89 A?>A>1 ?@>872>4AB20 B8B0=0 87 53> B5B@0E;>@840 B5@<>48=0<8-

G5A:8 1>;55 ?@54?>GB8B5;L=55, G5< <03=85B5@<8O. #>MB><C 2 ?5@2>< A;CG05 
@50:F8O ?@>B5:05B 1>;55 1KAB@55 8 ?>;=55 8, A>>B25BAB25==>, :>MDD8F85=B 
8A?>;L7>20=8O 2>AAB0=>28B5;O  1C45B 2KH5. "4=0:> A;54C5B CG8BK20BL, GB> 
:>;8G5AB2> 2K45;82H53>AO B5?;0 ?@8 8A?>;L7>20=88 2 :0G5AB25 2>AAB0=>28-

B5;O =0B@8O 1C45B 2 þ 1,6 @070 1>;LH5, G5< ?@8 <03=85B5@<8G5A:>< A?>A>15 
?>;CG5=8O B8B0=0 8 MB> <>65B A>740BL >?@545;5==K5 B5E=>;>38G5A:85 B@C4-
=>AB8 A 53> >B2>4><. 

1. �5@OB8=, '. �. &5@<>48=0<8G5A:85 A2>9AB20 =5>@30=8G5A:8E 25-
I5AB2: %?@02>G=8: / '. �. �5@OB8=, �.#.  0H8@52, !.�. $O1F52 8 4@. �  .: 

�B><8740B, 1965. � 460 A. 
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35B8:8. #@8 MB>< >A=>2=>9 ?@>1;5<>9 ?@8 ?>;CG5=88 B8B0=0 >AB05BAO ?>-
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72>4AB25 3C1G0B>3> B8B0=0. #>2KH5==K5 D878:>-<5E0=8G5A:85 E0@0:B5@8A-
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*5;LN 40==>9 @01>BK O2;O5BAO 2K1>@ >?B8<0;L=>3> D07>2>3> A>AB020. 
�;O MB>3> 8AA;54>20=K >1@07FK 60@>?@>G=>9 :>@@>78>==>AB>9:>9 AB0;8 

03)17!3�9 ��.G (?0B5=B ':@08=K 7100650), :>B>@K5 ?>425@30;8 B5@-
<8G5A:>9 >1@01>B:8 ?@8 200ð%, 800ð%, 900ðC,1050ð% 2 B5G5=88 5 <8=. 8 ?>-
A;54CNI53> >E;0645=8O =0 2>74CE5. �AA;54>20=85 @0A?@545;5=8O ;538@CN-

I8E M;5<5=B>2 ?@>2>48;8 =0 @0AB@>2>< M;5:B@>==K< <8:@>A:>?5 $� -

106�, >A=0I5==K< A8AB5<>N @5=B35=>A?5:B@0;L=>3> M=5@3>48A?5@A=>3> 
<8:@>0=0;870 ?@8 CA:>@5==>< =0?@O65=88 20:� 2> 2B>@8G=KE M;5:B@>=0E.  

�7<5=5=85 A>>B=>H5=8O 0CAB5=8B=>9 8 D5@@8B=>9 D07 7028A8B >B 
22545=8O ;538@CNI8E M;5<5=B>2 8 @568<>2 B5@<8G5A:>9 >1@01>B:8 AB0;8. 
� @57C;LB0B5 @5=B35=>A?5:B@0;L=>3> <8:@>0=0;870 ($% �) CAB0=>2;5=> 
@0A?@545;5=85 ;538@CNI8E M;5<5=B>2 2 :>@@>78>==>AB>9:>9 AB0;8 

03)17!3�9 ��.G. %B@C:BC@=K5 A>AB02;ONI85 >B;8G0NBAO ?> 8=B5=A82-
=>AB8 >:@0H820=8O ?>A;5 B@02;5=8O, GB> A2845B5;LAB2C5B >1 87<5=5=88 

E8<8G5A:>3> A>AB020 D07. �725AB=>, GB> D07>2K9 A>AB02 AB0;8 3;02=K< >1-
@07>< 2;8O5B A>45@60=85 0CAB5=8B>>1@07CNI8E 8 D5@@8B>>1@07CNI8E 
M;5<5=B>2. 

)8<8G5A:85 M;5<5=BK ?> >1J5<C >1@07F0 >?@545;O;8 ?> F5=B@0;L=>9 
>A8 2 25@B8:0;L=KE 8 3>@87>=B0;L=KE A5G5=8OE, 2K18@0O E0@0:B5@=K5 B>G-
:8 8AA;54>20==>3> >1@07F0.  8:@>AB@C:BC@0 8AA;54>20==>9 AB0;8 ?@54-
AB02;O;8 A>1>9 75@=0 0CAB5=8B0 A 2:;NG5=8O<8 D5@@8B=>9 A>AB02;ONI59.  

� 7>=5 @02=><5@=> >:@0H5==>3> <5B0;;0 A>45@60=85 >A=>2=KE ;538-
@CNI8E M;5<5=B>2 =5 ?@52KH0;> 7040==KE ?> E8<8G5A:><C A>AB02C. �=-

B5=A82=> >:@0H5==K5 CG0AB:8 C:07K20NB =0 ?>O2;5=85 <5B0AB018;L=>3> 
0CAB5=8B0.  

#@>2545==K5 @5=B35=>A?5:B@0;L=K5 8AA;54>20=8O 2KO28;8, GB> =0 
3@0=8F5 >A=>2=>9 <5B0;;-87<5=5==K9 A;>9 ?@>8AE>48B 87<5=5=85 A>45@-
60=8O Cr >B 8,10 4> 19,1%, Ni 0,73-2,17%, Mn 5,3-13,12%, Al 0,05-1,31%, Cu 

0,02-0,32%, Mo 0,01-0,6%. -B> 40;> 2>7<>6=>ABL >?@545;8BL AB@C:BC@=>5 
A>AB>O=85 AB0;8, 2 A>>B25BAB288 A 4803@0<<>9 :>@@>78>==>AB>9:8E AB0;59 

#>B0:0-%030;528G0, @0AG8B0=V 7=0G5=8O E@><>2KE M:2820;5=B>2 <0@B5=A8-
B>>1@07>20=8O 8 D5@@8B>>1@07>20=8O.  

� @57C;LB0B5 8AA;54>20=8O @0A?@545;5=8O D07>2KE A>AB02;ONI8E 
CAB0=>2;5=>, GB> 4> ?@>B5:0=8O ³³´ ?@52@0I5=8O 1;87:> 830°% . 
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5B >4=>@>4=CN AB@C:BC@C 0CAB5=8B0 ?@8 B5<?5@0BC@5 M:A?;C0B0F88 8 B@5E-
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2 4.D.-<.=., 702. ;01>@0B>@88, � ( 8<. �.�. �C@4N<>20 !�!', ':@08=0 
3 :.D.-<.=., AB.=.A, � ( 8<. �.�. �C@4N<>20 !�!', ':@08=0 
4
 <.=.A, � ( 8<. �.�. �C@4N<>20 !�!', ':@08=0 
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�725AB=>, GB> M:A?;C0B0F8>==K5 A2>9AB20 48A?5@A8>==>B25@45NI8E 
A?;02>2 >?@545;ONBAO ?@8@>4>9 8 :>;;5:B82=K< ?>2545=85< =0=>@07<5@-
=KE C?@>G=ONI8E G0AB8F, :>B>@K5 >1@07CNBAO 2 ?@>F5AA5 AB0@5=8O (@0A?0-
40) ?5@5AKI5==KE B25@4KE @0AB2>@>2. #5@5AKI5==K5 B25@4K5 @0AB2>@K 

<>3CB 1KBL ?>;CG5=K: 0) <5B>4>< 70:0;:8 87 >1;0AB8 >4=>@>4=>3> B25@4>3> 
@0AB2>@0, :>B>@0O E0@0:B5@87C5BAO =0;8G85< >1;0AB8 >3@0=8G5==>9 @0AB2>-
@8<>AB8 ;538@CNI53> M;5<5=B0 2 >A=>2=>< <5B0;;5; 1) ?@8 1KAB@>9 70:0;:5 
87 @0A?;020, :>340 ?>402;ONBAO ?@>F5AAK @0745;8B5;L=>9 48DDC788 =0 
D@>=B5 :@8AB0;;870F88 8 2>7<>6=> >1@07>20=85 A25@E?5@5AKI5==KE B25@-
4KE @0AB2>@>2 <0;>@0AB2>@8<K<8 M;5<5=B0<8. 

#>:070=>, GB> 8A?>;L7>20=85 <8:@>;538@>20=8O =0 @0==8E AB048OE 
AB0@5=8O 2 ?@>F5AA5 70@>645=8O >A>15==> MDD5:B82=> 4;O ;8B59=KE A?;0-
2>2 ��8 8 ���10. %?;02 ��8 O2;O5BAO :>@@>78>==>AB>9:8<, ?@>G=K< 

A?;02><. #>A;5 70:0;:8 >= 8<55B <5E0=8G5A:85 A2>9AB20: ó� = 360  #0, óô = 

200  #0, ô = 20%. %CI5AB25==K< =54>AB0B:>< O2;O5BAO >E@C?G820=85 
A?;020 ?@8 4;8B5;L=>< 5AB5AB25==>< AB0@5=88,  ?;0AB8G=>ABL ?0405B 4> 2%. 

-;5:B@>==>-<8:@>A:>?8G5A:85 8AA;54>20=8O ?>:070;8, GB> C?@>G=5=85 
A?;020 A2O70=> A 2K45;5=85< =0=>@07<5@=>9 <5B0AB018;L=>9 D07K, 87>-
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<>@D=>9 <0B@8F5, :>B>@0O >1@07C5BAO ?@8 AB0@5=88 ?@8 & ü 100
0%, >E@C?G8-

20=85 - A 2K45;5=85< ?> 3@0=8F0< 75@5= AB018;L=>9 8:>A0M4@8G5A:>9 D07K. 

�2545=85 2 A?;02 0,50B.%Sc ?@54>B2@0I05B >1@07>20=85 AB018;L=>9 D07K, 

GB> A>?@>2>6405BAO ?>2KH5=85< <5E0=8G5A:8E A2>9AB2: ó� = 440  #0, óô = 

350  #0, ô = 30%. #>4>1=K9 MDD5:B >:07K205B <8:@>;538@>20=85 Ag 8 Cd, 

E>BO 8 <5=55 2K@065==K9. � 40==>< A;CG05 <8:@>;538@>20=85 2K?>;=O5B 
?@>B5:B>@=CN (70I8B=CN) DC=:F8N.  

� 2KA>:>?@>G=KE ;8B59=KE A?;020E =0 1075 A8AB5<K Al-Cu -   ���10 

($>AA8O) 8 �520 (%,�), - <8:@>4>102:0 Cd 8 <8:@>4>102:8 Ag + Mg, A>>B-
25BAB25==>, 83@0NB @>;L <>48D8:0B>@>2 C?@>G=ONI8E D07 =0 AB0488 8E 
70@>645=8O 8 @>AB0. #@>2545==K5 =0<8 @01>BK ?>:070;8, GB> >B=>A8B5;L=> 
4>@>3>9 Ag 8 M:>;>38G5A:8 2@54=K9 %d <>3CB 1KBL 70<5=5=K <8:@>;538@>-
20=85< Sn. 

(>@<8@>20=85 :><?>78B=KE G0AB8F ?> B8?C O4@>/>1>;>G:0 2 ?@>F5A-
A5 AB0@5=8O =0 AB0488 :>0;5AF5=F88 >B:@K205B 1>;LH85 ?>B5=F80;L=K5 
2>7<>6=>AB8. �7<5=5=85 ?@8@>4K C?@>G=ONI8E G0AB8F 70 AG5B ?>O2;5=8O 
=0 =8E >1>;>G5: 2;8O5B =0 B8? <56D07=>3> A>?@O65=8O A <0B@8F59, =0 :8-
=5B8:C 8 <>@D>;>38N @0A?040, =0 <5E0=8G5A:85 A2>9AB20 A?;020. !0 =0-
G0;L=>9 AB0488 @0A?040 O4@> D>@<8@C5B ?;>B=>ABL 8 ?@>AB@0=AB25==>5 
@0A?@545;5=85 C?@>G=ONI8E G0AB8F, ?>:@KB85 G0AB8F (>1>;>G:0) >?@545-
;OB A:>@>ABL :>0;5AF5=F88 8 B5@<>AB018;L=>ABL A?;020. �?5@2K5 B0:>3> 
B8?0 :><?>78B=K5 G0AB8FK =01;N40;8AL ?@8 8AA;54>20=88 AB0@5=8O A?;0-
2>2 A8AB5<K Al-Li-Zr,  Al-Li-SA. #@8 8AA;54>20=8O AB0@5=8O ;8B89A>45@-
60I8E ?@><KH;5==KE A?;02>2 1421, 1423, 1450, 1451 1K;0 4>:070=0 MD-

D5:B82=>ABL D>@<8@>20=8O :><?>78B=KE G0AB8F. 
�2545=85 Sc 2 Al-Mg A?;02K >7=0<5=>20;> ?>O2;5=85  =>2>3> :;0AA0 

B5@<8G5A:8 C?@>G=O5<KE Al-Mg A?;02>2 B8?0 1515, 1523, 1535, 1570. 

