


A m y a n b n o i i  saaasefi @ H ~ H K H  ~ ~ ~ ~ I I H O H H ~ ~ X  nospememiii mnn- 
eTCR H C C J I e A O B W e  'HH3KOTeMnepaTypHOrO p8JXHWOHHOrO YnpoYIieHHR 

M e T a n n o B  H C M ~ B O B .  T a ~ n e  nccnenosanun ~ ~ ~ B O ~ T C R .  B ~ei irponm~x no- 
T o K a x  / 1*2/ , K p o M e  T o r o ,  o c y w e c m n R e T c R  M o n e n n p o s a m e  ~eiiTpomoro 
B O ~ ~ ~ ~ ~ C T B H H  H a  IIYIKBX pa3nHYHbIX 3aPRXeHHbIX rlaCTWJ - 3 n e K T p ~ ~ ~ ~ / 2 / ,  

n e r K n x  HOHOB ( a n b a a - s a c m u  H n p ~ ~ ~ ~ o ~ / 3 /  ) H ~ ~ m e n b ~ x  HOHOB p a ~ ~ w -  
HbIX 3 H e p r H f i  2* . M c I ' I o J I ~ ~ o B ~ ~ H H ~  F f e f i T p o H ~ B  H JIerKHX 3aPRXeHHbIX 

WCTHU B H ~ Y Y ~ H H H  pawiaunonnoro y n p O w e n n R  s n p e n a e T  s n a w r e n b ~ b ~ e  

TPyAHOCTki, nOCKOJIbKy 0 6 J I y ~ e H M e  HCCneAyeMbIX 0 6 p a 3 ~ 0 ~  B BbICOKOnOTOq- 

HbIX K11HaJIBX F a K T O P O B  3 a T p y A H W O  H3-3a B ~ I C O K O ~ ~  T e M n e p a T y p b I ,  a o6ny- 
YeHHe B nepH@epH&ib~~ K a H U a X  T p e 6 y e ~  A ~ H T ~ ~ I ~ H ~ I X  B p e M e H  3 K C n 0 3 m H H ,  

K p o M e  TOrO, 0 6 p m m 1  CHnbHO BKTHBHPYWTCX. 06nyse~ne  MaTepH&lIOB H a  

nys~ax  nerwix sap r rwe~~b~x  nacrm n3~3a H H S K O ~ ~  ~e@em006pa!~y101ueii 
c n o c o 6 ~ o c r ~  ( - 10- l9 c .H.~./wcT.) BbIqbIBaeT H ~ O ~ X O A H M O C T ~  B ~ I C O K O ~ ~  

MOTHOCTH nOTOKa Y a C T m ,  YTO B KOHeWOM C W T e  nPHBOAHT K m U T M b H b I M  

B p e M e H a M  06nysenm H c o w a e T  npo6ne~b1 CHHTHII B b u e n H e M o r o  T e n n a .  

llepewcnemb~e B b I u r e  TPYAHOCTH B ~ ~ a w i ~ e n b ~ o i i  C T e n e H u  y n p o w a m T c R  

IIpH H3YYeHHH HH3KOTeMnepaTypHOrO pan&W@iOHHOrO Y n p o w e H H I I  C HCIIOJlb- 

3 O B W H e M  IIyYKOB TRXWIbIX HOHOB C 3 H e P r m M H  OT 1 A 0  10 MBB/H~KJIOH, 
YTO n a e T  pqq, n p e n M y u e c r B :  BO-nepsb~x, TfixcenbIe H O H ~ I  H M e m  h n e e  BUCO- 

KyIO CKOpoCTb A ~ ( $ ~ K T O O ~ ~ ~ ~ O B B H H R ,  BO-BTOPbIX, npo6er TaKHX HOHOB B Ma- 

T e p n a n a x  c o c r a e n c I e T  OT 5 AO 100 MKM, YTO n o 3 ~ 0 n x e ~  c w T a n  H c c n e x y e M b I e  

06pa3m1 MaKpoCKOnHYeCKHMH H HCIIOJIb30BaTb m R  H 3 y q e H m  PaASia- 
xuiomoro ynpowenm T p ~ w o H H b I e  M~TO-I, H a n p m M e p  nonywmmrbi 
U l H p o K O e  paCIIpoCTp11HeHHe MeTOJJ H3MepeHHII M H K ~ T B ~ P A O C T H /  1n4*5/,  
B-~pennx,  YCJIOBHR 0 6 n y s e ~ n ~  ( ~ e ~ n e p a ~ y p y ,  MOTHOCT~ n o T o K a  HOHOB) 

MOXHO H8JXeXHO KOHTPOnHPOBBTb. 

