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•µË³ ´ �. ¨ ¤·. P14-2004-174
‚²¨Ö´¨¥ Ö¤¥·´ÒÌ ·¥ ±Í¨° ´  ¸¢µ°¸É¢  ¸¶² ¢µ¢ AlÄMgÄSi
¶µ¸²¥ ¤²¨É¥²Ó´µ° Ô±¸¶²Ê É Í¨¨ ¢ ¨¸¸²¥¤µ¢ É¥²Ó¸±¨Ì ·¥ ±Éµ· Ì

ˆ¸¸²¥¤µ¢ ´µ ¢²¨Ö´¨¥ µ¡²ÊÎ¥´¨Ö ¡Ò¸É·Ò³¨ ´¥°É·µ´ ³¨ (E >0,1 ŒÔ‚) ´  ³¥-
Ì ´¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¨ ³µ·Ëµ²µ£¨Õ ¨§²µ³  ¸¶² ¢µ¢ AlÄMgÄSi (PAR-1 ¨ ‘�‚-1)
¶µ¸²¥ 40 ²¥É Ô±¸¶²Ê É Í¨¨. �¡· §ÍÒ ¡Ò²¨ ¢Ò·¥§ ´Ò ¨§ Ô²¥³¥´Éµ¢ ±µ´¸É·Ê±-
Í¨¨ ¨¸¸²¥¤µ¢ É¥²Ó¸±µ£µ ·¥ ±Éµ·  EWA (‘¢¥·±, �µ²ÓÏ ). �¡²ÊÎ¥´¨¥ ¢Ò§Ò¢ ¥É
¤¥£· ¤ Í¨Õ ³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢: Ê¢¥²¨Î¥´¨¥ ¶·¥¤¥²µ¢ É¥±ÊÎ¥¸É¨ ¨ ¶·µÎ´µ¸É¨
¨ Ê³¥´ÓÏ¥´¨¥ µÉ´µ¸¨É¥²Ó´µ£µ Ê¤²¨´¥´¨Ö. �·¨Î¨´  ¨§³¥´¥´¨Ö ³¥Ì ´¨Î¥¸±¨Ì
¸¢µ°¸É¢ Å ¸É ·¥´¨¥ ¸¶² ¢µ¢ AlÄMgÄSi. ‚µ ¢·¥³Ö µ¡²ÊÎ¥´¨Ö ¢ ·¥ ±Í¨¨ Al(n, γ)Si
´ · ¡ ÉÒ¢ ¥É¸Ö Si. �·¨¸ÊÉ¸É¢¨¥ Si ¢Ò§Ò¢ ¥É Ê¢¥²¨Î¥´¨¥ ¶·µÎ´µ¸É¨ ¸¶² ¢µ¢ AlÄ
MgÄSi ¡² £µ¤ ·Ö ¢Ò¤¥²¥´¨Õ Î ¸É¨Í Mg2Si ¨²¨ Î¨¸Éµ£µ Si ¢ Al-³ É·¨Í¥. �µ¸²¥-
· ¤¨ Í¨µ´´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö  ±É¨¢´µ¸É¨ ±µ´¸É·Ê±Í¨µ´´ÒÌ Ô²¥³¥´Éµ¢ ·¥ ±Éµ· 
EWA ¶µ± § ²¨, ÎÉµ §  ¸Î¥É Ö¤¥·´ÒÌ ·¥ ±Í¨° µ¡· §ÊÕÉ¸Ö ¨§µÉµ¶Ò 60Co ¨ 65Zn ¸
¢Ò¸µ±µ°  ±É¨¢´µ¸ÉÓÕ.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �. ”²¥·µ¢ 

‘µµ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2004

Hofman A. et al. P14-2004-174
Effect of Nuclear Reactions on the Properties of AlÄMgÄSi
Alloys after Long-Time Exploitation in Research Reactors

Effect of fast neutron (E > 0.1 ŒeV) irradiation on the mechanical properties
and fracture morphology of the AlÄMgÄSi alloys (PAR-1 and ‘�‚-1) after 40 years
of exploitation in research nuclear reactors has been studied. Tested specimens were
cut from structural elements of reactor EWA (Świerk, Poland). Irradiation induces
degradation in mechanical properties, namely yield strength and ultimate strength
increase, but elongation reduces. The mechanical property changes are caused by
ageing of AlÄMgÄSi alloy. During irradiation Si is formed from Al by the Al(n, γ)Si
reaction. The presence of Si might cause strengthening of the AlÄMgÄSi alloys by
increasing precipitation of Mg2Si or pure Si in the Al matrix. Post-irradiation activity
studies of EWA reactor structural elements show that the high-activity 60Co and 65Zn
isotopes have been formed by the nuclear reactions.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions.

Communication of the Joint Institute for Nuclear Research. Dubna, 2004
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Š ± ¨§¢¥¸É´µ, ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³´µ£¨¥  Éµ³´Ò¥ ·¥ ±Éµ·Ò É¨¶ 
ˆ�’-2000, ‚‚�-2, ‚‚�-–, ‚‚�-Š, ‚‚�-Œ, Œ� ¨ ¤·Ê£¨¥ ¶·µ· ¡µÉ ²¨ § ¶² -
´¨·µ¢ ´´Ò° ¶·µ¥±É´Ò° ¸·µ± Ô±¸¶²Ê É Í¨¨,   ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¨ ¸ ¶·¥¢ÒÏ¥´¨¥³
ÔÉµ£µ ¸·µ± . �µÔÉµ³Ê ¢ É¥±ÊÐ¨° ¶¥·¨µ¤ µ´¨ ¢Ò¢µ¤ÖÉ¸Ö ¨§ Ô±¸¶²Ê É Í¨¨. ˆ§
¸¶¨¸±  Œ��� ·¥ ±Éµ·µ¢, ¶µ¤²¥¦ Ð¨Ì § ±·ÒÉ¨Õ, ·¥ ±Éµ· EWA ¢ �µ²ÓÏ¥ µÉ-
· ¡µÉ ² ´ ¨¡µ²ÓÏ¨° ¸·µ±. �É¤¥²Ó´Ò¥ ±µ´¸É·Ê±Í¨µ´´Ò¥ Ô²¥³¥´ÉÒ, É ±¨¥ ± ±
¸¥¶ · Éµ·, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ± ´ ²Ò, ± ´ ²Ò ¤²Ö ¸É¥·¦´¥° ¡¥§µ¶ ¸´µ¸É¨,
¨§£µÉµ¢²¥´´Ò¥ ¨§ ¸¶² ¢µ¢ AlÄMgÄSi, ´ Ìµ¤¨²¨¸Ó ¢ Ô±¸¶²Ê É Í¨¨ ¶·¨³¥·´µ
90 ÉÒ¸. Î ¨ ´ ¡· ²¨ §  ÔÉµÉ ¶¥·¨µ¤ ¤µ§Ò ¶µ ¡Ò¸É·Ò³ ¨ É¥¶²µ¢Ò³ ´¥°É·µ´ ³
∼9·1021 ¨ ∼4·1022 ´¥°É·µ´/¸³2 ¸µµÉ¢¥É¸É¢¥´´µ. �µÔÉµ³Ê µ¡· §ÍÒ, ¨§£µÉµ-
¢²¥´´Ò¥ ¨§ ÔÉ¨Ì Ô²¥³¥´Éµ¢, ¤ ÕÉ ¢µ§³µ¦´µ¸ÉÓ ¨§ÊÎ¨ÉÓ ¸¢µ°¸É¢  ¸¶² ¢µ¢ AlÄ
MgÄSi, ´ ¡· ¢Ï¨Ì ¢Ò¸µ±¨¥ ¤µ§Ò µ¡²ÊÎ¥´¨Ö, ¨ É¥³ ¸ ³Ò³ µ¡·¥¸É¨ ¤ ´´Ò¥,
±µÉµ·Ò¥ É·Ê¤´µ ¶µ²ÊÎ¨ÉÓ ¢ ¨¸¸²¥¤µ¢ É¥²Ó¸±¨Ì ·¥ ±Éµ· Ì ¸ § · ´¥¥ ¨§£µÉµ-
¢²¥´´Ò³¨ µ¡· §Í ³¨ ¨²¨ ®µ¡· §Í ³¨-¸¢¨¤¥É¥²Ö³¨¯. ˆ§ÊÎ¥´¨¥ · ¤¨ Í¨µ´´ÒÌ
¶µ¢·¥¦¤¥´¨°, µ¸´µ¢ ´´µ¥ ´  É· ¤¨Í¨µ´´µ ¨¸¶µ²Ó§Ê¥³ÒÌ ¶ · ³¥É· Ì, É ±¨Ì
± ± Ë²Õ¥´¸ ¨ ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ´¥°É·µ´µ¢, Î¨¸²µ ¸³¥Ð¥´¨° ´   Éµ³, É¥³¶¥-
· ÉÊ·  µ¡²ÊÎ¥´¨Ö, ¢µ§¤¥°¸É¢¨¥ É¥¶²µ´µ¸¨É¥²Ö, µ± § ²µ¸Ó ´¥¤µ¸É ÉµÎ´Ò³, É ±
± ± ¨³¥¥É ³¥¸Éµ Ö¢²¥´¨¥ ¸É ·¥´¨Ö, ±µÉµ·µ¥ ¶·µ¨¸Ìµ¤¨É ¢ ¸¶² ¢ Ì AlÄMgÄSi
(‘�‚-1, PAR-1) ¨ Al-6063 ¨ § ¢¨¸¨É µÉ ¢·¥³¥´¨ Ô±¸¶²Ê É Í¨¨. Š·µ³¥ Éµ£µ,
¶·¨ ¶·µÍ¥¸¸ Ì ¸É ·¥´¨Ö ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ É ±¦¥ ¨ ¢±² ¤ µÉ Ö¤¥·´ÒÌ
·¥ ±Í¨°, ¢ ·¥§Ê²ÓÉ É¥ ±µÉµ·ÒÌ ¶·µ¨¸Ìµ¤¨É ´ ±µ¶²¥´¨¥  Éµ³µ¢ Mg ¨ Si.