!0<8 1K;8 ?@>2545=K 8AA;54>20=8O 2;8O=8O 4>?>;=8B5;L=>3>  ;5-
38@>20=8O B@>9=KE Al-Mg-Sc A?;02>2 F8@:>=85< 8 30D=85< =0 D>@<8@>-
20=85 :><?>78B=KE G0AB8F A O4@>< 87 AB018;L=>9 D07K (AB@C:BC@=K9 B8? 
L12) 8=B5@<5B0;;840 Al3Sc 8 >1>;>G:8 87 8=B5@<5B0;;84>2 Al3Zr 8 Al3Hf A> 
AB@C:BC@>9, 87><>@D=>9 <0B@8F5 8 AB@C:BC@5 Al3Sc O4@0. #@8 MB>< CG8BK-

20;>AL, GB> 48DDC78>==0O ?>4286=>ABL Zr 8 Hf =0 =5A:>;L:> ?>@O4:>2 
<5=LH5, G5< 48DDC78>==0O ?>4286=>ABL Sc 2 Al. �K;> ?>:070=>, GB> ?@8 
@0A?045 ?5@5AKI5==>3> B25@4>3> @0AB2>@0 2 >?KB=KE A?;020E >1@07CNBAO 
:><?>78B=K5 G0AB8FK, :>B>@K5 >15A?5G820NB ?>2KH5=85 8E B5@<>AB0-
18;L=>AB8. 

#@8 1KAB@>9 70:0;:5 87 @0A?;020 <=>3>:><?>=5=B=>3> A?;020  Al-

Mg-Sc-Zr-Hf A> A:>@>ABLN >E;0645=8O 10
6
 3@04/A 1K; ?>;CG5= =0 ;5=B0E 

A25@E?5@5AKI5==K9 B25@4K9 @0AB2>@, 70 AG5B G53> C40;>AL =0 ?>@O4>: C25-
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;8G8BL >1JU<=CN 4>;N C?@>G=ONI8E G0AB8F 8 ?>2KA8BL B5@<>AB018;L-
=>ABL A?;02>2 4> 450

0%. 
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��� �!&�� !�  ���$�%&���&!' �"$"��2 %#���' 

06)!28 �& ' ��%""��%!2���0!" ' %�$��"��-�  
 

%?;02 06)!28 �& G0AB> 28:>@8AB>2CNBL C 28@>1=8FB2V T<=VA=>3> V 
B5?;>>1<V==>3> >1;04=0==O, O:5 ?@0FNT 2 03@5A82=8E C<>20E 28@>1=8FB20 
AV@G0=>W :8A;>B8. #@8 FL><C 28A>:>>:8A=N20;L=5 A5@54>28I5 A?@8OT <V6-

:@8AB0;VB=V9 :>@>7VW ( ��) A?;02C. &@82:VABL A?;02C 4>  �� >FV=NNBL 70 
<5B>4>< �' �"%& 6032-89. *59 <5B>4 �@C=BCTBLAO =0 3@02V<5B@8G=8E 28-

?@>1C20==OE 7@07:V2 C :8?�OG><C 65% @>7G8=V =VB@0B=>W :8A;>B8. &><C 2V= =5 
A:;04=89, 0;5 =5 ?>OA=NT <5E0=V7<8  �� A?;02C. �;O 4>A;V465==O F8E <5-
E0=V7<V2 287=0G0;8 EV<VG=89 A:;04 A?;02C ?VA;O :>6=>3> F8:;C 28?@>1C20=L, 
70AB>A>2CNG8 @5=B35=>A?5:B@0;L=89 <5B>4. $57C;LB0B8 EV<VG=>3> 0=0;V7C 
7@07:V2 4> V ?VA;O 28?@>1C20=L 28:>@8AB>2C20;8 4;O @>7@0EC=:C :>5DVFVT=BV2 
A5;5:B82=>3> @>7G8=5==O <5B0;V2 7 WE ?>25@E=V. �0 @57C;LB0B0<8 0=0;V7C F8E 
:>5DVFVT=BV2 287=0G0;8 2?;82 ;53C20;L=8E 5;5<5=BV2, 4><VH>: V @>7:8A=8:V2 
=0  �� A?;02C. 

#VA;O ?5@H>3> F8:;C 28?@>1C20==O A?;02C 06)!28 �& 70 <5B>4>< 

�' �"%& 6032-89 2AB0=>2;5=>: 
- C ?;02:8 71 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Si, Cu, Mo, W, 0;5 

?>2V;L=VH5, =V6 Mn, Ti i P. #@8 FL><C @0=VH5 28O2;5=>, I> V=B5=A82=VABL 
@>7G8=5==O <5B0;V2 7 ?;02:8 71 7@>AB0T C B0:><C @O4C: Ni, Fe V Cr. &0:8< 

G8=><, Mn, Ti i P C?>2V;L=NNBL, 0 Si, Cu, Mo, W ?@8H284HCNBL @>7G8=5==O 
Fe <560<8 75@5= 0CAB5=VBC. *5 7C<>2;5=> B8<, I> Mn i P, A53@53>20=V <560-
<8 75@5= 0CAB5=VBC, V=B5=A82=VH5 @>7G8=ONBLAO, =V6 Fe, 0 Cu T :0B0;V70B>@>< 

FL>3> ?@>F5AC. $07>< 7 B8<, =0 :0@1V40E (Si, Mo, W) 7=86CTBLAO ?5@5=0?@C30 
V>=V70FVW 2>4=N, I> 71V;LHCT V>=V70FVN 5;5:B@>2V4�T<=8E 5;5<5=BV2 Fe V Cr, 0 
28B@02;5=V 7 0CAB5=VBC =VB@848 V >:A8AC;LDV48 B8B0=C 7=86CNBL V=B5=A82-
=VABL 0=>4=8E ?@>F5AV2 =0 <560E 75@5= 0CAB5=VBC; 

- C ?;02:8 72 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Si, Cu, W V $, 0;5 ?>-
2V;L=VH5, =V6 Mn, Ti i  >. $07>< 7 B8<, V=B5=A82=VABL @>7G8=5==O >A=>2=8E 
:><?>=5=BV2 ?;02:8 72 7@>AB0T C B0:><C @O4C: Fe, Ni V Cr. "B65, Si, Cu, W V 
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$ ?@8H284HCNBL, 0 Mn, Ti i  > C?>2V;L=NNBL :>@>7V9=V 2B@0B8  Fe <560<8 
75@5= 0CAB5=VBC.  *5 7C<>2;5=> B8<, I> :0@1V48 (Mn,  >) B0 =VB@848 V >:A8-

AC;LDV48 B8B0=C, 28B@02;NNG8AL 7 0CAB5=VB=>W <0B@8FV, 7=86CNBL V=B5=A82-
=VABL 0=>4=8E ?@>F5AV2 =0 <560E 75@5= 0CAB5=VBC. #@>B5 2V4><>, I> Si V $, 

2=0A;V4>: A53@530FVW <560<8 75@5= 0CAB5=VBC, 71V;LHCNBL 3@04VT=B ?>B5=FV0-
;V2 B0 :>@>7V9=V 2B@0B8 Fe, 0 Cu T :0B0;V70B>@>< 0=>4=8E ?@>F5AV2 =0 F8E 4V-
;O=:0E. #@8 FL><C A;V4 707=0G8B8, I> 2?;82 W =092V@>3V4=VH5 ?>2�O70=89 7 
:0@1V40<8, =0 O:8E 7=86CTBLAO ?5@5=0?@C30 V>=V70FVW 2>4=N; 

- C ?;02:8 73 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Cu, Mo V W, 0;5 ?>-
2V;L=VH5, =V6 Mn, Si, Ti V $. #@8 FL><C, O: V C ?;02:8 7 2, V=B5=A82=VABL :>-
@>7V9=8E 2B@0B <5B0;V2 7@>AB0T C B0:><C @O4C: Fe, Ni V Cr. "B65, Cu,  > V W 

?@8H284HCNBL, 0  Mn, Si, Ti V $ 7=86CNBL :>@>7V9=V 2B@0B8 Fe <560<8 75@5= 

0CAB5=VBC. *5 ?>2�O70=> 7 :0B0;V7CNG8< 2?;82>< Cu, A53@53>20=>3> <560<8 

75@5= 0CAB5=VBC, B0 7V 7=865==O< ?5@5=0?@C38 V>=V70FVW 2>4=N =0 :0@1V40E 
( >, W). $07>< 7 B8<, :0@1V48 (Mn, Si) B0 =VB@848 B8B0=C,O:V 28B@028;8AO 7 
0CAB5=VB=>W <0B@8FV, 7=86CNBL V=B5=A82=VABL 0=>4=8E ?@>F5AV2 =0 <560E 
75@5= 0CAB5=VBC. #@8 FL><C $, I> @>7G8=OTBLAO <560<8 75@5= 0CAB5=VBC, 
7=86CT :>@>7V9=V 2B@0B8 Fe; 

- C ?;02:8 75 Mn, Si, Cu,  >, W V $ V=B5=A82=VH5 @>7G8=OTBLAO, =V6 

Fe. #@8 FL><C C ?;02:8 74 28O2;5=> <0965 0=0;>3VG=V 70;56=>ABV, ;8H5 
:>@>7V9=V 2B@0B8 Fe V=B5=A82=VHV, =V6 Mn. $07>< 7 B8<, @0=VH5 2AB0=>2;5=>, 
I> V=B5=A82=VABL @>7G8=5==O Fe, Ni V Cr 7 ?;02>: 74;5 7@>AB0T C B0:><C @O-
4C: Cr, Ni V Fe. "B65, C ?;02:8 74 Si, Cu,  >, &V, W V $ 7=86CNBL V=B5=A82-
=VABL @>7G8=5==O Ni V Fe, 0;5 71V;LHCNBL Cr. #@>B5 Mn 71V;LHCT V=B5=A82-
=VABL @>7G8=5==O  Ni V Fe, 0;5 7=86CT Cr. ' ?;02:8 75 Mn, Si, Cu,  >, W V $ 

7=86CNBL V=B5=A82=VABL @>7G8=5==O Ni V Fe, 0;5 ?@8H284HCNBL Cr. "4=0: &V 
71V;LHCT V=B5=A82=VABL @>7G8=5==O Ni V Fe, 0;5 7=86CT Cr. *5 7C<>2;5=> B8<, 

I> C ?;02>: 74;5 :0@1V48 (Si,  >, W), 28B@02;NNG8AL 7 0CAB5=VBC, 7=86C-
NBL V=B5=A82=VABL @>7G8=5==O Ni V Fe. $07>< 7 B8<, Mn, Si, Cu V $ C ?;02:8 

75 B0 Si, Cu V $ C ?;02:8 74, @>7G8=ONG8AL, C ?5@HC G5@3C, <560<8 75@5= 

0CAB5=VBC, 7=86CNBL V=B5=A82=VABL @>7G8=5==O Ni V Fe. #@8 FL><C 2?;82 =VB-
@84V2 B8B0=C C ?;02:8 74 =0 @>7G8=5==O Ni V Fe T 0=0;>3VG=8< 2?;82C 28I5-
73040=8E :0@1V4V2, 0 C ?;02:8 75 2V= ?@>B8;56=89.  