&JIbIO H~CTORII@ p a h T b 1  RBnReTCH HCCj'feAOBaHHe AO3OBbIX 38BHCH- 

~ocrefi ~ 3 ~ e ~ e ~ ~ t l  M e x a m i s e c w i x  CBO~~CTB H M H K P O C T P ~ K T ~ P ~ I  pma ~ H C -  

TbIX MeTUUIOB, O ~ J I ~ Y ~ H H ~ I X  H O H M  KCeHOHa C 3 ~ e p r H e f i  124 M3B, a TaKXCe 

nsysenne ennsxnm T e M n e p a T y p b I  06nynennn H a  c r e n e n b  pamarrnomoro 
ynpowenm M e T a n n o B .  



npn T e M n e p a T y p a x  300°C (A]) , l l O O ° C  ( V ) , 7 0 0 ° C  (Ni a Cu) .06JIy- 
s e H u e  06pa3qoe OCyUeCTBnHJlOCb HOHaMki Xe C 3Heprk i f i  124 M3B nps 
T e M n e p a T y p a X ,  6JIki3KHx K KOMH~THOR, 38 HCKJlIOIIeHlleM CnyYaR H3yqeHHH 

p a 9 H ~ H O H H O r O  YnpOWeHkiH B 3aBHCHMOCTki OT T e M n e p a T y p b I  0 6 n y s e m ~  
n p H  ~ O C T O R H H O ~ ~  A 0 3 e  n0BpeXAeHkif i .  ~ O T H O C T ~  IIOTOKOB HOHOB n p H  o6ny- 
ye- v , Ni a cu c o c T a s n m a  2 ~ 1 0 9  HOH/CM 2 c H 2,5x10 ~ ~ H O H / C M  % 
n p H o 6 n y s e ~ m  A l .  

B ~ ~ H Y H H ~  P ~ H W H O H H O r O  YnpOYHeHHR OnpeneJIFInaCb MeTOnOM M M e -  

PeHHR MHKPOTBePnOCTH l l p H  H a r p y s K a X ,  n p k i B O ~ W X  K npoHkiKHOBeHHKl 

awemopa B M a T e p a a n  H e  6onee s e M  H a  3,s MKM ( c M . T ~ K ~ ~  '49 5' ) . 
~ O C K O ~ ~ K Y  m y 6 ~ ~ a  BHenpeHHH HHneHTOpa BO BCeX C n y q a R X  6bma B HeC- 

KOnbKO pa3 MeHbUle nnHHb1 npo6era HOHOB, MOXHO CWTaTb,  m O  H3MePRB- 

m a x c ~ ~  M a K p o T s e p n o c T b  xapa~~epa30sana M e x m n s e c K n e  c ~ o f i c ~ s a  c n o H ,  

y n p o w e H H o r o  0 6 n y r e ~ n e ~ .  
Hapmy c a 3 y r e ~ a e ~  M e x m a r e c K n x  C B O ~ ~ C T B  6bm0 n p o B e n e H o  nccneno- 

B m H e  MHKpOCTpyKTypbI  O ~ ~ Y Y ~ H H ~ I X  A 0  Pa3nHYHbIX A 0 3  n o ~ p e ~ e ~ k i i i  06- 
pa31.10~ M e n a  c a c n o n b 3 0 s a ~ ~ e ~  npocae-amuero snempomoro M a K p o -  

C K o n a  JCX-100 (ma pa60~a  B b I n o n H e H a  B na6opa~opan CTPYKTYPH~IX H c c n e -  

n o s a H ~  P m H W H O H H b l X  A ~ @ ~ K T O B  MR@ AH Ka3CCP). 

I 1' . ~ O C T U  8 U ~ a d l U 3 ,  U U K M R ,  M e d u  U Wl loMUHuR,  

1014 5 lo14 IC" 0 6 n y ~ e u u b l x  U O U ~ M U  K c e u o u a  C sueprueii 
11034 O ~ . Q T ~  124 M 3 B ,  OT @ n ~ o e u c a .  

110. 