–¥²Ó ¤ ´´µ° · ¡µÉÒ Å µÍ¥´¨ÉÓ ·µ²Ó ¨ ¢±² ¤ Ö¤¥·´ÒÌ ·¥ ±Í¨°, ±µÉµ·Ò¥
¶·µ¨§µÏ²¨ ¢ ¸¶² ¢ Ì AlÄMgÄSi §  ¢·¥³Ö Ô±¸¶²Ê É Í¨¨ ¢ ¨¸¸²¥¤µ¢ É¥²Ó¸±µ³
·¥ ±Éµ·¥ EWA,   É ±¦¥ ¢²¨Ö´¨¥ ¤²¨É¥²Ó´µ£µ µÉ¦¨£  ¨ µ¡²ÊÎ¥´¨Ö ´¥°É·µ´ ³¨
´  ¸¢µ°¸É¢  ÔÉ¨Ì ³ É¥·¨ ²µ¢.

1. ‘‚�‰‘’‚� ‘�‹�‚�‚ AlÄMgÄSi ‚ Š��‘’�“Š–ˆ���›•
�‹…Œ…�’�• ˆ‘‘‹…„�‚�’…‹œ‘Šˆ• �…�Š’���‚

�²Õ³¨´¨¥¢Ò¥ ¸¶² ¢Ò, ¨³¥ÕÐ¨¥ ¢Ò¸µ±ÊÕ ±µ··µ§¨µ´´ÊÕ ¸Éµ°±µ¸ÉÓ, ³ -
²Ò°  Éµ³´Ò° ´µ³¥· ¨ ´¥¡µ²ÓÏµ¥ ¸¥Î¥´¨¥ § Ì¢ É  ¡Ò¸É·ÒÌ ¨ É¥¶²µ¢ÒÌ ´¥°-
É·µ´µ¢, ¢Ò¸µ±ÊÕ É¥¶²µ¶·µ¢µ¤´µ¸ÉÓ, µ¡¥¸¶¥Î¨¢ ÕÐÊÕ ¸´¨¦¥´¨¥ É¥·³µ³¥Ì -
´¨Î¥¸±¨Ì ´ ¶·Ö¦¥´¨°, ´ Ìµ¤ÖÉ Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ± ± ±µ´¸É·Ê±Í¨µ´´Ò¥
³ É¥·¨ ²Ò ¢ Ö¤¥·´µ° ¶·µ³ÒÏ²¥´´µ¸É¨.

�·¨³¥´¨É¥²Ó´µ ± ¨¸¸²¥¤µ¢ É¥²Ó¸±¨³ ·¥ ±Éµ· ³ ÔÉµ £² ¢´Ò³ µ¡· §µ³
 ²Õ³¨´¨¥¢Ò¥ ¸¶² ¢Ò AlÄMgÄSi ¶µ¸²¥ Ìµ²µ¤´µ° µ¡· ¡µÉ±¨, É ±¨¥ ± ± ‘�‚-1
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¨ PAR-1. ˆ³¥´´µ É ±¨¥ ¸¶² ¢Ò ¨ ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¢ ¨¸¸²¥¤µ¢ É¥²Ó¸±¨Ì
·¥ ±Éµ· Ì EWA ¨ MARIA ¢ �µ²ÓÏ¥,   É ±¦¥ ¢ Í¥²µ³ ·Ö¤¥ ¸É· ´ ‚µ¸ÉµÎ´µ°
…¢·µ¶Ò. ‚ § ¶ ¤´ÒÌ ¸É· ´ Ì ¤²Ö ÔÉ¨Ì Í¥²¥° ¨¸¶µ²Ó§ÊÕÉ¸Ö ¸¶² ¢Ò Al-6063 ¨
Al-6601. �²¥³¥´É´Ò° ¸µ¸É ¢ ¸¶² ¢µ¢ ¶·¥¤¸É ¢²¥´ ¢ É ¡². 1.

’ ¡²¨Í  1. �²¥³¥´É´Ò° ¸µ¸É ¢ ¸¶² ¢µ¢ ‘�‚-1, PAR-1 ¨ Al-6063

‘µ¸É ¢
‘µ¤¥·¦ ´¨¥, ³ ¸¸. %

Mg Si Fe Cu Mn Ti
PAR-1 [1] 0,6Ä0,8 0,8Ä1,2 0,08 0,005 0,001 0,005

Al-6063 [2] 0,7 0,4 Ä ¤µ 0,1 Ä Ä
CAB-1∗ 0,60Ä0,62 0,82Ä0,86 9,4·10−4 0,001 <2,5·10−5 1,1·10−4

‘µ¸É ¢ Ni Zn Co Cd B Al
PAR-1 [1] 0,001 0,01 10−5 10−5 10−5 µ¸É.