#VA;O 4@C3>3> F8:;C 28?@>1C20=L A?;02C 06)!28 �& 2AB0=>2;5=>: 
- C ?;02:8 71 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Cu V $, 0;5 ?>2V;L=V-

H5, =V6 Mn, Si,  >, Ti V W. #@8 FL><C V=B5=A82=VABL @>7G8=5==O >A=>2=8E 
:><?>=5=BV2 A?;02C 7@>AB0T C B0:><C @O4C: Cr, Ni V Fe. "B65, Mn, Si,  >, Ti V 
W ?@8H284HCNBL, 0 Cu V $ C?>2V;L=NNBL @>7G8=5==O Fe; 

- C ?;02:8 72 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Cu, 0;5 ?>2V;L=VH5, 
=V6 Mn, Si,  >, Ti, W V $. $07>< 7 B8<, V=B5=A82=VABL @>7G8=5==O Cr, Ni V Fe 



 70

7@>AB0T C B0:><C @O4C: Cr, Fe, Ni. &0:8< G8=><, Cu ?@8H284HCT @>7G8=5==O 
Fe V Ni B0 «30;L<CT» Cr, 0 Mn, Si,  >, Ti, W V $ C?>2V;L=NNBL Ni V Fe B0 ?@8-
H284HCNBL Cr; 

- C ?;02:8 73 28O2;5=> 0=0;>3VG=V 70;56=>ABV B8<, I> C ?;02:8 72, 

0;5 :>@>7V9=V 2B@0B8 Fe>Mn, a Cu>Fe. "B65, Mn ?@8H284HCT, 0 Cu 7=86CT 
V=B5=A82=VABL @>7G8=5==O Fe; 

- C ?;02:8 74 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Mn, Ti V $, 0;5 ?>2V-
;L=VH5, =V6 Si, Cu,  > V W. �> B>3> 6 V=B5=A82=VABL @>7G8=5==O Cr, Ni V Fe 7V 
A?;02C 7@>AB0T C B0:><C @O4C: Cr, Ni V Fe. "B65, Mn, Ti V $ ?@8H284HCNBL 
@>7G8=5==O Ni V Fe B0 «30;L<CNBL» Cr, 0 Si, Cu,  > V W 4VNBL =02?0:8; 

- C ?;02:8 75 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Mn, Si, Cu,  >, Ti, 

W V $. �>4=>G0A 28O2;5=>, I> V=B5=A82=VABL @>7G8=5==O Cr, Ni V Fe 7@>AB0T C 
B0:><C @O4C: Cr, Ni V Fe. "B65, FV 5;5<5=B8 7=86CNBL @>7G8=5==O Fe V Ni, 0;5 
?@8H284HCNBL Cr.  

#VA;O B@5BL>3> F8:;C 28?@>1C20=L A?;02C 06)!28 �& 2AB0=>2;5=>: 
- C ?;02:8 71 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 $, 0;5 ?>2V;L=VH5, 

=V6 Si, Cu, Mn,  >, Ti V W. $07>< 7 B8<, 28O2;5=>, I> V=B5=A82=VABL @>7G8-

=5==O >A=>2=8E :><?>=5=BV2 A?;02C 7@>AB0T C B0:><C @O4C: Cr, Fe V Ni. �V4-
B0:, $ ?@8H284HCT @>7G8=5==O Fe V Ni B0 «30;L<CT» Cr, 0 Si, Cu, Mn,  >, Ti V 
W 4VNBL =02?0:8; 

-  C ?;02:8 72 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Mn, 0;5 ?>2V;L=VH5, 
=V6 Si, Cu,  >, Ti, W V $. $07>< 7 B8<, V=B5=A82=VABL @>7G8=5==O Cr, Fe V Ni 

7@>AB0T C B0:><C @O4C: Cr, Ni V Fe. "B65, Mn ?@8H284HCT, 0 Si,  >, Ti, W V $ 

«30;L<CNBL» V=B5=A82=VABL @>7G8=5==O Fe V Ni 7V A?;02C. #@>B5 WE 2?;82 =0 
V=B5=A82=VABL @>7G8=5==O Cr T ?@>B8;56=8<; 

- C ?;02:8 73 28O2;5=> <0965 0=0;>3VG=V 70;56=>ABV B8<, I> C ?;02:8 

72. "4=0: C ?;02:8 73 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6  >, 0 V=B5=A82-
=VABL @>7G8=5==O Cr, Fe V Ni 7@>AB0T C B0:><C @O4C: Cr, Fe V Ni; 

-  C ?;02:8 74 Mn, Si, Cu,  >, &V, W V $ V=B5=A82=VH5 @>7G8=ONBLAO, 
=V6 Fe. �>4=>G0A @0=VH5 28O2;5=>, I> V=B5=A82=VABL @>7G8=5==O Cr, Fe V Ni 

7V A?;02C 7@>AB0T C B0:><C @O4C: Cr, Ni V Fe. &0:8< G8=><, Mn, Si, Cu,  >, &V, 
W V $ 7=86CNBL V=B5=A82=VABL @>7G8=5==O  Fe V Ni, 0;5 ?@8H284HCNBL Cr; 
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-  C ?;02:8 71 Fe V=B5=A82=VH5 @>7G8=OTBLAO, =V6 Si , 0;5 ?>2V;L=VH5, 

=V6 Mn, Cu,  >, Ti, W V $. #@8 FL><C V=B5=A82=VABL @>7G8=5==O  Cr, Fe V Ni 
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?;02:8 73 Mn, Si, Cu,  >, Ti, W V $ 7=86CNBL V=B5=A82=VABL @>7G8=5==O Fe 
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- C ?;02:8 7 1;4;5  Mn, Si, Cu,  >, Ti, W V $ V=B5=A82=VH5 @>7G8=O-

NBLAO, =V6 Fe. #@8 FL><C V=B5=A82=VABL @>7G8=5==O Ni, Fe, Cr 7@>AB0T C B0-
:><C @O4C: Fe, Ni, Cr. "B65, Mn, Si, Cu,  >, Ti, W V $ 7=86CNBL V=B5=A82-
=VABL @>7G8=5==O  Fe, 0;5 ?@8H284HCNBL Cr V Ni; 
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?;02:8 7 3 Mn V Cu ?@8H284HCNBL, 0 Si,  >, &V, W V $ 7=86CNBL V=B5=A82-
=VABL @>7G8=5==O Fe V Ni. #@>B5 WE 2?;82 =0 V=B5=A82=VABL @>7G8=5==O Cr T 
?@>B8;56=8<. 

'7030;L=NNG8 28I5=02545=5, <>6=0 707=0G8B8, I> 2?;82 ;53C20;L-
=8E 5;5<5=BV2, @>7:8A=8:V2 V 4><VH>: =0 B@82:VABL A?;02C 06)!28 �& 4> 
 �� C 28A>:>>:8A=N20;L=><C A5@54>28IV 70;568BL 2V4 V=B5=A82=>ABV @>7-
G8=5==O 9>3> >A=>2=8E :><?>=5=BV2 (Cr, Ni V Fe). �>:@5<0, O:I> 2>=0 7@>AB0T 
C @O4C Fe; Ni; Cr 01> Ni; Fe; Cr, B> Cu V W 71V;LHCNBL, 0 Mn V &V 7=86CNBL 
V=B5=A82=VABL @>7G8=5==O Fe V Ni <560<8 75@5= 0CAB5=VBC. &0:8< G8=>< Mn V 
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@>ABOE >E;0645=8O. �;O 4>AB865=8O 40==>9 F5;8 2 @01>B5 ?@54;0305BAO 
?@8<5=OBL <5B>4 2KA>:>A:>@>AB=>3> >E;0645=8O 0;N<8=852>-<03=852>3> 
A?;020 � 36 ?>A;5 2KA>:>B5<?5@0BC@=>9 2K45@6:8.  

#@5420@8B5;L=0O B5@<>>1@01>B:0 >1@07F>2 ?@>2>48;0AL ?> G5BK@5< 

AE5<0<: 

%E5<0 1 ý =03@52 >1@07F0 2 ?5G8 4> B5<?5@0BC@K 350 °%, >E;0645=85 2 
2>45 :><=0B=>9 B5<?5@0BC@K; 

%E5<0 2 ý =03@52 >1@07F0 2 ?5G8 4> B5<?5@0BC@K 450 °%, >E;0645=85 2 
2>45 :><=0B=>9 B5<?5@0BC@K; 

%E5<0 3 ý =03@52 >1@07F0 2 ?5G8 4> B5<?5@0BC@K 350 °%, >E;0645=85 
?@8 B5<?5@0BC@5 <8=CA 56 °%;  

%E5<0 4 ý =03@52 >1@07F0 2 ?5G8 4> B5<?5@0BC@K 450 °%, >E;0645=85 
?@8 B5<?5@0BC@5 <8=CA 56 °%.  

"1@07FK 4;8=>9 50 << 4;O 8A?KB0=89 =0 @0ABO65=85 2K45@6820;8AL 
?@8 A>>B25BAB2CNI59 B5<?5@0BC@5 40 <8=, 4;8=>9 100 << � 60 <8=, 0 >1@07-
FK 4;O 8A?KB0=89 =0 C40@=CN 2O7:>ABL � 80 <8=. !03@52 >1@07F>2 >ACI5AB-
2;O;AO 2 M;5:B@>?5G8  #-2'  A F5;LN 4>AB865=8O <0:A8<0;L=> 2>7<>6=>-
3> @0AB2>@5=8O ò -D07K (Al3Mg2) 2 ñ -D075 <0B@8FK. 

�;O 8AA;54>20=8O 2;8O=8O A:>@>AB8 >E;0645=8O =0 D878:>-
<5E0=8G5A:85 A2>9AB20 <0B5@80;0 >E;0645=85 >1@07F>2 ?@>2>48;>AL 2 42CE 
@568<0E: 2 2>45 ?@8 :><=0B=>9 B5<?5@0BC@5 8 =87:>B5<?5@0BC@=0O >1@01>B-
:0. 

�;O =87:>B5<?5@0BC@=>9 >1@01>B:8 >1@07F>2 87 A?;020 � 36 2 :0G5AB-
25 >E;0640NI59 A@54K 8A?>;L7C5BAO @0AB2>@ C3;5:8A;>BK 2 A?8@B5. �;C1>-
:>5 >E;0645=85 4> <8=CA 56 °% 4>AB8305BAO A ?><>ILN B2U@4>3> 48>:A840 
C3;5@>40. $0AE>4 B25@4>9 C3;5:8A;>BK A>AB02;O5B 800 3 =0 1 ; A?8@B0. "E;0-
6405<0O A<5AL ?><5I05BAO 2 10=N A> A?8@B><, :C40 4>102;ONBAO :CA>G:8 
ACE>3> ;L40 4> 4>AB865=8O =C6=>9 B5<?5@0BC@K. #>445@60=85 ?>AB>O==>9 

B5<?5@0BC@K 4>AB8305BAO =57=0G8B5;L=K< 4>102;5=85< B25@4>9 C3;5:8A;>-
BK, :>B>@0O 2AU 2@5<O 4>;6=0 1KBL 2 20==5 2 =5:>B>@>< 871KB:5. &5<?5@0-
BC@0 A<5A8 :>=B@>;8@C5BAO A?5F80;L=>9 B5@<>?0@>9. #>A;5 4>AB865=8O 70-
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40==>9 B5<?5@0BC@K >1@07F0 (<8=CA 56 °%) 53> 2K3@C60NB =0 2>74CE 8 ?>-
AB5?5==> ?@>3@520NB 5AB5AB25==K< ?CB5< 4> :><=0B=>9 B5<?5@0BC@K. 

#@8 8A?KB0=8OE =0 @0ABO65=85 >1J5:B>< 8AA;54>20=8O 1K;8 >1@07FK 

87 0;N<8=852>-<03=852>3> A?;020 � 36, 873>B>2;5==K5 A>3;0A=> 
�"%& 1497-84 8 ?@5420@8B5;L=> ?>425@3=CBK5 B5@<8G5A:>9 >1@01>B:5. �A-
?KB0=8O ?@>2>48;8AL =0 CAB0=>2:5 '  -20 A 384@02;8G5A:8< ?@82>4>< 8 

<0:A8<0;L=K< CA8;85< 200 :! . � @57C;LB0B5 M:A?5@8<5=B>2 >?@545;O;8AL 
?@545; B5:CG5AB8 �ó , ?@545; ?@>G=>AB8 bó  <0B5@80;0 8 >B=>A8B5;L=>5 
C4;8=5=85 >1@07F0 ô . 

�A?KB0=8O =0 C40@=CN 2O7:>ABL ?@>2>48;8AL A F5;LN >F5=:8 <5E0=8-
G5A:8E A2>9AB2 <0B5@80;0 ?@8 48=0<8G5A:8E =03@C7:0E 8 >?@545;5=8O GC2-
AB28B5;L=>AB8 <0B5@80;0 : @07;8G=K< 45D5:B0<, 2>7=8:0NI8< 2 ?@>F5AA5 
>1@01>B:8 (<8:@>B@5I8=K, =5>4=>@>4=>ABL E8<8G5A:>3> A>AB020 8 AB@C:BC-
@K 8 B. 4.). 

#@8 8A?KB0=8OE =0 C40@=CN 2O7:>ABL 8A?>;L7>20;8AL H;8D>20==K5 
>1@07FK 87 A?;020 � 36, 873>B>2;5==K5 ?> �"%& 9454-78, 8 8A?KB0=8O 
?@>2>48;8AL =0 <0OB=8:>2>< :>?@5  �-30. 

#@>2545= 0=0;87 2;8O=8O G5BK@5E 284>2 B5@<8G5A:>9 >1@01>B:8 =0 <5-
E0=8G5A:85 A2>9AB20 A?;020 � 36 4;O B@5E B8?>2 >1@07F>2 4;8=>9 50 8 
100 <<  ?@8 8A?KB0=8OE =0 @0ABO65=85 8 C40@=CN 2O7:>ABL. 

$57C;LB0BK 8A?KB0=89 >1@07F>2 4;8=>9 50 << =0 @0ABO65=85 ?>:070;8 

=57=0G8B5;L=>5 87<5=5=85 ?@545;0 ?@>G=>AB8 >B =5>1@01>B0==KE >1@07F>2, 
&0: ?@8 >1@01>B:5 >1@07F0 ?> AE5<5 1 ?@545; ?@>G=>AB8 A>AB028; 
291,1  #0, ?@8 >1@01>B:5 2 >E;0640NI59 A@545 ?@8 <8=CA 56 °% (AE5<0 3) ý 

290,5  #0. !03@52 >1@07F>2 4> B5<?5@0BC@K 450 °% 40; B0:65 =57=0G8B5;L-
=>5 87<5=5=85 ?@545;0 ?@>G=>AB8 ?> A@02=5=8N A =5>1@01>B0==K<8 >1@07-
F0<8. 

�<5AB5 A B5<, ?@>87>H;> 1>;55 ACI5AB25==>5 87<5=5=85 ?@545;0 B5:C-
G5AB8 <0B5@80;0 ?@8 2A5E AE5<0E >1@01>B:8. &0:, ?> AE5<5 1 MB> A=865=85 
A>AB028;> 13,3 % ( �ó = 163,3  #0), 0 ?> AE5<5 3 ý 19,1 % ( �ó = 151,2  #0).  

!03@52 4> 450 °% 40; A=865=85 7=0G5=89 ?@545;0 B5:CG5AB8 =0 17,5 % 

(AE5<0 2) 8 18,8 % (AE5<0 4) ?> A@02=5=8N A ?>:070B5;O<8 :>=B@>;L=KE >1-
@07F>2. �=0G5=8O ?@545;0 B5:CG5AB8 4;O MB>3> A;CG0O >1@01>B:8 A>>B25BAB-
25==> A>AB028;8 �ó = 155,7  #0 (AE5<0 2) 8 �ó = 153,2  #0 (AE5<0 4). 

-:A?5@8<5=BK ?>:070;8 C25;8G5=85 >B=>A8B5;L=>3> C4;8=5=8O ?@8 

2A5E AE5<0E >1@01>B:8: >1@01>B:0 ?> AE5<5 1 ý =0 3,3 %, ?> AE5<5 2 ý =0 
3,4 %, ?> AE5<5 3 ý =0 1,9 %, ?> AE5<5 4 ý =0 2,3 %. 

"1@01>B:0 <0B5@80;0 ?> AE5<0< 1 8 3 40;0 C25;8G5=85 @01>BK 4> @07-
@CH5=8O A  =0 16 % ?> A@02=5=8N A :>=B@>;L=K< >1@07F>< 8 A>AB028;0 
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A = 65 �6, >1@01>B:0 ?> AE5<5 2 40;0 C25;8G5=85 @01>BK 4> @07@CH5=8O =0 
19 % (67 �6) 8 >1@01>B:0 ?> AE5<5 4 ý =0 21,6 % (68 �6). 

�=0G5=85 ?>:070B5;O C40@=>9 2O7:>AB8 KCU B0:65 C25;8G8;>AL 2 A@54-
=5< =0 19 % 8 A>AB028;>: 4;O AE5<K 1 ý 813 ��6/<2

, 4;O AE5<K 2 � 

836 ��6/<2
, 4;O AE5<K 3 ý 814 ��6/<2

, 4;O AE5<K 4 ý 854 ��6/<2
. 

#@>2545==K5 M:A?5@8<5=B0;L=K5 8AA;54>20=8O ?>:070;8, GB> 2A5 284K 

B5@<>>1@01>B:8 ?>=860NB ?@545; B5:CG5AB8, ?>2KH0NB C45;L=CN @01>BC 
@07@CH5=8O 8 ?@0:B8G5A:8 =5 87<5=ONB ?@545; ?@>G=>AB8 8 >B=>A8B5;L=>5 
C4;8=5=85 >1@07F0. 

�CGH85 @57C;LB0BK ?> C45;L=>9 @01>B5 @07@CH5=8O ?>;CG5=K 4;O AE5-
<K >1@01>B:8, :>340 =03@52 >1@07F0 >ACI5AB2;O;AO 4> B5<?5@0BC@K 450 °% A 
?>A;54CNI8< >E;0645=85< 4> <8=CA 56 °%.  

 
1. !>28:>2 �. �. &5>@8O B5@<8G5A:>9 >1@01>B:8 <5B0;;>2 / �. �. !>28:>2. 
�  . :  5B0;;C@38O, 1978. � 391 A. 
2. #>H820;>2 �. #. #V428I5==O 4>23>2VG=>ABV A?;02C � 36  70 @0EC-
=>: 5=5@35B8G=>W >1@>1:8 2 C<>20E ?>27CG>ABV / �. #. #>H820;>2, 
�. �. �>@I52AL:0, �. �. $O1GV9, �. �. &5;53V=0 // (V78:>-EV<VG=0 <5E0=V:0 <0B5-
@V0;V2. � 2013. � 7 6.  � %. 62 � 67. 

3. �>@I52A:0O �. �. #>2KH5=85 4>;3>25G=>AB8 A?;020 � 36  70 AG5B 225-
45=8O ?@><56CB>G=>9 ?;0AB8G5A:>9 45D>@<0F88 / �. �. �>@I52A:0O, 
�. �. $O1G89, �. (. �CB5=:>, �. �. &5;538=0 // &5E=8G5A:0O <5E0=8:0. � 2011. 

� 71. � %. 70 � 77. 

4. )>;>4 2 <0H8=>AB@>5=88 / �. #. �;8<5=:>, !. �. !>28:>2, 
�. �. %<>;5=A:89, �. �.  >38;L=K9, �. �. �;8<5=BL52,  . �. $>E;5=:>. � 

 . :  0H8=>AB@>5=85, 1977. � 192 A. 
 

 

'�� 621.791.72 

,5;O3V= �.�.
 :.B.=., AB0@H89 =0C:>289 A?V2@>1VB=8: 1

,
 �5@=0FL:89 �.�.

 =0C-
:>289 A?V2@>1VB=8: 1

,
 %V>@0 ".�. :.B.=.1,  (54>ATT20 ".�. 702V4CNG89 2V44V;>< 

?@>2V4=89 V=65=5@ 1
, 

 �5@1>;>7 �. . ABC45=B2
, �>;810H:V= %.". ABC45=B 2

 
1��� V<. �.". #0B>=0 !�! ':@0W=8, 2!&'' «�#� V<. �3>@O %V:>@AL:>3>» 

 

����$!� ���$2��!!3 &��$"��) ����!�!0 � 
&�&�!"�"�" %#���' �&20 

 
� ACG0A=V9 B5E=VFV 28:>@8AB>2CNBL 2V4?>2V40;L=V 720@=V :>=AB@C:FVW 7 

B8B0=>28E A?;02V2. �C65 206;828< T >45@60==O O:VA=8E 15745D5:B=8E 720@-
=8E 7�T4=0=L V7 DV78:>-<5E0=VG=8<8 2;0AB82>ABO<8, 1;87L:8<8 4> 2;0AB82>-
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AB59 >A=>2=>3> <5B0;C. #@8 AB2>@5==V 25;8:>3010@8B=8E :>=AB@C:FV9 70728-
G09 283>B>2;5==O B>=:>ABV==8E B02@>28E 7'T4=0=L ;8AB0 7 @51@0<8 28:>=C-
TBLAO 720@N20==O< ?;02;5==O< 7 1>:C @51@0. !09G0ABVH5 28:>@8AB>2CNBLAO 
42>AB>@>==V :CB>2V H28, O:V 28:>=CNBL 01> 02B><0B8G=8< 4C3>28< 720@N-

20==O 5;5:B@>4><, I> ?;028BLAO, 01> 5;5:B@>==>-?@><5=528< 720@N20==O<. 

#5@A?5:B82=8<, 0;5 9 1V;LH A:;04=8< 70240==O<, T 70AB>AC20==O H2V2 C F8E 
:>=AB@C:FVOE, :>;8 >45@60==O B02@>2>3> 7'T4=0==O 28:>=CTBLAO 720@N20=-
=O< BV;L:8 7 1>:C ;8AB0, 70 @0EC=>: 9>3> ?>2=>3> ?@>20@C ?> B>2I8=V 9 G0AB-
:>2><C ?@>20@V @51@0. ' 40=V9 @>1>BV 02B>@0<8 4>A;V465=> <>6;82VABL 283>-
B>2;5==O 70 B0:>N <5B>48:>N 720@=8E B>=:>ABV==8E 25;8:>3010@8B=8E @51-
@8AB8E ?0=5;59 7 B8B0=>2>3> A?;02C �&20 B>2I8=>N 2,5 <<, 70 4>?><>3>N 

;075@=>3> 720@N20==O. 
' E>4V 28:>=0==O 40=>W @>1>B8 1C;> @>7@>1;5=> 9 283>B>2;5=> B5E=>-

;>3VG=5 >A=0I5==O, =0 O:><C 2V4?@0FL>20=> @568<8 ;075@=>3> 720@N20==O 
4;O 28:>=0==O H2V2 25;8:>W 4>268=8. �8:>=0=> >FV=:C 2?;82C =0 F8:;VG=C 
28B@820;VABL B>=:>ABV==8E B02@>28E 7'T4=0=L 7 B8B0=>2>3> A?;02C �&-20, 

70AB>AC20==O B0:8E ?@89><V2, O: 28:>@8AB0==O ?@8A046C20;L=>3> 4@>BC ?@8 
;075@=><C 720@N20==V V C40@=>W C;LB@072C:>2>W >1@>1:8 ?VA;O 720@N20==O. � 

@57C;LB0BV @>1>B8 ?>:070=>, I> 70AB>AC20==O 2:070=8E ?@89><V2 ?V428ICT 
F8:;VG=C 28B@820;VABL 720@=8E 7�T4=0=L ?@81;87=> C 3,0-3,5 @078, ?>@V2=O=> 
7 28B@820;VABN 720@=8E 7�T4=0=L >45@60=8E 70 4>?><>3>N 0@3>=>4C3>2>3> 
720@N20==O. $>7@>1;5=89 A?>AV1 720@N20==O 4>72>;OT >45@60B8 F8:;VG=C 
28B@820;VABL B02@>28E 7@07:V2 V7 A?;02C �&20 =0 @V2=V 28B@820;>ABV >A=>2=>-
3> <5B0;C. 

 

'�� 621.7.01 

�5935;L78<5@ /.�.
1
, &0@0A>2 �.(.

2
, #02;5=:> �.�.

3
, �>FN10 �...

4
 

1 4.B.=., ?@>D. �>=(&� !�!' � �>=5F:89 D878:>-B5E=8G5A:89 8=AB8BCB 8<. 

�.�. �0;:8=0 !�! ':@08=K. 
2 4.B.=., ?@>D. �>=10AA:0O 3>AC40@AB25==0O <0H8=>AB@>8B5;L=0O 0:045<8O,  
3 :.B.=., 4>F. �0?>@>6A:89 =0F8>=0;L=K9 B5E=8G5A:89 C=825@A8B5B 
4 �0<5AB8B5;L B5E=8G5A:>3> 48@5:B>@0 �" " "&"$ %�+",  

 

%"��$,�!%&�"��!�� '%&�!"�"� � ,&� #"�"� 

"%!�%&�� ��3 $������*�� #$"*�%%� ��!&"�"� 

1�%&$'��� 

 

� =0C:>5<:8E >B@0A;OE ?@><KH;5==>AB8: 0280F88, <548F8=5 8 4@. ?>-
AB>O==> 845B ?@>F5AA 2=54@5=8O =>2KE <0B5@80;>2 A C;CGH5==K<8 A2>9AB-
20<8. "4=8< 87 ?5@A?5:B82=KE =0?@02;5=89 >1@01>B:8 <0B5@80;>2, :>B>@>5 



 79

>15A?5G8205B ?>;CG5=85 AC1<8:@>- 8 =0=>:@8AB0;;8G5A:8E AB@C:BC@ (% �), 

O2;O5BAO ?@>F5AA 8=B5=A82=>3> ?;0AB8G5A:>3> 45D>@<8@>20=8O (�#�) [1-3]. 