Al-6063 [2] Ä Ä Ä Ä Ä 98,9
CAB-1∗ 1,2·10−5 Ä Ä Ä Ä µ¸É.

∗ ‘�‚-1 ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ·¥ ±Éµ·¥ EWA (¶²¨É  ¸¥¶ · Éµ· ).

�²Õ³¨´¨° µ¡· §Ê¥É ¸ Mg ¨ Si É¢¥·¤Ò¥ · ¸É¢µ·Ò ¸ µ£· ´¨Î¥´´µ° · ¸É¢µ-
·¨³µ¸ÉÓÕ, ÎÉµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¶·¨³¥´¥´¨Ö É¥·³¨Î¥¸±µ° µ¡· ¡µÉ±¨ § ± ²±¨
¨ ¸É ·¥´¨Ö. �Éµ ¶·¨¢µ¤¨É ± Ê¶·µÎ´¥´¨Õ ¢ ·¥§Ê²ÓÉ É¥ ¢Ò¤¥²¥´¨° ¨ ¨§³¥´¥´¨Õ
³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢.

‚ É·µ°´µ° ¸¨¸É¥³¥ AlÄMgÄSi ´ Ìµ¤¨É¸Ö ¶·µ³¥¦ÊÉµÎ´ Ö Ë §  Mg2Si ¸
³ ±¸¨³ ²Ó´µ° · ¸É¢µ·¨³µ¸ÉÓÕ 1,85% Mg2Si ¶·¨ É¥³¶¥· ÉÊ·¥ 585◦‘, ±µÉµ· Ö
¶µ´¨¦ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³ É¥³¶¥· ÉÊ·Ò ¤µ ´Ê²Ö ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥.

�¡²ÊÎ¥´¨¥, ± ± ¨ ¸É ·¥´¨¥, ¶·¨¢µ¤¨É ± ¢Ò¤¥²¥´¨Õ Ë §Ò Mg2Si,   É ±¦¥
± ´ · ¡µÉ±¥ Si ¨§ Al ¢ ·¥§Ê²ÓÉ É¥ ·¥ ±Í¨¨ Al(n, γ)Si. “¢¥²¨Î¥´¨¥ ±µ´Í¥´É· -
Í¨¨ Si É ±¦¥ ¤µ²¦´µ ¶·¨¢µ¤¨ÉÓ ± ¢µ§· ¸É ´¨Õ ¶·µÎ´µ¸É¨ ¨§-§  µ¡· §µ¢ ´¨Ö
¤µ¶µ²´¨É¥²Ó´ÒÌ ¢Ò¤¥²¥´¨° Ë §Ò Mg2Si ¨²¨ Si ¢ Al.

� ¤¨ Í¨µ´´Ò¥ ¤¥Ë¥±ÉÒ ¨ Ö¢²¥´¨Ö, ¶·µ¨¸Ìµ¤ÖÐ¨¥ ¢ ±µ´¸É·Ê±Í¨µ´´ÒÌ ³ -
É¥·¨ ² Ì ¶µ¤ ¤¥°¸É¢¨¥³ µ¡²ÊÎ¥´¨Ö ´¥°É·µ´ ³¨, § ¢¨¸ÖÉ µÉ Ô´¥·£¨¨ ¸¢Ö§¨, É¥³-
¶¥· ÉÊ·Ò, ¸¶¥±É· ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± ´¥°É·µ´´µ£µ ¶µÉµ±  ¨, ¥¸É¥¸É¢¥´´µ,
µÉ ¢·¥³¥´¨ ¢µ§¤¥°¸É¢¨Ö ·¥ ±Éµ·´µ£µ µ¡²ÊÎ¥´¨Ö, Ì¨³¨Î¥¸±µ£µ ¸µ¸É ¢  ¨ ¸É·Ê±-
ÉÊ·´µ£µ ¸µ¸ÉµÖ´¨Ö ³ É¥·¨ ²  ±µ´¸É·Ê±Í¨°,   É ±¦¥ ¢µ§¤¥°¸É¢¨Ö ¸·¥¤Ò. ‚
É ¡². 2 ¶·¥¤¸É ¢²¥´Ò ³ ±¸¨³ ²Ó´Ò¥ Ë²Õ¥´¸Ò ¡Ò¸É·ÒÌ ¨ É¥¶²µ¢ÒÌ ´¥°É·µ-
´µ¢, ±µÉµ·Ò¥ ¶µ²ÊÎ¨²¨ Ô²¥³¥´ÉÒ ±µ´¸É·Ê±Í¨¨ ·¥ ±Éµ·  EWA, ¸¤¥² ´´Ò¥ ¨§
¸¶² ¢µ¢ ‘�‚-1 ¨ PAR-1.

’¥¶²µ´µ¸¨É¥²¥³ ¢ ¨¸¸²¥¤µ¢ É¥²Ó¸±¨Ì ·¥ ±Éµ· Ì EWA ¨ MARIA Ö¢²Ö-
¥É¸Ö ¤¨¸É¨²²¨·µ¢ ´´ Ö ¢µ¤ . �µÔÉµ³Ê µ¡¥¸¶¥Î¥´¨¥ ´ ¤¥¦´µ£µ ¢µ¤´µ£µ ·¥-
¦¨³  ¨³¥¥É ¶¥·¢µ¸É¥¶¥´´µ¥ §´ Î¥´¨¥ ¤²Ö ±µ··µ§¨µ´´µ° ¸Éµ°±µ¸É¨ ³ É¥·¨ -
²µ¢, ¨³¥ÕÐ¨Ì ±µ´É ±É ¸ ¢µ¤µ° [3]. •¨³¨Î¥¸± Ö ·¥ ±Í¨Ö ±µ··µ§¨¨  ²Õ³¨´¨Ö
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’ ¡²¨Í  2. ‚·¥³Ö Ô±¸¶²Ê É Í¨¨ ¨ ³ ±¸¨³ ²Ó´Ò¥ ´ ¡· ´´Ò¥ Ë²Õ¥´¸Ò ¡Ò¸É·ÒÌ
(E >0,5 ŒÔ‚) ¨ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢, ¢µ§¤¥°¸É¢µ¢ ¢Ï¨Ì ´  Ô²¥³¥´ÉÒ ±µ´¸É·Ê±Í¨°
·¥ ±Éµ·  EWA

�²¥³¥´É
±µ´¸É·Ê±Í¨¨

‘¶² ¢
‚·¥³Ö

· ¡µÉÒ, Î

Œ ±¸¨³ ²Ó´Ò° Œ ±¸¨³ ²Ó´Ò°
Ë²Õ¥´¸ ¶µ ¡Ò¸É·Ò³ Ë²Õ¥´¸ ¶µ É¥¶²µ¢Ò³

´¥°É·µ´ ³, ´¥°É·µ´/¸³2 ´¥°É·µ´ ³, ´¥°É·µ´/¸³2

‘¥¶ · Éµ· ‘�‚-1 89900 8,1·1021 2,8·1022

‘¡µ·´¨±
‘�‚-1 89900 8,7·1021 4,0·1022

c¥¶ · Éµ· 
Š ´ ²Ò ¤²Ö

PAR-1 58500 2,1·1022 4,0·1022¸É¥·¦´¥°
¡¥§µ¶ ¸´µ¸É¨

¢ ¢µ¤¥ ¶·¨¢µ¤¨É ± µ¡· §µ¢ ´¨Õ £¨¤·µµ±¨¸¨ ¨ ¢Ò¤¥²¥´¨Õ ¢µ¤µ·µ¤ :

2Al + 6H2O → 2Al(OH)3 + 3H2.

�·µ¤Ê±É ³¨ ±µ··µ§¨¨ ¢ É¥¶²µ¢µ³ ¨´É¥·¢ ²¥ 60Ä70◦‘ Ö¢²Ö¥É¸Ö βAl2O3·3H2O
(¡ °¥·¨É) ¨§ ÔÉµ° Ì¨³¨Î¥¸±µ° ·¥ ±Í¨¨,   ¶·¨ É¥³¶¥· ÉÊ· Ì ¢ÒÏ¥ 80o‘ Å
Al2O3·H2O (¡¥³¨É), ±µÉµ·Ò° ¶µ²ÊÎ ¥É¸Ö ¶µ ·¥ ±Í¨¨ 2Al + 4H2O → Al2O3·
H2O + 3H2. CÎ¨É Ö, ÎÉµ ·¥ ±Í¨Ö ¶·µ¨¸Ìµ¤¨É ¤µ ±µ´Í , ¶µ²ÊÎ¨³, ÎÉµ 1 ¸³3

H2O ¤ ¥É 0,042 ³µ²Ö �2.

�¡²ÊÎ¥´¨¥ ¡Ò¸É·Ò³¨ ´¥°É·µ´ ³¨ ¶·¨¢µ¤¨É ± · ¤¨µ²¨§Ê ¢µ¤Ò, ¢ ·¥§Ê²Ó-
É É¥ Î¥£µ ¶µ²ÊÎ ÕÉ¸Ö, ± ± ¨§¢¥¸É´µ, ¢µ¤µ·µ¤, ±¨¸²µ·µ¤ ¨ ¶¥·¥±¨¸Ó ¢µ¤µ·µ¤ :
�2� → � + ��, 2�2� → 2�2 + �2, �� + �� → �2�2. �·µÍ¥¸¸ · -
¤¨µ²¨§  µ± §Ò¢ ¥É ¢²¨Ö´¨¥ ´  ±µ··µ§¨Õ Î¥·¥§ ¢²¨Ö´¨¥ ¢µ¤µ·µ¤ , É ± ± ±
ÊÎ ¸É¢Ê¥É ¢ ·¥ ±Í¨ÖÌ µ±¨¸²¥´¨Ö ¨ ¢µ¸¸É ´µ¢²¥´¨Ö ³¥É ²²µ¢: •Œ¥ + yH2O ↔
MeXO4+yH2. Š·µ³¥ Éµ£µ, ±¨¸²µ·µ¤, · ¸É¢µ·¨³Ò° ¢ ¢µ¤¥, µ± §Ò¢ ¥É ¢²¨Ö´¨¥
¨ ´  ³¥¦±·¨¸É ²²¨Î¥¸±ÊÕ ±µ··µ§¨Õ.

•¨³¨Î¥¸±¨° ¸µ¸É ¢ ¢µ¤Ò É ±¦¥ ¨³¥¥É ¡µ²ÓÏµ¥ §´ Î¥´¨¥ ¢ ¶·µÍ¥¸¸ Ì
±µ··µ§¨¨ ±µ´¸É·Ê±Í¨µ´´ÒÌ ³ É¥·¨ ²µ¢, ¶·µ¨¸Ìµ¤ÖÐ¥° ¢µ ¢·¥³Ö Ô±¸¶²Ê É -
Í¨¨ ·¥ ±Éµ· . ˆ§ ¶·¨³¥¸¥°, ±µÉµ·Ò¥ Ê¸±µ·ÖÕÉ ±µ··µ§¨Õ  ²Õ³¨´¨Ö ¨ ¥£µ
¸¶² ¢µ¢, ´ ¨¡µ²¥¥ ¢ ¦´Ò¥ Å ¨µ´Ò Cl, Cu ¨ Fe. �´ ²¨§ ¤ ´´ÒÌ, ¶·µ¢¥¤¥´-
´Ò° ¢ 1978Ä1983 £. [1, 2] ¶µ± § ², ÎÉµ ±µ´Í¥´É· Í¨Ö Ì²µ·¨¤µ¢ ´ Ìµ¤¨² ¸Ó
¢ ¶·¥¤¥² Ì 26Ä172 ³£/¸³3 (30Ä200 ppm), ÎÉµ ¡Ò²µ ´ ³´µ£µ ¢ÒÏ¥ ¤µ¶Ê¸É¨-
³µ£µ Ê·µ¢´Ö ¶µ ´µ·³ ³ ¡¥§µ¶ ¸´µ¸É¨ 10Ä60 ³£/c³3 (10Ä70 ppm). †¥²¥§ 
µ± § ²µ¸Ó 23 ³£/¸³3 (23 ppm) ¶·¨ ´µ·³¥ 10Ä15 ³£/¸³3 (10Ä15 ppm),   ±µ´-
Í¥´É· Í¨Ö ¨µ´µ¢ Cu ¸µ¸É ¢¨²  0,4 ppm ¶·¨ ¤µ¶Ê¸±¥ 0,02 ppm. ‚ ¶·µÍ¥¸¸¥
µÉ³Ò¢±¨ É¥¶²µµ¡³¥´´¨±µ¢ ¶µÖ¢¨²¨¸Ó É ±¦¥ ¨µ´Ò ´¨É· Éµ¢ ¢ ±µ²¨Î¥¸É¢¥ ¤µ
1400 ³£/¸³3.
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2. �Š‘�…�ˆŒ…�’�‹œ�›… �…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

„²Ö ¨¸¸²¥¤µ¢ ´¨° ¡Ò²  ¢§ÖÉ  Î ¸ÉÓ ¨§ ¸¡µ·´¨±  ¸¥¶ · Éµ·  ·¥ ±Éµ· 
EWA, ¸¤¥² ´´µ£µ ¨§ ¸¶² ¢  ‘�‚-1, ¨§ ±µÉµ·µ° ¢ ®£µ·ÖÎ¥°¯ ± ³¥·¥ ¶·¨-
£µÉµ¢²¥´Ò µ¡· §ÍÒ ¤²Ö  ´ ²¨§  Ì¨³¨Î¥¸±µ£µ ¸µ¸É ¢ , ¨¸¸²¥¤µ¢ ´¨° ³¨±·µ-
¸É·Ê±ÉÊ·Ò ¨ ³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢.

2.1. �´ ²¨§ Ì¨³¨Î¥¸±µ£µ ¸µ¸É ¢ . ˆ§ÊÎ¥´¨¥ Ì¨³¨Î¥¸±µ£µ ¸µ¸É ¢  ¡Ò²µ
¶·µ¢¥¤¥´µ ¸¶¥±É·µ³¥É·¨Î¥c±¨³ ³¥Éµ¤µ³. ‚ É ¡². 3 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ
ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨°.