� G0AB=>AB8, ?@8<5=5=85 B8B0=0 8 53> A?;02>2 2 % � A>AB>O=88 MDD5:B82=> 
?@8 A;54CNI8E B@51>20=8OE : 8745;8O<: 2KA>:0O ?@>G=>ABL ?@8 E>@>H59 
18>A>2<5AB8<>AB8 8 2KA>:>9 ?;0AB8G=>AB8; 2KA>:0O CAB0;>AB=0O ?@>G=>ABL; 
<0;K9 @071@>A A2>9AB2 2 ?0@B88 8745;89; ?>=865==0O 0=87>B@>?8O A2>9AB2; 
=87:0O B5<?5@0BC@0 HB0<?>2:8 2 @568<5 A25@E?;0AB8G=>AB8 8 4@. #@8<5=5-
=85 ?@>F5AA0 28=B>2>9 M:AB@C788 (�-) @5H05B MB8 7040G8, => B@51C5B A>25@-
H5=AB2>20=8O :0: B5E=>;>388, B0: 8 :>=AB@C:F89 HB0<?>2>9 >A=0AB:8, 
A@54AB2 02B><0B870F88 8 ?@5AA>2>3> >1>@C4>20=8O 4;O :0G5AB25==>9 @50;8-

70F88 ?@>F5AA0 [3]. � G0AB=>AB8, 45D>@<8@>20=85 2 ?@>F5AA0E �#� >1KG=> 
?@>2>4OB 2 CA;>28OE 2KA>:>3> 384@>AB0B8G5A:>3> A60B8O 703>B>2:8, GB> C25-
;8G8205B C45;L=K5 CA8;8O 45D>@<8@>20=8O 8 A=8605B =0456=>ABL HB0<?>-
2>9 >A=0AB:8.  

#@8 @07@01>B:5 ?@>F5AA>2 �#� 8A?>;L7CNB, :0: ?@028;>, 420 B8?0 >1>-
@C4>20=8O: C=825@A0;L=K5 384@02;8G5A:85 ?@5AAK A <>45@=870F859 A8AB5<K 

2KB0;:820B5;O 8;8 A?5F80;878@>20==K5 ?@5AAK A 42C<O (8;8 B@5<O) @01>-
G8<8 F8;8=4@0<8. &0:>5 >1>@C4>20=85 >15A?5G8205B @525@A82=>5 45D>@<8-
@>20=85 703>B>2:8, 2>7<>6=>ABL A>740=8O 0:B82=KE A8; B@5=8O, 02B><0B870-
F8N 872;5G5=8O 703>B>2:8 87 :0=0;0 ?>A;5 45D>@<8@>20=8O.  

!0 >A=>25 0=0;870 B@51>20=89 : >1>@C4>20=8N 8 B5E=>;>38G5A:><C >A-
=0I5=8N ?@>F5AA0 2 A>B@C4=8G5AB25 @07@01>B0=0 8 >A2>5=0 2 >?KB=>-
?@><KH;5==>< ?@>872>4AB25 2 �>=(&� 8<. �.�. �0;:8=0 !�! ':@08=K 

A?5F80;878@>20==0O CAB0=>2:0 �- CA8;85< 4 ! A 25@B8:0;L=>9 :><?>=>2-
:>9 @0A?>;>65=8O A8;>2KE F8;8=4@>2 8 HB0<?>2>9 >A=0AB:8. 'AB0=>2:0 
?@54=07=0G5=0 4;O >1@01>B:8 A?;02>2 B8B0=0. %?@>5:B8@>20=, 873>B>2;5= 8 
CAB0=>2;5= =0 ?@5AA5 =>2K9 384@>F8;8=4@ A>740=8O ?@>B82>402;5=8O 4> 700 

M#a. �;O ?>2KH5=8O A:>@>AB8 45D>@<8@>20=8O 873>B>2;5=0 8 CAB0=>2;5=0 
=>20O =0A>A=0O AB0=F8O. #@8 MB>< A:>@>ABL M:AB@C788 C25;8G5=0 2 3 @070 (4> 
10 <</A). %8AB5<0 =03@520 HB0<?>2>9 >A=0AB:8 >15A?5G8205B B5<?5@0BC@C 
@01>G53> 8=AB@C<5=B0 4> 400 %0

, A:>@>ABL 2KB0;:820=8O 703>B>2:8 � 4> 50 

<</A. 'AB0=>2:0 ?>72>;O5B ?>;CG0BL >1@07FK 87 B8B0=0 A ?@545;L=K<8 @07-
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B>2:8 87 B8B0=>2>3> A?;020 �&1 (0) 8 B8B0=>2>3> A?;020 �&6 (1). 
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$8AC=>: 2 � $0A?@545;5=85 =5@02=><5@=>AB8 45D>@<0F88 2 ?>?5@5G-

=>< A5G5=88 ?@8 :>2:5 B8B0=>2KE A?;02>2. 
 

$0A?@545;5=8O 45D>@<0F89 2 ?5@2CN >G5@54L 7028A8B >B D07>2>3> A>-
AB020 A?;020 - B8B0=>2K9 A?;02 �&1 8<55B ³-D07=K9 A>AB02, 0 B8B0=>2K9 

A?;02 �&6 8<55B ³+³-D07=K9 A>AB02. #@>2545==K5 8AA;54>20=8O 40NB >A=>-
20=8O CB25@640BL, GB> C A?;020 �&1 ?@>8AE>48B =081>;55 8=B5=A82=0O 45-
D>@<0F8O 2=5H=8E A;>52 <5B0;;0, 2 B> 2@5<O :0: C B8B0=>2>3> A?;020 �&6 

?@>8AE>48B =081>;55 8=B5=A82=0O 45D>@<0F8O 2=CB@5==8E A;>52. 
�O6B8O. �2B>@0<8 @01>BK ?@54;>65=K >?B8<0;L=K5 AE5<K B5E=>;>-

38G5A:8E ?5@5E>4>2 :>2:8 B8B0=>2KE A?;02>2. �>2:C B8B0=>2KE 703>B>2>: 
=5>1E>48<> >ACI5AB2;OBL ?@8 <5=LH8E >160B8OE 4;O ?>;CG5=8O <5=LH59 
=5@02=><5@=>AB8 @0A?@545;5=8O 45D>@<0F89 2 <5B0;;5, 8 :0: A;54AB285 � 

<5=LH59 =5@02=><5@=>AB8 @0A?@545;5=8O <5E0=8G5A:8E A2>9AB2 ?> A5G5=8N 

?>:>2:8. $57C;LB0BK MB8E 8AA;54>20=89 ?@8<5=ONBAO 2 CA;>28OE """ 

«�=5?@>?@5AA %B0;L» 4;O @07@01>B:8 B5E=>;>38G5A:8E ?@>F5AA>2 :>2:8. 
 

 

'�� 669.14:539.42  

!5B@51:> �.�.  

:0=4. B5E=. =0C:, 4>F5=B �!&' 

 

�%#"�0�"��!�� +'�'!!/) "&)"�"� &�&�!"�"�" 

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

)$" �%&/) +'�'!"� 

 
#@8<5=5=85 GC3C==KE >BE>4>2 B8B0=>2>3> ?@>872>4AB20 O2;O5BAO 0:BC-

0;L=>9 7040G59. "4=8< 87 =0?@02;5=89 8A?>;L7>20=8O MB8E >BE>4>2 O2;O5BAO 
8E ?@8<5=5=85 2 :0G5AB25 H8EB>2KE :><?>=5=B>2 ?@8 ?@>872>4AB25 >B;82>: 
87 2KA>:>E@><8ABKE 87=>A>AB>9:8E GC3C=>2 (�+)). 
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%?;02 =0 >A=>25 65;570 ?> &' ' 27.1-00194731-01:2011 ?@54AB02;O5B A>-
1>9 ?>?CB=> ?>;CG05<CN ?@>4C:F8N, >1@07CNICNAO ?@8 2K?;02:5 B8B0=>-
2>3> H;0:0 <5B>4>< :0@1>B5@<8G5A:>3> >1>30I5=8O 8;L<5=8B>2>3> :>=F5=-

B@0B0. %>AB02 A?;020 ?@82545= 2 B01;8F5 1. 
&01;8F0 1 

   )8<8G5A:89 A>AB02 A?;020 =0 >A=>25 65;570 ?> &'' 27.1-00194731-01:2011 

 

)8<8G5A:89 A>AB02, <0AA. % �=0G5=85 
Fe Ni Si  n Cr % S $ 

%@54=55 96,8 0,07 0,58 0,10 0,53 1,00 0,25 0,70 

 8=8<0;L=>5 95,0 0,03 0,24 0,04 0,16 0,35 0,12 0,40 

 0:A8<0;L-
=>5 97,8 0,16 2,08 0,28 1,10 2,10 0,35 1,40 

 

#@8 ?@>872>4AB25 >B;82>: 87 �+) 8A?>;L7C5BAO 4> 60 % ;><0 �+) � 

65 �"%& 2787.2-93, A>45@60I53> 2,1�3,5 % %, 4> 0,7 Si, 0,6�1,1 % 

Mn,17�32 % Cr 8 1,5-2,5 % Ni 8 30 % ;><0 GC3C==>3> 17 � ?> �"%& 2787.2-

93, A>45@60I53> 1,7�3,8 % C, 1,2�2,6 % Si, 0,4�0,9 % Mn, 4> 0,1 % Cr, 

0,1 % Ni, 4> 0,05 % S 8 4> 0,05 % P, 0 B0:65 (5@@>E@>< () 800 ?> �"%& 

4757-91, (5@@><0@30=5F ( = � 75 ?> �"%& 4755-91, !8:5;L !3, !4 ?> 
�"%& 849-76 8 (5@@>A8;8F89 (% 45 ?> �"%& 1415-93. 

�=0;87 E8<8G5A:>3> A>AB020 >BE>4>2 B8B0=>2>3> ?@>872>4AB20 ?>:0-
70;, GB> >=8 <>3CB 1KBL ?@8<5=5=K :0: 70<5=8B5;L GC3C==>3> ;><0, 8A?>;L-
7C5<>3> ?@8 ?@>872>4AB25 87=>A>AB>9:8E 2KA>:>E@><8ABKE GC3C=>2.  

#>2KH5==>5 A>45@60=85 A5@K 8 D>AD>@0 2 A?;025 =57=0G8B5;L=> C25-
;8G8205B 8E :>=F5=B@0F8N 2 >B;82:0E 87 �+) 8 =5 A=8605B 87=>A>AB>9-
:>ABL 8745;89. 

 

 

'�� 669.14:539.42  

!5B@51:> �.�.  

:0=4. B5E=. =0C:, 4>F5=B �!&' 

 

���3!�� %"%&��� �/%"�")$" �%&"�" +'�'!� !� 

$�%#$�����!�� Mn 
 

 0@30=5F, O2;OOAL :0@184>>1@07CNI8< M;5<5=B><, @0A?@545;O5BAO 
<564C :0@1840<8 8 <5B0;;8G5A:>9 >A=>2>9. �;O ?>;CG5=8O 7040==>9 AB@C:-
BC@K 2 <5B0;;8G5A:>9 >A=>25 =5>1E>48<> 8<5BL >?@545;5==>5 :>;8G5AB2> 
<0@30=F0, GB> >15A?5G8B 7040==CN AB>9:>ABL 2 :>=:@5B=KE CA;>28OE M:A-
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?;C0B0F88.  0@30=5F >1@07C5B A>1AB25==K5 :0@184K 8 2E>48B 2 A>AB02 :0@-
184>2 65;570 8 E@><0, GB> A=8605B 53> :>=F5=B@0F8N 2 <5B0;;8G5A:>9 >A-
=>25 8 >:07K205B 2;8O=85 =0 AB@C:BC@C 8 A2>9AB20 GC3C=0. � A8AB5<5 Fe �

 C � Mn , 2 CA;>28OE M2B5:B>84=>3> @02=>25A8O, 2 F5<5=B8B5 @0AB2>@O5BAO 4> 
~ 30 % Mn, 0 2 :0@1845 Fe7%3 4> ~ 37,5 % Mn [1]. #@8 MB>< @0AB2>@8<>ABL 
<0@30=F0 2 :0@1845 (Fe,Mn)3% C<5=LH05BAO A ?>=865=85< B5<?5@0BC@K [2]. 

�538@>20=85 GC3C=>2 E@><><, >1;040NI8< 1>;LH8< A@>4AB2>< : C3;5@>4C, 
G5< <0@30=5F >:07K205B 2;8O=85 =0 ?@>F5AAK :0@184>>1@07>20=8O 8 :0: 
A;54AB285 2;8O5B =0 @0A?@545;5=85 <0@30=F0. #>2KH5=85 A>45@60=8O E@><0 
2 GC3C=5 C<5=LH05B :>;8G5AB2> <0@30=F0 2 :0@1840E 8 A>>B25BAB25==>, 87-
<5=O5B 53> :>MDD8F85=B <56D07=>3> @0A?@545;5=8O [3,4]. 