’ ¡²¨Í  3. •¨³¨Î¥¸±¨° ¸µ¸É ¢ ¸¶² ¢  ‘�‚-1 ¤µ ¨ ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö (Ë²Õ-
¥´¸ ¡Ò¸É·ÒÌ ´¥°É·µ´µ¢ (E >0,5 ŒÔ‚) Å 3,9·1021 ´¥°É·µ´/¸³2,   É¥¶²µ¢ÒÌ Å
7,8·1021´¥°É·µ´/¸³2)

�¡· §¥Í
‘µ¤¥·¦ ´¨¥,  É. %

Mg Si Fe Cu
‘�‚-1, 0,45Ä0,90 0,60Ä1,20 0,2 0,01

²¨É¥· ÉÊ· 
W, 0,60Ä0,62 0,82Ä0,86 0,0094 0,001

‘�‚-1 ¤µ
µ¡²ÊÎ¥´¨Ö

�21, 0,727Ä0,736 1,3478Ä1,3651 0,09546Ä0,09715 0,01742Ä0,03736
‘�‚-1
¶µ¸²¥

µ¡²ÊÎ¥´¨Ö

Mn Ti Ni

‘�‚-1,
0,01 0,01 0,03

²¨É¥· ÉÊ· 
W,

<0,00025 0,0011 0,00012‘�‚-1 ¤µ
µ¡²ÊÎ¥´¨Ö

�21, ‘�‚-1

0,0021 0,00407Ä0,00414 0,0084Ä0,0089
¶µ¸²¥

µ¡²ÊÎ¥´¨Ö

‚ É ¡². 4 ¶·¥¤¸É ¢²¥´Ò ¤ ´´Ò¥  ´ ²¨§  ´  ¸µ¤¥·¦ ´¨¥ ±·¥³´¨Ö ¢ µ¡· §-
Í Ì µ¡²ÊÎ¥´´µ£µ ¸¶² ¢  PAR-1 [1] ¢ § ¢¨¸¨³µ¸É¨ µÉ Ë²Õ¥´¸  ´¥°É·µ´µ¢. ‚
¸¶² ¢ Ì ‘�‚-1, PAR-1 ¨ Al-6063 µ¸´µ¢´Ò³¨ ²¥£¨·ÊÕÐ¨³¨ ¤µ¡ ¢± ³¨ Ö¢²Ö-
ÕÉ¸Ö Mg ¨ Si. ˆÌ ±µ´Í¥´É· Í¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ ·¥ ±Í¨°:
±µ´Í¥´É· Í¨Ö Si ¢µ§· ¸É ¥É ¢ ·¥§Ê²ÓÉ É¥ ·¥ ±Í¨¨ Al(n, γ)Si,   ±µ´Í¥´É· Í¨Ö
Mg Å ¶µ ·¥ ±Í¨¨ Si(γ, α)Mg.
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’ ¡²¨Í  4. Šµ´Í¥´É· Í¨Ö ±·¥³´¨Ö ¢ µ¡²ÊÎ¥´´ÒÌ µ¡· §Í Ì PARÄ1

º µ¡· §Í 
”²Õ¥´¸ ´¥°É·µ´µ¢, ´¥°É·µ´/¸³2

‘µ¤¥·¦ ´¨¥ Si,  É. %
É¥¶²µ¢ÒÌ ¡Ò¸É·ÒÌ

1 0 0 1,2
2 1,56·1022 1,0·1022 1,5
3 1,67·1022 1,2·1022 1,9
4 2,20·1022 1,9·1022 1,8

Š ± ¢¨¤´µ ¨§ É ¡². 3 ¨ 4, ¢ ·¥§Ê²ÓÉ É¥ µ¡²ÊÎ¥´¨Ö ´¥°É·µ´ ³¨ ¢ ¸¶² ¢ Ì
 ²Õ³¨´¨Ö ±·µ³¥ · ¤¨ Í¨µ´´ÒÌ ¶µ¢·¥¦¤¥´¨° ¶·µ¨¸Ìµ¤ÖÉ ¨§³¥´¥´¨Ö ±µ´Í¥´-
É· Í¨¨ ²¥£¨·ÊÕÐ¨Ì ¤µ¡ ¢µ±. …¸²¨ ±µ´Í¥´É· Í¨Ö ²¥£¨·ÊÕÐ¨Ì ¤µ¡ ¢µ± ¶·¥-
¢ÒÏ ¥É ¶·¥¤¥² · ¸É¢µ·¨³µ¸É¨, Éµ ¨³¥¥É ³¥¸Éµ ¢Ò¤¥²¥´¨¥ ¤·Ê£µ° Ë §Ò. �ÉµÉ
¶·µÍ¥¸¸, ± ± ¨ ³¨£· Í¨Ö  Éµ³µ¢ ¶·¨³¥¸¥° ± ¸±µ¶²¥´¨Ö³ ¤¥Ë¥±Éµ¢ (¤¨¸²µ± -
Í¨Ö³, £· ´¨Í ³ §¥·¥´ ¨ ¤·Ê£¨³), ¢²¨Ö¥É ´  ¨§³¥´¥´¨¥ ¸¢µ°¸É¢ ³ É¥·¨ ²µ¢.

2.2. ˆ§³¥·¥´¨¥  ±É¨¢´µ¸É¨ ¸¡µ·´¨±  ¸¥¶ · Éµ· . ˆ§³¥·¥´¨Ö ³µÐ´µ¸É¨
¤µ§Ò £ ³³ -µ¡²ÊÎ¥´¨Ö ´  ¢µ§¤ÊÌ¥ ¡Ò²¨ ¶·µ¢¥¤¥´Ò ´  Ë· £³¥´É¥ ¸¡µ·´¨±  ¸¥-
¶ · Éµ·  (· §³¥·Ò: ¤²¨´  Å 680 ³³, Ï¨·¨´  Å 370 ³³, Éµ²Ð¨´  Å 8 ³³
¨ ³ ¸¸  Å 3,8 ±£) ´  · ¸¸ÉµÖ´¨¨ 10 ³ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤µ§¨³¥É·¨Î¥¸±¨Ì
¶·¨¡µ·µ¢ FH40F2 ¨ VAJ-15. ˆ§³¥·¥´´ Ö ³µÐ´µ¸ÉÓ ¤µ§Ò µ± § ² ¸Ó · ¢´µ°
14 ³±‡¢/Î (¨²¨ 1,4 ³�/Î) ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·¨¡µ·  FH40F2 ¨ 12 ³±‡¢/Î
(¨²¨ 1,2 ³�/Î) Å ¶·¨¡µ·  VAJ-15. �  µ¸´µ¢¥ ¨§³¥·¥´´µ° ³µÐ´µ¸É¨ ¤µ§Ò
· ¸¸Î¨É ´   ±É¨¢´µ¸ÉÓ µÉ·¥§ ´´µ£µ Ë· £³¥´É  ¸¡µ·´¨±  ¸¥¶ · Éµ· : 0,67 ƒ	±
(65Zn) ¨ 3,85 ƒ	± (60Co). �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¸·¥¤´¥°  ±É¨¢´µ¸É¨ ´  ¥¤¨-
´¨ÍÊ ³ ¸¸Ò ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 5.

Š ± ¢¨¤´µ ¨§ É ¡². 5, ¨§³¥·¥´¨Ö ¶µ± § ²¨ ¢Ò¸µ±ÊÕ  ±É¨¢´µ¸ÉÓ ¸¡µ·´¨± 
¸¥¶ · Éµ· . �¸É ²¸Ö ´¥ Ö¸´Ò³ ¢µ¶·µ¸: µÉ±Ê¤  ¶µÖ¢¨²¨¸Ó 60‘o ¨ 65Zn? ‚ ´¥-
µ¡²ÊÎ¥´´µ³ ¸¶² ¢¥ PAR-1 59‘µ ¶·¨¸ÊÉ¸É¢Ê¥É, ´µ ¢ ´¥¡µ²ÓÏµ³ ±µ²¨Î¥¸É¢¥ Å
10−5 ³ ¸¸.%.

’ ¡²¨Í  5. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨°  ±É¨¢´µ¸É¨ ¸¡µ·´¨±  ¸¥¶ · Éµ· 

�±É¨¢´µ¸ÉÓ ¸¡µ·´¨±  �±É¨¢´µ¸ÉÓ ¸É·Ê¦±¨ �±É¨¢´µ¸ÉÓ µÉ·¥§ ´´µ°
¸¥¶ · Éµ·  ´  µ¸´µ¢¥ ¶·¨ µÉ·¥§ ´¨¨ Î ¸É¨ Î ¸É¨ ¸¡µ·´¨± ,

· ¸Î¥Éµ¢, 	±/£ µÉ ¸¡µ·´¨±  ¸¥¶ · Éµ· , ¢ÒÎ¨¸²¥´´ Ö ¨§ ³µÐ´µ¸É¨
	±/£ ¤µ§Ò, 	±/£

65Zn 60Co 65Zn 60Co 65Zn 60Co

10,3·104 8,2·105 7,7·104 5,1·105 1,76·104 10·105

�·¨³¥Î ´¨¥: �±É¨¢´µ¸ÉÓ ¢ÒÎ¨¸²¥´  ´  µ¸´µ¢¥ ¨§³¥·¥´¨Ö ³µÐ´µ¸É¨ ¤µ§Ò µ¡²ÊÎ¥´¨Ö ¶µ
£ ³³ -¨§²ÊÎ¥´¨Õ µÉ·¥§ ´´µ° Î ¸É¨ ¸¡µ·´¨±  ´  · ¸¸ÉµÖ´¨¨ 10 ³ ¨ ¸Î¨É ¥É¸Ö ´ ¨¡µ²¥¥
¤µ¸Éµ¢¥·´µ°.

‚ É ¡². 6 ¶·¨¢¥¤¥´Ò Ö¤¥·´Ò¥ ·¥ ±Í¨¨, ±µÉµ·Ò¥ ³µ£ÊÉ ¶·µ¨¸Ìµ¤¨ÉÓ ¶·¨
¢§ ¨³µ¤¥°¸É¢¨¨ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ ¨ ¶·¨³¥¸¥° Fe, Cu ¨ Co. �  ³¥¤¨ ±·µ³¥
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’ ¡²¨Í  6. Ÿ¤¥·´Ò¥ ·¥ ±Í¨¨, ±µÉµ·Ò¥ ³µ£ÊÉ ¶·µ¨¸Ìµ¤¨ÉÓ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ É¥-
¶²µ¢ÒÌ ´¥°É·µ´µ¢ ¨ ¶·¨³¥¸¥° Fe, Cu, Co [4], Ti ¨ Ni [5, 6]

�·¨³¥¸Ó
�µ·µ£µ¢ Ö
·¥ ±Í¨Ö

�¥·¨µ¤
¶µ²Ê· ¸¶ ¤ 

�ËË¥±É¨¢´ Ö ‘·¥¤´¥¥
¶µ·µ£µ¢ Ö ¸¥Î¥´¨¥

Ô´¥·£¨Ö, ŒÔ‚ ·¥ ±Í¨¨, ³¡
Fe 54Fe(n,p)54Mn 312,5 ¸ÊÉ 3,0 82,5
Cu 63Cu(n, α)60Co 5,27 ²¥É 6,7 0,50
Co 59Co(n, γ)60Co 5,27 ²¥É É¥¶²µ¢Ò¥ ´¥°É·µ´Ò
Ti 46Ti(n,p)46Sc 84 ¸ÊÉ 5,0 12,0
Ni 60Ni(n,p)60Co - - -

·¥ ±Í¨¨, Ê± § ´´µ° ¢ É ¡²¨Í¥, ³µ£ÊÉ É ±¦¥ ¶·µ°É¨ ·¥ ±Í¨¨: 63Cu(n,α)59Co,
63Cu(p,n)63Zn, 63Cu(p,2n)62Zn [7]. ‚µ§³µ¦´µ, 60‘o ¨ 65Zn ¶µÖ¢¨²¨¸Ó ¢ ·¥-
§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨§ Cu ¨²¨ Ni (¸³. É ¡². 6). � ³¥¤Ó ¨ ´¨±¥²Ó ³µ£²¨
¶µÖ¢¨ÉÓ¸Ö ¢ ¢µ¤¥ ¨§ É·Ê¡, ±µÉµ·Ò¥ ¡Ò²¨ ¨§£µÉµ¢²¥´Ò ¨§ ¸É ²¨ 1•18�9’. ‘²¥-
¤Ê¥É µÍ¥´¨ÉÓ, ¸±µ²Ó±µ ´Ê¦´µ ³¥¤¨ ¨ ´¨±¥²Ö, ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ  ±É¨¢´µ¸É¨,
¶·¨¢¥¤¥´´Ò¥ ¢ É ¡². 6. �Éµ ¨ ¡Ê¤¥É ¸¤¥² ´µ ¢ ¤ ²Ó´¥°Ï¥³.

2.3. Œ¥Ì ´¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¸¶² ¢µ¢ ‘�‚-1 ¨ PAR-1. �¡· §ÍÒ ¤²Ö
³¥Ì ´¨Î¥¸±¨Ì ¨¸¶ÒÉ ´¨° Å ¶·Ö³µÊ£µ²Ó´Ò¥ ¸ · §³¥· ³¨ 50×6 ³³ ¨²¨ ±µ²Ó-
Í¥¢Ò¥, ¢Ò·¥§ ´´Ò¥ ¨§ É·Ê¡Ò ± ´ ²   Éµ³´µ£µ ·¥ ±Éµ· . ˆ¸¸²¥¤µ¢ ´¨Ö ´  · -
¸ÉÖ¦¥´¨¥ ¶·µ¢µ¤¨²¨¸Ó ¶·¨ ±µ³´ É´µ° É¥³¶¥· ÉÊ·¥ ´  ¨¸¶ÒÉ É¥²Ó´µ° ³ Ï¨´¥
INSTRON ¶·¨ ¸±µ·µ¸É¨ ¤¥Ëµ·³ Í¨¨ 2·10−3 ¸−1. �µ¢¥·Ì´µ¸ÉÓ · §µ·¢ ´´µ£µ
µ¡· §Í  ¡Ò²  ¶·µ¸³µÉ·¥´  ¢ ¸± ´¨·ÊÕÐ¥³ Ô²¥±É·µ´´µ³ ³¨±·µ¸±µ¶¥ (Philips
SEM type 505).

‚ É ¡². 7 ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢
µ¡· §Íµ¢ ¸¶² ¢  PAR-1, ±µÉµ·Ò° ´ Ìµ¤¨²¸Ö ¢ ·¥ ±Éµ·¥ 58500 Î (6,67 ²¥É)
¶·¨ É¥³¶¥· ÉÊ·¥ 40Ä60◦‘.