*5;L @01>BK 70:;NG0;0AL 2 ?>;CG5=88 @53@5AA8>==KE 7028A8<>AB59 
A>45@60=8O <0@30=F0 2 >A=>25, 53> ;8:20F88 8 <56D07=>3> @0A?@545;5=8O >B 
E8<8G5A:>3> A>AB020 GC3C=0 2 A8AB5<5 Fe � C � Mn � Cr � Ni. 

)8<8G5A:89 A>AB02 <5B0;;8G5A:>9 >A=>2K 8 :0@184>2 >?@545;O;8 2 
;>:0;L=KE B>G:0E =0 <8:@>A:>?5 $�  106�. �0<5@K ?@>2>48;8AL 2 F5=B@5 
M2B5:B8:8 (>A=>20) 8 :0@184>2, 0 B0: 65 =0 @0AAB>O=88 1,5�10 <:< >B :0@-
184>2 8 2 F5=B@5 75@=0. 

�8:20F8N <0@30=F0 2 >A=>25 >?@545;O;8  ?> D>@<C;5: � Mn> = Mn>
max

 

� Mn>
min

. �>MDD8F85=B @0A?@545;5=8O <0@30=F0 (�$Mn) >?@545;O;8 :0: >B-
=>H5=85 A>45@60=8O <0@30=F0 2 :0@1840E (Mn:) : 53> A>45@60=8N 2 >A=>25 
(Mn>).  

#@8 ?><>I8 <5B>40 <0B5<0B8G5A:>3> ?;0=8@>20=8O M:A?5@8<5=B0 CA-
B0=>2;5=K A;54CNI85 @53@5AA8>==K5 7028A8<>AB8 :>MDD8F85=B0 <56D07=>-
3> @0A?@545;5=8O <0@30=F0, 53> :>=F5=B@0F88 2 >A=>25 8 25;8G8=K ;8:20F88 

>B A>45@60=8O 2 GC3C=5 %,Cr,Mn,Ni: 

�$Mn= 6,711 �1,383C �0,383Mn �0,148Cr �0,603Ni +0,28C
2
 +0,004Cr

2
 �

0,03CCr +0,014MnCr +0,088MnNi +0,018CrNi �0,134(Cr/C); 

Mn>= 0,72C +0,697Mn +0,145Cr �0,058CMn � 0,039CCr �0,022CNi 

+0,007MnCr �1,945; 

� Mn>= 0,282C +0,664Mn �0,071Mn
2
 +0,001Cr

2
 +0,034Ni

2
 +0,033CMn �

0,012CCr �0,059CNi �0,620 

#@8 =87:8E 7=0G5=8OE :>MDD8F85=B0 <56D07=>3> @0A?@545;5=8O <0@-
30=5F ?@58<CI5AB25==> :>=F5=B@8@C5BAO 2 <5B0;;8G5A:>9 >A=>25, GB> =0-
1;N405BAO ?@8 <8=8<0;L=>< A>45@60=88 C3;5@>40 8 <0@30=F0 2 GC3C=5, 0 B0: 
65 <0:A8<0;L=KE 7=0G5=8OE E@><0 8 =8:5;O. #@8 1>;LH8E 7=0G5=8OE :>MD-

D8F85=B0 <56D07=>3> @0A?@545;5=8O, <0@30=5F A>45@68BAO ?@58<CI5AB25=-

=> 2 :0@184=>9 D075, GB> =01;N405BAO ?@8 <8=8<0;L=>< A>45@60=88 Cr, Ni 8 

Mn, 0 B0: 65 <0:A8<0;L=>< A>45@60=88 C3;5@>40. &0:>9 E0@0:B5@ @0A?@545-
;5=8O <0@30=F0 A2845B5;LAB2C5B > @07;8G=>9 53> @0AB2>@8<>AB8 2 :0@1840E, 
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7028AOI59 >B 8E B8?0 8 :>;8G5AB20.  0:A8<0;L=>5 A>45@60=85 <0@30=F0 2 
>A=>25 >15A?5G8205BAO ?@8 <8=8<0;L=>< A>45@60=88 C3;5@>40 8 =8:5;O 8 

<0:A8<0;L=>< A>45@60=85< E@><0 8 <0@30=F0. �>=:C@8@>20=85 :0@184>>1-
@07CNI8E M;5<5=B>2 ?@8 D>@<8@>20=88 :0@184>2 >?@545;ONB 25;8G8=C ;8:-
20F88 <0@30=F0 2 >A=>25.  8=8<0;L=0O ;8:20F8O <0@30=F0 =01;N405BAO 2 
GC3C=0E, A>45@60I8E <8=8<0;L=>5 :>;8G5AB2> C, Cr 8 Mn ?@8 0,94 % Ni. 

#>;CG5==K5 C@02=5=8O ?>72>;ONB ?@>3=>78@>20BL A>45@60=85 <0@30=F0 2 
<5B0;;8G5A:>9 >A=>25 GC3C=>2 2 A8AB5<5 Fe � C � Mn � Cr � Ni 8 <>3CB 1KBL 
8A?>;L7>20=K ?@8 @07@01>B:5 A>AB02>2 87=>A>AB>9:8E GC3C=>2 8 2K1>@5 @5-
68<>2 8E B5@<8G5A:>9 >1@01>B:8. 

#5@5G5=L AAK;>:: 
1. %8;L<0= �. �. �803@0<<0 A>AB>O=8O A?;02>2 A8AB5<K Fe�C�Mn 8 

=5:>B>@K5 AB@C:BC@=5 MDD5:BK 2 MB>9 A8AB5<5. +0ABL 2. $0AG5B 8 ?>AB@>5=85 
87>B5@<8G5A:8E @07@57>2 4803@0<<K. / �. �. %8;L<0=.  5B0;;>2545=85 8 

B5@<8G5A:0O >1@01>B:0 <5B0;;>2. 2005. 7 4. %. 3�9. 

2.  5B0;;>2545=85 8 B5@<8G5A:0O >1@01>B:0 AB0;8. %?@02>G=8:. &.1.: 

#>4 @540:F859  . �. �5@=HB59=0, �. �. $0EHB04B0.  .:  5B0;;C@38740B. 
1961. 747 A. 

3. !5B@51:> �. �. "A>15==>AB8 <56D07=>3> @0A?@545;5=8O <0@30=F0 2 
2KA>:>E@><8ABKE GC3C=0E / �. �. !5B@51:>. �VA=8: #@807>2AL:>3> 45@602-
=>3> B5E=VG=>3> C=V25@A8B5BC. 2013. �K?. 26. %.88�93. 

4. �>;G>: �. #., !5B@51:> �. �. �;8O=85 ;538@>20=8O 8 B5@<8G5A:>9 

>1@01>B:8 =0 @0A?@545;5=85 M;5<5=B>2 8 A2>9AB20 2KA>:>E@><8ABKE GC3C-
=>2 / �. #. �>;G>:, �. �. !5B@51:>. !0CG=K9 25AB=8: 4>=10AA:>9 <0H8=>-
AB@>8B5;L=>9 0:045<88. 2015. �K?. 73 (18�). %.52�59. 

 

 

'�� 621.746.043.3:669.046.516.4:669.715 

%5;V2L>@AB>2 �... 4-@ B5E=. =0C:, ?@>D5A>@ 1
, �>F5=:> ..�. :0=4. B5E=. =0-

C:, 4>F5=B 1
, �>F5=:> !.�. 0A?V@0=B :0D54@8 ;820@=>3> 28@>1=8FB20 1

 
1
, !0FV>=0;L=0 <5B0;C@3V9=0 0:045<VO ':@0W=8, <. �=V?@>  

 
���3!�� �" #���%!"�" �"����%&��3 !� %&$'�&'$"-

"�$��"��!�� ��&��!"�" ��2 �!���"�" %#���� 

%�%&� / Al-Si 

 

�725AB=>, GB> D878:>-<5E0=8G5A:85 A2>9AB20 ;8B>3> <5B0;;0 7028AOB 
>B F5;>3> @O40 D0:B>@>2 @07;8G=>9 7=0G8<>AB8. #>MB><C @07@01>B:0 4>AB0-
B>G=> C=825@A0;L=KE B5E=>;>38G5A:8E ?@>F5AA>2, =0?@02;5==KE =0 A=865-
=85 =5?@>872>48B5;L=KE ?>B5@L <5B0;;0 A >4=>9 AB>@>=K, 8 =0 ?>2KH5=85 
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53> :0G5AB20 - A 4@C3>9, =587<5==> O2;O5BAO 0:BC0;L=>9 7040G59 B5E=>;>3>2 
8 8AA;54>20B5;59. 

!081>;55 2KA>:85 8 AB018;L=K5 ?> A5G5=8N >B;82>: A2>9AB20 >1KG=> 
4>AB830NBAO ?@8 ?>;CG5=88 >4=>@>4=>9 8 <5;:>75@=8AB>9 AB@C:BC@K. +5< 

<5;LG5 @07<5@K ?5@28G=KE :@8AB0;;>2, B5< 2KH5 @O4 206=KE M:A?;C0B0F8-

>==KE 8 B5E=>;>38G5A:8E A2>9AB2 >B;82>:. #>MB><C ;8B59I8:8 G0I5 2A53> 
AB@5<OBAO : ?>;CG5=8N =081>;55 <5;:>75@=8AB>9 8 >4=>@>4=>9 AB@C:BC@K 

<5B0;;0. 
"4=8< 87 =081>;55 @0A?@>AB@0=5==KE A@54AB2 4>AB865=8O MB>9 F5;8 O2-

;O5BAO <>48D8F8@>20=85. �@><5 B>3>, : <5B>40< 0:B82=>3> 2>7459AB28O =0 
D>@<8@>20=85 AB@C:BC@K A;8B:>2 8 >B;82>: <>6=> >B=5AB8 ?@>F5AAK, A2O-
70==K5 A ?@8<5=5=85< 402;5=8O, 22545=8O 2 @0A?;02 C?@C38E :>;510=89, 
2>7459AB28O :>=F5=B@8@>20==K<8 8AB>G=8:0<8 M=5@388 [1-7]. #@8 MB><, C:0-
70==K5 ?@>F5AAK >1;040NB, 2 B>< G8A;5, >?@545;5==>9 B5E=>;>38G5A:>9 A?5F8-
D8:>9, 8<5NB A2>8 4>AB>8=AB20 8 =54>AB0B:8.  

� ;01>@0B>@88 A>2@5<5==KE <0B5@80;>2 �@8M;LA:>3> C=825@A8B5B-
A:>3> F5=B@0 1K;8 ?@>2545=K 8AA;54>20=8O 2;8O=8O ?5@5<5==>3> 307>2>3> 
402;5=8O =0 AB@C:BC@>>1@07>20=85 <5B0;;0 >B;82>: 87 A?;020 �356. $57C;L-
B0BK ;01>@0B>@=KE 8AA;54>20=89 ?>:070;8 ?>2KH5=85 <5E0=8G5A:8E 
A2>9AB2 ;8B>3> <5B0;;0 8 A=865=85 ?>@8AB>AB8 F8;8=4@8G5A:8E >B;82>: 87 
A?;020 �356 480<5B@>< 50 << 8 2KA>B>9 100 <<. � ?>@O4>: B5E=>;>38G5-
A:8E >?5@0F89 873>B>2;5=8O >B;82:8 1K;8 2:;NG5=K A;54CNI85 MB0?K: 

?@>2545=85 @0D8=8@>20=8O (?@5?0@0B DEGASAL T 200, 22545=85 2 @01>GCN 

?>;>ABL D>@<K CAB@>9AB20 4;O ?>40G8 3070 >@838=0;L=>9 :>=AB@C:F88, 2K-

45@6:0 >B;82:8 A CAB@>9AB2>< 2 B5G5=85 7040==>3> ?@><56CB:0 2@5<5=8, 
?>40G0 3070 (0@3>=0) A =0G0;L=K<8 ?>:070B5;O<8 402;5=8O 0,15 � 0,2  #0, 
?>A;54CNI55 =0@0I820=85 402;5=8O 4> 1,3 � 1,4  #0 8 2K45@6:0 ?>4 402-
;5=85< 4> ?>;=>3> 70B25@4520=8O >B;82:8. #@82545==K5 40==K5 A2845B5;L-
AB2CNB > B><, GB> 2 @57C;LB0B5 307>48=0<8G5A:>3> 2>7459AB28O C40;>AL 87-
<5;LG8BL AB@C:BC@=K5 A>AB02;ONI85, 2 @57C;LB0B5 G53> C25;8G8;8AL =0 20-

25% ?;0AB8G5A:85 A2>9AB20 ;8B>3> <5B0;;0 8 =0 8-12 % C25;8G8;0AL 53> 
?;>B=>ABL. &0:8< >1@07><, 307>48=0<8G5A:>5 2>7459AB285 =0 70B25@4520N-

I89 <5B0;; ?>72>;O5B 4>18BLAO MDD5:B0 <>48D8F8@>20=8O, :>B>@K9 <>65B 
1KBL 7=0G8B5;L=> CA8;5= 22>4>< 2 @0A?;02 4>?>;=8B5;L=KE F5=B@>2 :@8-
AB0;;870F88 2 2845 A>>B25BAB2CNI8E B@048F8>==KE <>48D8:0B>@>2 ;81> 
=0=>:@8AB0;;8G5A:8E ?>@>H:>2, ?>;CG5==KE <5B>40<8 <5E0=>E8<88. #@8 

MB>< 2>7<>6=> A=865=85 :>;8G5AB20 @0AE>4C5<>3> <>48D8:0B>@0. 
#5@5;V: ?>A8;0=L: 
1. �D8<>2 �.�. #5@A?5:B82K @0728B8O @01>B ?> ?@8<5=5=8N 2=5H=8E 2>7-
459AB289 =0 684:89 8 :@8AB0;;87CNI89AO @0A?;02 // �;8O=85 2=5H=8E 2>7-
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459AB289 =0 684:89 8 :@8AB0;;87CNI89AO <5B0;;. - �852: �74. �#� �! 