’ ¡²¨Í  7. Œ¥Ì ´¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¸¶² ¢  PAR-1 ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ¡Ò¸É·Ò³¨ ´¥°-
É·µ´ ³¨ (E >0,5 ŒÔ‚) [1, 2]. ”²Õ¥´¸Ò µ¡²ÊÎ¥´¨Ö ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥

”²Õ¥´¸ ¡Ò¸É·ÒÌ
�·¥¤¥² É¥±ÊÎ¥¸É¨

σ0,2, Œ� 
�·¥¤¥² ¶·µÎ´µ¸É¨

σB , Œ� 
�É´µ¸¨É¥²Ó´µ¥
Ê¤²¨´¥´¨¥ δ, %

´¥°É·µ´µ¢,
´¥°É·µ´/¸³2

¤µ µ¡²ÊÎ¥´¨Ö 156 215 26,7

1,9·1022 255 278 4,87
‘�‚-1 [8] ¤µ Ä Ä 16,5

µ¡²ÊÎ¥´¨Ö

3,5·1022* Ä Ä 2,5
∗ �¡· §ÍÒ ¸¶² ¢  ‘�‚-1 ± ´ ²   Éµ³´µ£µ ·¥ ±Éµ· , µÉ· ¡µÉ ¢Ï¥£µ ¢ ·¥ ±Éµ·¥
‚‚�-Œ ¢ É¥Î¥´¨¥ 7 ²¥É.
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�  ±µ´¸É·Ê±Í¨µ´´Ò¥ ³ É¥·¨ ²Ò ‘�‚-1, PAR-1 ¨ ¸¶² ¢ Al-6063 ¢µ ¢·¥³Ö
· ¡µÉÒ ¢ ·¥ ±Éµ·¥ ¤¥°¸É¢ÊÕÉ ´¥ Éµ²Ó±µ É¥¶²µ¢Ò¥ ¨ ¡Ò¸É·Ò¥ ´¥°É·µ´Ò, ´Ê¦´µ
ÊÎ¨ÉÒ¢ ÉÓ ¨ ¤·Ê£¨¥ Ë ±Éµ·Ò. ‘¶² ¢Ò · ¡µÉ ÕÉ ¢ Ê¸²µ¢¨ÖÌ ¶·µ¤µ²¦¨É¥²Ó´µ£µ
µÉ¦¨£  ¶·¨ É¥³¶¥· ÉÊ·¥ ¢ ¨´É¥·¢ ²¥ 40Ä60o‘, ¨ Ë ±Éµ· ¢·¥³¥´¨ (∼40 ²¥É)
¨³¥¥É ¡µ²ÓÏµ¥ §´ Î¥´¨¥ ¤²Ö ¨§³¥´¥´¨Ö ³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢. �¥§Ê²ÓÉ ÉÒ ¨¸-
¸²¥¤µ¢ ´¨° µ¡· §Íµ¢ ¸¶² ¢  Al-6063 [9] ¶µ¸²¥ µÉ¦¨£  ¢ É¥Î¥´¨¥ 2,5 ²¥É ¶·¨
É¥³¶¥· ÉÊ·¥ 52◦‘ ¶µ± § ²¨, ÎÉµ ¢ ·¥§Ê²ÓÉ É¥ ¢µ§´¨± ÕÐ¥£µ ¢µ ¢·¥³Ö µ¡²ÊÎ¥-
´¨Ö ¶µ²Ö É¥³¶¥· ÉÊ· ¨³¥¥É ³¥¸Éµ ¤²¨É¥²Ó´Ò° µÉ¦¨£, ¢²¨ÖÕÐ¨° ´  ¨§³¥´¥´¨¥
³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢ ¸¶² ¢µ¢ É¨¶  AlÄMgÄSi. Š·µ³¥ Éµ£µ, ¸²¥¤Ê¥É µ¡· É¨ÉÓ
¢´¨³ ´¨¥ ¨ ´  ÉµÉ Ë ±É, ÎÉµ ¢µ ¢·¥³Ö µ¡²ÊÎ¥´¨Ö ¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ ·¥ ±-
Í¨° ´ · ¡ ÉÒ¢ ¥É¸Ö Si ¨§ ·¥ ±Í¨¨ Al(n, γ)Si. …£µ ¶·¨¸ÊÉ¸É¢¨¥ ¸É¨³Ê²¨·Ê¥É
Ê¢¥²¨Î¥´¨¥ ±µ´Í¥´É· Í¨¨ ¢Ò¤¥²¥´¨° Mg2Si ¨ Si, ÎÉµ µ± §Ò¢ ¥É ¢²¨Ö´¨¥ ´ 
³¥Ì ´¨Î¥¸±¨¥ ¸¢µ°¸É¢  ¸¶² ¢µ¢.

‚ Î¨¸Éµ³ Al (É ¡². 8), £¤¥ Ê¶·µÎ´¥´¨¥ Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ µ¡²ÊÎ¥´¨Ö
¡Ò¸É·Ò³¨ ´¥°É·µ´ ³¨ (E >0,1 ŒÔ‚), ¶µ¸²¥ ´ ¡µ·  ¸· ¢´¨³µ£µ Ë²Õ¥´¸ 
Ê¢¥²¨Î¥´¨¥ ¶·¥¤¥²  É¥±ÊÎ¥¸É¨ [∆σ0,2/σ´¥µ¡²

0,2 ] ¸µ¸É ¢²Ö¥É 7 %,   ¢ ¸¶² ¢¥ PAR-1
Å 21%.

’ ¡²¨Í  8. Œ¥Ì ´¨Î¥¸±¨¥ ¸¢µ°¸É¢  µÉµ¦¦¥´´ÒÌ µ¡· §Íµ¢ Al ¶µ¸²¥ µ¡²ÊÎ¥´¨Ö ¡Ò-
¸É·Ò³¨ ´¥°É·µ´ ³¨ (E >0,1 ŒÔ‚) [10]

”²Õ¥´¸
�·¥¤¥² É¥±ÊÎ¥¸É¨

σ0,2, Œ� 
�·¥¤¥² ¶·µÎ´µ¸É¨

σB , Œ� 
�É´µ¸¨É¥²Ó´µ¥
Ê¤²¨´¥´¨¥ δ, %

´¥°É·µ´µ¢,
´¥°É·µ´/¸³2

0 26 59 3

1·1017 26 53 10

1·1018 29 64 15

5·1018 28 64 14

‚ É ¡². 9 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶µ ¨§³¥·¥´¨Õ ³¥Ì ´¨Î¥¸±¨Ì ¸¢µ°¸É¢
®µ¡· §Íµ¢-¸¢¨¤¥É¥²¥°¯ ¨§ ¸¶² ¢  PAR-1 ¢ § ¢¨¸¨³µ¸É¨ µÉ Ë²Õ¥´¸  µ¡²ÊÎ¥´¨Ö
¡Ò¸É·Ò³¨ ´¥°É·µ´ ³¨.

’ ¡²¨Í  9. Œ¥Ì ´¨Î¥¸±¨¥ ¸¢µ°¸É¢  ®µ¡· §Íµ¢-¸¢¨¤¥É¥²¥°¯ ¨§ ¸¶² ¢  PAR-1 ¶µ¸²¥
µ¡²ÊÎ¥´¨Ö ¡Ò¸É·Ò³¨ ´¥°É·µ´ ³¨ [1]

”²Õ¥´¸ �·¥¤¥²
É¥±ÊÎ¥¸É¨ σ0,2,

Œ� 

�·¥¤¥²
¶·µÎ´µ¸É¨ σB ,

Œ� 
´¥°É·µ´µ¢,

´¥°É·µ´/¸³2

0 121 240
1,5·1018 147 258
6,1·1018 152 265
6,3·1018 147 255
2,1·1021 184 286
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2.4. ”· ±Éµ£· Ë¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö. ”· ±Éµ£· Ë¨Î¥¸±¨¥ ¨¸¸²¥¤µ-
¢ ´¨Ö ¶µ¢¥·Ì´µ¸É¨ ¨§²µ³µ¢ · §µ·¢ ´´ÒÌ µ¡· §Íµ¢ ¶µ± § ²¨, ÎÉµ µ¡²ÊÎ¥´¨¥
¨§³¥´Ö¥É ³µ·Ëµ²µ£¨Õ ¶µ¢¥·Ì´µ¸É¨ ¨§²µ³µ¢. ˆ§²µ³ ´¥µ¡²ÊÎ¥´´ÒÌ µ¡· §Íµ¢
(·¨¸. 1,  ) ¶µ± §Ò¢ ¥É É· ´¸±·¨¸É ²²¨É´Ò° Ì · ±É¥· · §·ÊÏ¥´¨Ö. �µ¸²¥ µ¡²Ê-