'%%$. - 1983. - %. 3-65. 

2. �0B25@4520=85 <5B0;;8G5A:>3> @0A?;020 ?@8 2=5H=8E 2>7459AB28OE / 

%<8@=>2 �.!., #8;NH5=:> �.�.,  ><>B %.�., �<8B0= �.!. - �.: �740B5;LAB-
2> «���» - 2002. - 169 A. 
3. �0;8=8G5=:> �.%., �5@3<0= �.�. '?@02;O5<>5 =0?@02;5==>5 70B25@4520-
=85 8 ;075@=0O >1@01>B:0: B5>@8O 8 ?@0:B8:0. -  =.: &5E=>?@8=B, 2001. - 367 
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DC7V9=>3> =0A8G5==O (B01;.1). #VA;O EV<V:>-B5@<VG=>W >1@>1:8 70 B5<?5@0BC-
@8 750 °% =091V;LH89 ?@8@VAB <V:@>B25@4>ABV 70157?5GCT B5@<>48DC7V9=5 
=0A8G5==O 1>@><: 2V= 242VGV 1V;LH89, =V6 4;O 07>BC20==O 70 0=0;>3VG=8E 
C<>2. #@8 ?@>2545=V ?@>F5AV2 )&" 70 B5<?5@0BC@8 900 °% V=B5=A82=VH5 
7<VF=NNBLAO 07>B>20=V 7@07:8 (B01;.1). 

 
&01;8FO 1 � #>25@E=520 <V:@>B25@4VABL B0 H>@AB:VABL ?>25@E=V B8B0=C 

Grade 2 ?VA;O EV<V:>-B5@<VG=>W >1@>1:8. 

H0,981, �#0 Ra, <:< 
)&" 

,;VDC20==O #>;V@C20==O ,;VDC20==O #>;V@C20==O 

�57 >1@>1-
:8 1,5 1,3 0,213 0,051 

�7>BC20==O 
750 °% 

4,1 3,2 0,239 0,135 

�7>BC20==O 
900 °% 

11,6 10,3 0,656 0,465 

�>@C20==O 
750 °% 

7,0 6,6 0,179 0,087 

�>@C20==O 
900 °% 

9.2 8,9 0,632 0,543 

 
�V 7<V=>N D07>2>3> A:;04C =VB@84=>3> B0 1>@84=>3> H0@C, 73V4=> 7 

?@>DV;><5B@8G=8< 0=0;V7><, 7<V=NTBLAO <V:@>@5;LTD ?>25@E=V B8B0=C Grade 

2. #VA;O B5@<>48DC7V9=>3> =0A8G5==O B8B0=C 07>B>< G8 1>@>< 70 B5<?5@0BC-
@8 750 °%, :>;8 =0 ?>25@E=V D>@<CTBLAO >4=>D07=89 =VB@84=89 G8 1>@84=89 

H0@, VAB>B=8E 7<V= C @5;LTD=>ABV ?>25@E=V H;VD>20=8E B0 ?>;V@>20=8E 
7@07:V2 =5 28O2;5=>. �20;VB5B G8AB>B8 B0:8E H;VD>20=8E ?>25@E>=L 70;8-
H0TBLAO ?@0:B8G=> =57<V==8<, 0 4;O ?>;V@>20=8E ?>25@E>=L 1>@84=0 B0 
=VB@84=0 ?;V2:8 ?V428ICNBL H>@AB:VABL ?>25@E=V (B01;.1). #@8 71V;LH5==V 
B5<?5@0BC@8 EV<V:>-B5@<VG=>W >1@>1:8 :20;VB5B G8AB>B8 ?>25@E=V ?>?5@54=L> 
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?>;V@>20=8E B0 H;VD>20=8E 7@07:V2 ?>3V@HCTBLAO V 2AB0=>2;NTBLAO =0 @V2=V 8 

:;0AC.  
&0:8< G8=><, =09:@0I89 :><?;5:A DV78:>-<5E0=VG=8E E0@0:B5@8AB8: 

?>25@E=V >B@8<CT<> ?VA;O 1>@C20==O 70 B5<?5@0BC@8 750 °% ?>;V@>20=8E 
7@07:V2. 'B2>@5=0 70 F8E C<>2 =0 ?>25@E=V Grade 2 >4=>D07=0 1>@84=0 ?;V2:0 
?>78B82=> 2?;820B8<5 =0 B0:V 5:A?;C0B0FV9=V 2;0AB82>ABV, O: 7=>A>B@82:VABL, 
2B><=0 <VF=VABL, :>@>7V9=0 B@82:VABL B0 60@>B@82:VABL. 
 

 
'�� 629.295 

(8@AB>2 %.�.
1
 , �C;0: �.�.

2
 , �C7L<5=:> !.!.

3
 , �0F:528G ".�.

4
 

1
 4.D-<.=., 70<. 48@. �#  !�!' 

2
 :.B.=., AB.=.A. �#  !�!'  

3 :.B.=., AB.=.A. �#  !�!' 
4
 <;.=.A. �#  !�!' 

 

!"�/� &�&�!"�/� %#���/ !� ���� %�%&� / TI-SI 

 

%8AB5<0 Ti-Si >B:@K205B H8@>:85 2>7<>6=>AB8 8A?>;L7>20=8O A8;8-

F84=>3> C?@>G=5=8O A?;02>2 B8B0=0, 2 B>< G8A;5 4;O D>@<8@>20=8O «5AB5AB-
25==KE» :><?>78B>2. %?;02K =0 >A=>25 40==>9 A8AB5<K 2 7028A8<>AB8 >B 
E8<8G5A:>3> A>AB020 8 ?>A;54CNI59 >1@01>B:8 <>3CB ?@8>1@5B0BL ?>2K-

H5==K5 E0@0:B5@8AB8:8 ?@>G=>AB8, 60@>?@>G=>AB8, 87=>A>AB>9:>AB8, :>@-
@>789=>9 AB>9:>AB8. �803@0<<K D07>2KE @02=>25A89 A8AB5<K Ti-Si 8 Fe-C 

8<5NB 1>;LH>5 AE>4AB2>. � A8AB5<5 Ti-Si, :0: 8 2 A8AB5<5 Fe-C, ?@8ACBAB2C-
5B M2B5:B8G5A:>5 8 M2B5:B>84=>5 ?@52@0I5=8O, <0@B5=A8B=>5 ?@52@0I5=85, 
>3@0=8G5==0O @0AB2>@8<>ABL :@5<=8O 2 B8B0=5. %;54>20B5;L=>, A?;02K A 
A>45@60=85< :@5<=8O 4> 4,7 % 0B. <>6=> >B=5AB8 : 3@C??5 B8B0=>2KE «AB0-
;59», 0 A?;02K A A>45@60=85< :@5<=8O 4,7-13,6 % 0B. � : 3@C??5 B8B0=>2KE 
«GC3C=>2». %E>4AB2> 4803@0<< ?>72>;O5B A>74020BL =0 1075 A8AB5<K Ti-Si 

=>2K5 :;0AAK <0B5@80;>2 @07;8G=>3> =07=0G5=8O.  
� �=AB8BCB5 ?@>1;5< <0B5@80;>2545=8O 8<. �.!. (@0=F528G0 !�! 

':@08=K 254CBAO @01>BK ?> A>740=8N 60@>?@>G=KE 8 60@>AB>9:8E B8B0=>-
2KE A?;02>2. &@048F8>==K<8 ?@><KH;5==K<8 A?;020<8 4;O 2KA>:>B5<?5-
@0BC@=>3> ?@8<5=5=8O O2;ONBAO A?;02K A ³ � <0B@8F59, 4>?>;=8B5;L=> ;5-
38@>20==K5 Al, Zr, Mo, Sn, Nb. "4=0:> 2>7<>6=>AB8 40;L=59H53> ?>2KH5-
=8O 60@>?@>G=>AB8 70 AGUB B2U@4>@0AB2>@8<>3> ;538@>20=8O 7=0G8B5;L=> 
8AG5@?0=K. �0;L=59H55 ?>2KH5=85 2KA>:>B5<?5@0BC@=KE A2>9AB2 2>7<>6-

=> 70 AGUB 4>?>;=8B5;L=>3> C?@>G=5=8O A?;020 2K45;5=8O<8 BC3>?;02:8E 
A>548=5=89. � :0G5AB25 B0:>2KE 2 A8AB5<5 Ti-Si O2;ONBAO A8;8F84K 8 M2B5:-
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B8G5A:85 :>;>=88, B> 5ABL, B0:85 A?;02K <>3CB 8<5BL 2KA>:CN 35B5@>35=-

=>ABL AB@C:BC@K 8 >A=>2=0O 7040G0 A>AB>8B 2 >?@545;5=88 4>?CAB8<>9 AB5-
?5=8 35B5@>35==>AB8 8 D>@<K @0A?@545;5=8O 60@>?@>G=KE 871KB>G=KE D07. 
%2>9 2:;04 2 C?@>G=5=85 MB8E A?;02>2 2=>A8B B0: 65 53> ;538@>20=85 :@5<-

=85< 2 ?@545;0E @0AB2>@8<>AB8.  
%?;02K A 35B5@>35==>9 AB@C:BC@>9 45<>=AB@8@CNB <5=LHCN ?;0-

AB8G=>ABL, G5< A?;02K A 3><>35==>9 AB@C:BC@>9. � ;8B>< A>AB>O=88 8E ?;0-
AB8G=>ABL ?>=865=0 87-70 3@C1>9 <>@D>;>388 A8;8F84=KE D07 8 M2B5:B8G5-
A:8E :>;>=89.  

�>@OG0O 45D>@<0F8O O2;O5BAO MDD5:B82=K< A?>A>1>< ?>2KH5=8O 
?@>G=>AB8 8 ?;0AB8G=>AB8 ;8BKE A?;02>2 A8AB5<K Ti-Si ?CBU< ?@52@0I5=8O 
;8B>9 AB@C:BC@K 2 45D>@<8@>20==CN. �5D>@<8@>20=85 35B5@>D07=KE 
AB@C:BC@ <0;>?;0AB8G=KE A?;02>2 F5;5A>>1@07=> >ACI5AB2;OBL, ?@8<5=OO 
A8AB5<K 2A5AB>@>==53> A60B8O. "4=0:>, ACI5AB2C5B =5>1E>48<>ABL ?@8<5-
=5=8O 1>;55 ?@>ABKE AE5< 45D>@<0F88. !5 <5=55 206=K< D0:B>@><, 2;8O-
NI8< =0 AB@C:BC@C 8 A2>9AB20 45D>@<8@>20==>3> <0B5@80;0, O2;O5BAO B5<-

?5@0BC@0 45D>@<0F88, B> 5ABL, 2 :0:>9 >1;0AB8 D07>2KE ?@52@0I5=89 ?@>-
8AE>48B 45D>@<0F8O.  

#@>2545==K5 8AA;54>20=8O >4=>3> 87 A?;02>2 A8AB5<K Ti-Al-Si-Zr 

?>:07K20NB, GB> 53> ?@>G=>AB=K5 E0@0:B5@8AB8:8 2 7028A8<>AB8 >B B5<?5@0-
BC@K 45D>@<8@>20=8O <>3CB 87<5=OBAO ?@8 :><=0B=>9 B5<?5@0BC@5 2 ?@545-
;0E 1180 - 1300  #0, 0 ?@8 700 

>% >B 400 4> 600  #0. #@8 MB>< ?;0AB8G-
=>ABL ?@8 :><=0B=>9 B5<?5@0BC@5 87<5=O5BAO 2 ?@545;0E 1,6 - 6 %, 0 ?@8 700 
>% >B 14 4> 25 %.  

%CI5AB25==>5 2;8O=85 :@5<=89 >:07K205B =0 60@>AB>9:>ABL B8B0=>-
2KE A?;02>2. #@5420@8B5;L=K5 8AA;54>20=8O ?>:070;8, GB> A:>@>ABL >:8A-
;5=8O B8B0=>2KE A?;02>2 A8AB5<K Ti-Al-Si-Zr ?>GB8 2 2 @070 <5=LH5, G5< C 
8725AB=>3> A?;020 Ti 6242.  

 

 
'�� 669.295:621.785 
#>3@5;N: �.  ., 4.B.=. ?@>D., �02@8AL %.  ., 0A?V@0=B 
(V78:>-<5E0=VG=89 V=AB8BCB V<. �.�. �0@?5=:0 !�! ':@0W=8 

 
�!"%"&$����%&0 %#���' �&22 � ��("$ �*��!"-��('���!" 

� �*!�!� � #"��$)!��� � ,�$� � 
 
�8A>:><VF=V B8B0=>2V A?;028 H8@>:> 28:>@8AB>2CNBLAO 2 :>=AB-

@C:FVOE ;VB0:V2 B8?C �!, 0 A0<5: C A8;>28E :@>=HB59=0E V :@V?;5==V <5-
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E0=V70FVW :@8;0 B0 B@C1>?@>2>40E ?>2VB@O=>W 9 3V4@02;VG=>W A8AB5< A:;04=>W 
?@>AB>@>2>W 35><5B@8G=>W D>@<8. ":@5<C C203C A;V4 725@=CB8 =0 :>=AB@C:FVW 
H0AV =>28E ;VB0:V2 �!-148-100 B0 �!-158, 45 C?5@H5 2 A2VBV 2V4=>A=89 >1�T< 

B8B0=>28E A?;02V2 4>AO3 80%, I> 40;> 7<>3C ?><VB=> 7<5=H8B8 <0AC ;VB0:0. 
�;O ?V428I5==O ?@0F5740B=>ABV B0 7=>A>B@82:>ABV @>1>G8E ?>25@E>=L B8B0-
=>28E HB>:V2 3V4@>F8;V=4@V2 H0AV 28:>@8AB>2CNBL 5;5:B@>;VB8G=5 E@><C-
20==O. "4=0: F59 <5B>4 4>A8BL B@C4><VAB:89, A;01> 2V4B2>@N20=89 B0 =5 
70157?5GCT 28A>:>W 3V4@02;VG=>W IV;L=>ABV G5@57 28A>:C ?>@8ABVABL AD>@<>-
20=8E ?>:@8BBV2 B0 2V@>3V4=VABL WE ;>:0;L=>3> 2V4H0@C20==O. %;V4 B0:>6 2V4-
7=0G8B8, I> 2=0A;V4>: 28A>:8E B>:A8G=8E V :0=F5@>35==8E 2;0AB82>AB59 

A?>;C: E@><C B0 ?@>1;5< WE CB8;V70FVW, 28:>@8AB0==O «H5AB820;5=B=>3>» 

E@><C ?@>2V4=8<8 :@0W=0<8 A2VBC >1<56CTBLAO. &><C =0 40=89 G0A VA=CT 702-
40==O @>7@>1:8 =>28E 01> 24>A:>=0;5==O 265 VA=CNG8E <5B>4V2 V=65=5@VW 
?>25@E=V B8B0=>28E A?;02V2, O:V 1 70157?5GC20;8 E0@0:B5@8AB8:8 7<VF=5=>W 
?>25@E=V =5 3V@HV, =V6 5;5:B@>;VB8G=5 E@><C20==O. � 40=V9 @>1>BV @>73;O-
40TBLAO ?5@A?5:B820 45D>@<0FV9=>-48DC7V9=>3> 7<VF=5==O ?>25@E=V B8B0=>-
2>3> A?;02C, O:5 ?>T4=CT ?>?5@54=T E>;>4=5 ?>25@E=525 ?;0AB8G=5 45D>@-
<C20==O ()##�) 7 =0ABC?=>N )&". 

�>A;V46C20;8 28A>:><VF=89 (³+³) B8B0=>289 A?;02 �&22, 7 O:>3> 28-
3>B>2;ONBL HB>:8 3V4@>F8;V=4@V2 2VBG87=O=8E ;VB0:V2. %5@54 25;8:>W =>-
<5=:;0BC@8 <5B>4V2 ))#� 1C2 281@0=89 <5B>4 >1:>GC20==O 0;<07=>N 

:C;L:>N. �0=89 <5B>4 T 5:>=><VG=> 4>FV;L=89, ?@>AB89 C 28:>@8AB0==V, C 
=L>3> =87L:89 ABC?V=L B5@BO :>270==O V, O: =0A;V4>:, <5=H0 9<>2V@=VABL 
CB2>@5==O 45D5:BV2 =0 >1@>1;5=V9 ?>25@E=V. "1:>GC20;8 70 =020=B065==O 
200, 300, 600 B0 700 H C 7 ?@>E>4V2. � O:>ABV EV<V:>-B5@<VG=>W >1@>1:8 1C;> 
>1@0=> B5@<>48DC7V9=5 =0A8G5==O 07>B>< (&��), O:5 AC<VI5=5 7V HB0B=>N 

B5@<VG=>N >1@>1:>N A?;02C �&22. &0:89 ?V4EV4 715@V30T @53;0<5=B>20=5 
>1�T<=5 7<VF=5==O, O:5 7040T B5@<VG=0 >1@>1:0 A?;02C, V 4>72>;OT D>@<C20B8 

?>25@E=5289 7<VF=5=89 07>B>20=89 H0@. !0A8G5==O 07>B>< ?>25@E=V 
74V9A=N20;8 =0 4@C3><C ABC?5=V 107>2>3> @568<C B5@<VG=>W >1@>1:8 A?;02C 
(750 °%, 3 3>48=8). 

&@81>;>3VG=V 28?@>1C20==O ?@>2>48;8 =0 <0H8=V 4;O B5@BO <5B0;V2 
% *-2 70 AE5<>N A?@O65==O �48A: � :>;>4:0� =0 107V 1000 < 70 ?8B><>3> 
=020=B065==O 0,6  #0 C 3V4@>@V48=V � �-10. /: :>=B@BV;> 28:>@8AB>2C20;8 

:>;>4:8 7 45D>@<V2=>W 1@>=78 �@��! 10-4-4.  
�0 @57C;LB0B0<8 ?@>DV;><5B@8G=8E B0 4N@><5B@8G=8E 4>A;V465=L 

2AB0=>2;5=>, I> 7V 71V;LH5==O< =020=B065==O ?V4 G0A >1:>GC20==O O:VABL 
>1@>1;N20=>W ?>25@E=V ?>:@0ICTBLAO, 0 ?>25@E=520 <V:@>B25@4VABL 7@>AB0T. 
!0ABC?=5 07>BC20==O ?@872>48BL 4> ?>3V@H5==O O:>ABV ?>25@E=V B0 7@>AB0==O 
?>25@E=52>W B25@4>ABV A?;02C �&22 (482. B01;8FN). 
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&01;8FO � #0@0<5B@ H>@AB:>ABV B0 <V:@>B25@4VABL ?>25@E=V A?;02C 
�&22 ?VA;O 45D>@<0FV9=>-48DC7V9=>W >1@>1:8 

Ra , <:< H0,49, �#0 $568< 

)##� 

�8EV4=0 )##� &�� �8EV4=0 )##� &�� 

200,7 0,189 0,275 4,81 6,06 

300,7 0,155 0,281 4,95 6,44 

600,7 0,114 0,321 5,15 7,06 

700,7 

4,00 

0,102 0,346 

3,25 

6,02 8,04 

 
&@81>;>3VG=8<8 28?@>1C20==O<8 2AB0=>2;5=>, I> =570;56=> 2V4 @5-

68<C ?>?5@54=L>3> >1:>GC20==O 45D>@<0FV9=>-48DC7V9=> 7<VF=5=V 48A:8 

A?;02C �&22 =5 7<V=N20;8 A2>TW <0A8. #@8 FL><C V=B5=A82=VABL 7=>HC20==O 
:>=B@BV;0 (1@>=7>2>W :>;>4:8), :>B@5 ?@0FN20;> C ?0@V 7 B8B0=>28< 48A:><, 

7<VF=5=8< 70 =020=B065==O 200 !, <5=H0 C ?>@V2=O==V 7 :>=B@BV;><, O:5 
?@0FN20;> 7 48A:><, 7<VF=5=8< 70 =020=B065==O 700 ! (0,007 3 ?@>B8 0,021 

3) 
!09=86G89 :>5DVFVT=B B5@BO <0T B@81>?0@0, 48A: O:>W >1:>GC20;8 70 

=020=B065==O 200 !. �1V;LH5==O =020=B065==O ?V4 G0A )##� 4> 700 ! ?@8-

72>48BL 4> 7@>AB0==O :>5DVFVT=BC B5@BO =0 >48= ?>@O4>: (0,02 ?@>B8 0,29). 

&0:0 A0<0 B5=45=FVO 715@V30TBLAO V 4;O B5<?5@0BC@8 2 >:>;V 7>=8 B5@BO, V =09-

28I>N (36 °%) WW DV:AC20;8 4;O B@81>?0@8, 48A: O:>W ?>?5@54=L> >1:>GC20;8 

70 =020=B065==O 700 !. 
&0:8< G8=><, >1:>GC20==O B8B0=>2>3> A?;02C �&22 70 <5=H>3> =0-

20=B065==O 70157?5GCT 28IV B@81>B5E=VG=V E0@0:B5@8AB8:8 2 C<>20E 3@0=8G-
=>3> <0I5==O 2 ?0@V 7 1@>=7>N �@��! 10-4-4. !09=86G89 :>5DVFVT=B B5@BO 
<0T B@81>?0@0, 48A: O:>W ?>?5@54=L> >1:>GC20;8 70 =020=B065==O 200 !, 7 

?@>E>4V2. 
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'�� 669.296.6621.9.048.7 

�8@6>= �.�.
1
, %<>;O:>2 �.�.

2
, �4>@>25F �.(.

3
 

1
 4.D.-<.=., 70254CNI89 :0D54@>9 D878:8 <5B0;;>2 �!' 

2
 :.D.-<., 4>F5=B :0D54@K D878:8 <5B0;;>2 �!' 

3
 8=65=5@ :0D54@K D878:8 <5B0;;>2 �!' 

 

����$!"� ����$"��!�� &�&�!� #�$�)"�!/ � 

 �&���� � �$'##/ ������ 

 

&8B0= 8 53> A?;02K =0 A53>4=OH=89 45=L O2;ONBAO >4=8<8 87 =081>;55 
?5@A?5:B82=KE <5B0;;8G5A:8E <0B5@80;>2 4;O A>2@5<5==>9 B5E=8:8 8 <5-
48F8=K. "4=0:>  4>2>;L=> =87:85 <5E0=8G5A:85 A2>9AB20 B0:8E A?;02>2 
7=0G8B5;L=> >3@0=8G820NB AD5@C 8E ?@8<5=5=8O. �A?>;L7>20=85 ;075@=>3> 
;538@>20=8O ?>25@E=>AB59 <5B0;;8G5A:8E A?;02>2 4;O ?>;CG5=8O ?>:@KB89 
A >A>1K<8 A2>9AB20<8 ?>72>;O5B ACI5AB25==> @0AH8@8BL AD5@C ?@8<5=5=8O 
A?;02>2 =0 Ti->A=>25, ?>A:>;L:C <>65B ?@82>48BL : D>@<8@>20=8N 2 ?>-
25@E=>AB=>< A;>5 ?@8=F8?80;L=> =>2KE AB@C:BC@=KE A>AB>O=89, :>B>@K5 
=52>7<>6=> ?>;CG8BL 4@C38<8 <5B>40<8. #>MB><C F5;LN =0AB>OI59 @01>BK 

O2;O5BAO ?>2KH5=85 D878:>-<5E0=8G5A:8E A2>9AB2 B8B0=0 ?@8 ;075@=>< 

;538@>20=88 53> ?>25@E=>AB59 ?>@>H:0<8 ?5@5E>4=KE <5B0;;>2 � Fe, Co, 

Ni. 

� :0G5AB25 >1J5:B>2 8AA;54>20=8O 8A?>;L7>20;AO 8>484=K9 B8B0= 8 
?@><KH;5==K9 A?;02 �&1-0. �538@>20=85 >ACI5AB2;O;>AL <5B>4>< >1<07:8 
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