�¨¸. 1. Œµ·Ëµ²µ£¨Ö ¶µ¢¥·Ì´µ¸É¨ ¨§²µ³  µ¡· §Í  ¸¶² ¢  PAR-1:   Å ´¥µ¡²ÊÎ¥´´Ò°
µ¡· §¥Í, ¡ ¨ ¢ Å µ¡· §ÍÒ, µ¡²ÊÎ¥´´Ò¥ ¤µ Ë²Õ¥´¸µ¢ 0,7·1021 ¨ 1,95·1022 ´¥°É·µ´/¸³2

¸µµÉ¢¥É¸É¢¥´´µ

Î¥´¨Ö ³µ·Ëµ²µ£¨Ö ¶µ¢¥·Ì´µ¸É¨ ¨§²µ³  ¶·¥¢· Ð ¥É¸Ö ¢ ¸³¥¸Ó É· ´¸±·¨¸É ²-
²¨É´µ£µ ¨ ¨´É¥·±·¨¸É ²²¨É´µ£µ · §·ÊÏ¥´¨Ö (·¨¸. 1, ¡). �¡² ¸ÉÓ ¨´É¥·±·¨-
¸É ²²¨É´µ£µ · §·ÊÏ¥´¨Ö · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ Ë²Õ¥´¸  ´¥°É·µ´µ¢ (·¨¸.1, ¢).
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�µÌµ¦¨¥ ¨§³¥´¥´¨Ö ³µ·Ëµ²µ£¨¨ ¨§²µ³  ´ ¡²Õ¤ ²¨¸Ó ¶µ¸²¥ ¤²¨É¥²Ó´µ£µ ¢·¥-
³¥´´µ£µ µÉ¦¨£  ¶·¨ 52◦‘ ¢ · ¡µÉ¥ [9] (·¨¸. 2,   ¨ ·¨¸. 2, ¡).

�¨¸. 2. Œµ·Ëµ²µ£¨Ö ¶µ¢¥·Ì´µ¸É¨ ¨§²µ³  µ¡· §Í  ¸¶² ¢  Al-6063:   Å ¶¥·¥¤ µÉ¦¨£µ³,
¡ Å ¶µ¸²¥ µÉ¦¨£  ¶·¨ 52◦‘ ¢ É¥Î¥´¨¥ 30 ³¥¸ÖÍ¥¢

‚›‚�„›

ˆ¸¸²¥¤µ¢ ´¨Ö µ¡· §Íµ¢ ¸¶² ¢  AlÄMgÄSi (¸¶² ¢Ò PAR-1 ¨ ‘�‚-1), ¢Ò·¥-
§ ´´ÒÌ ¨§ ±µ´¸É·Ê±Í¨µ´´ÒÌ Ô²¥³¥´Éµ¢ ·¥ ±Éµ·  EWA (¸¡µ·´¨±  ¸¥¶ · Éµ· 
¨ ± ´ ²µ¢) ¶µ¸²¥ 40 ²¥É Ô±¸¶²Ê É Í¨¨, ¶µ± § ²¨, ÎÉµ ¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ
·¥ ±Í¨° ¶·µ¨§µÏ²¨ ¨§³¥´¥´¨Ö ¨Ì Ì¨³¨Î¥¸±µ£µ ¸µ¸É ¢  (Ê¢¥²¨Î¥´¨¥ ±µ´Í¥´-
É· Í¨° Si ¨ Mg). Š·µ³¥ Éµ£µ, ¨§³¥·¥´¨Ö  ±É¨¢´µ¸É¨ ¸¡µ·´¨±  ¸¥¶ · Éµ· 
¶µ± § ²¨ ¢Ò¸µ±ÊÕ  ±É¨¢´µ¸ÉÓ ¤¢ÊÌ Ì¨³¨Î¥¸±¨Ì Ô²¥³¥´Éµ¢ 60Co ¨ 65Zn, ±µ-
Éµ·Ò¥, ¢¥·µÖÉ´µ, ¶µÖ¢¨²¨¸Ó ¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ ·¥ ±Í¨°. �·¥¦¤¥ ¢¸¥£µ, ¤²Ö
µ¡ÑÖ¸´¥´¨Ö µ¡´ ·Ê¦¥´´µ£µ ÔËË¥±É  ¸²¥¤Ê¥É ¢ÒÖ¸´¨ÉÓ ¸²¥¤ÊÕÐ¥¥: ± ±¨¥ ¶·¨-
³¥¸¨ ³¥É ²²µ¢ ³µ£²¨ ´ Ìµ¤¨ÉÓ¸Ö ¢ É¥¶²µ´µ¸¨É¥²¥-¢µ¤¥ ¨ ³µ£²¨ ¡Ò ¶·¨¢¥¸É¨
± ¶µÖ¢²¥´¨Õ 60Co ¨ 65Zn ´  ¶µ¢¥·Ì´µ¸É¨ ¸¡µ·´¨±  ¸¥¶ · Éµ· .
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‚ ¦´Ò³ Ë ±Éµ·µ³, ¢²¨ÖÕÐ¨³ ´  ³¨±·µ¸É·Ê±ÉÊ·Ê ¨ ³¥Ì ´¨Î¥¸±¨¥ ¸¢µ°-
¸É¢ , Ö¢²Ö¥É¸Ö ¤²¨É¥²Ó´Ò° É¥·³¨Î¥¸±¨° µÉ¦¨£ ¢ ·¥§Ê²ÓÉ É¥ ¤¥°¸É¢¨Ö É¥³¶¥-
· ÉÊ·Ò ¢µ ¢·¥³Ö µ¡²ÊÎ¥´¨Ö. �·µ¤µ²¦¨É¥²Ó´Ò° µÉ¦¨£ ¢ É¥³¶¥· ÉÊ·´µ³ ¨´-
É¥·¢ ²¥ 40Ä60◦‘ ¤ ¥É ÔËË¥±É, ¶µÌµ¦¨° ´  ÔËË¥±É µ¡²ÊÎ¥´¨Ö. ‚ µ¡µ¨Ì ¸²Ê-
Î ÖÌ ¨§³¥´Ö¥É¸Ö ³µ·Ëµ²µ£¨Ö ¶µ¢¥·Ì´µ¸É¨ ¨§²µ³  µÉ É· ´¸±·¨¸É ²²¨Î¥¸±µ° ¤µ
¸³¥¸¨ É· ´¸±·¨¸É ²²¨Î¥¸±µ° ¨ ³¥¦±·¨¸É ²²¨Î¥¸±µ° ¸É·Ê±ÉÊ·. �·¨Î¥³ ¢±² ¤
³¥¦±·¨¸É ²²¨Î¥¸±µ£µ ·¥¦¨³  · §·ÊÏ¥´¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·µ¸Éµ³ Ë²Õ¥´¸ .
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