M e n b  5,4- 10- l~  20,4 
H H K ~ J I ~  5,9. 10-lo 41,5 

I Ba~m~f i  4,3 . 10-lo 25,l 
k n m ~ ~ m f i  1,9 lo-'' 1 9 , O  

;:::+P--+ n n H  c n y r a e B  V , Ni a Cu a B b I p a x e -  

HUeM 

- - -  

KBaApaTOB. T O ~ K H  H a  P H C . ~  - 3KCnepliMeHTZUIbHbIe 3HaYeWJ3,  a rnZWKHe 

K p a s b I e  n o n y s e H b 1  npa n c n o n b s o s m m  ~ b ~ p a x e ~ k I j i  (1) a (2) c n a p a M e T -  

P a M H  H 3  ~a6nwb1. 
M 3  pac.1 BEWHO, s ~ o  s e n s w H b I  n o p o r o s b I x  1103, T.e. nos, H a s m a R  c KO- 

TOpbIX ~ a 6 n m n a e ~ c ~  3HaqHTenbHOe ki3MeHeHHe MkiKpOTBepnOCTH, 6 n a 3 ~ a  
m f l  V , Ni , CU a COCTaEnHIoT - 10 l2  HOH/CM B TO x e  B p e m  n n f I  A1 
B e n w w H a  noporo~ofi nO3bI  - 9x10 l3 HOH/CM '. A~COI~KITHBR B M H W a  

n p H p o c T a  ~ P O Y H O C T H ~ I X  C B O ~ ~ C T B  I iMeeT ~ a ~ 6 o n b m e e  3 ~ a q e ~ a e  n n R  Ni . 
0 6 n y q e ~ ~ b 1 e  06pasub1 MenM 6bma IlpOCMOTpeHbI MeTOnaMH n p o C B e W -  

B m U p ? f i  MHKpOCKOnHH. ~ P H  HCCJ'IenOBaHHH 0 6 H a p y x e ~ b 1  ~ C n O K a 4 l i O H H b I e  

n e T n H  H T e T p a 3 n p b I  ~ ~ @ ~ K T O B  YnaKOBKH ( ~ M . T ~ K X ~ / ' / )  . Ha pkic.2, IlOKa3aHbI 

@ P ~ ~ M ~ H T ~ I  @ 0 ~ 0 r p a @ H f i ,  H a  KOTOPbIX BKIIJ-IbI KJ'IaCTepbI TOW?YHbIX A @ ~ K -  

TOE, B O ~ W K L I I H ~  B M a T e p n a n e  non n e f i c ~ ~ n e ~  0 6 n y ~ e ~ ~ r r .  K p o ~ e  T o r o ,  

n p m e n e ~ b ~  p a c n p e n e n e H a H  O T H O C H T ~ J I ~ H ~ I X  K O H U ~ H T P W ~  K n a c T e p O B  no 
HX p a 3 M e p a M  H ~ ~ c o J ' I I O T H ~ I ~  KOHueHTpWHH KnaCTepOB n p H  T p e X  pa3nHYHblX 

YPOBHHX I l o B p e X A e ~ k i f i :  B o6nac~a M a K C H M m b H O r O  I lpHpoCTa M l i K p o T B e p -  

HOCTH H H a  YqaCTKe H a C b m e H H H  3 @ @ e ~ ~ a  PaAHWHOHHOrO Y l l p o Y H e H M .  

f i @ e ~ ~ H a ~  C r p y K T y p a  ki3yWJIaCb H a  rny6ki~e 1 MKM OT 0 6 n y q e ~ ~ o R  nOBepX-  

HOCTH. &FI PaC'feTa PaClIpeneJIeHkiH TOseYHbIX PaAHaUHOHHbIX A ~ @ ~ K T O B  

no npotjery H ~ H o B  Xe HCIIOJIb3OBanaCb n p o r p a M M a  EDEP-1"' (sepcm 
1985 rona). O m a 6 ~ a  B O n p e n e n e H H H  K O H ~ ~ H T ~ W H ~ ~  ~ ~ @ ~ K T H ~ I X  KJlaCTepOB 

H e  npesbrmana + 20%. M 3  a ~ a n ~ 3 a  M I i ~ p O C T p y K T y p b 1  O ~ ~ Y ' I ~ H H ~ I X  06pa3uo~ 
MOXHO cnenan B b I B o n  o n p e o 6 n a ~ a ~ ~ u  K n a c T e p o B  c p a 3 ~ e p a m  no 5 H M .  

O l I p e , l l e n H ~ o ~ f i  BKJlm KJlaCTepOB C ~ O ~ O ~ H ~ I M H  p a 3 M e p a M H  B H3MeHeHHR 

M e X W Y e C K H X  C B O ~ ~ C T B  MaTepHanOB,  O ~ ~ ~ Y ~ H H ~ I X  n p H  T e M I l e p a T y p a  P O  

0,3 T , , X a p a K T e p e H  H B cnysae 0 6 n y s e ~ a f l  JlerKkiMH HOHaMH H ~ e f i ~ p O -  

H a m  r 3 / .  

Ha pkic.3 nOKXMHb1 3KCllepHMeHTNIbHaH H PaCqeTHaH 3aBHCIIMOCTH 

MUKpOTBepnOCTU M e n H  C n030fi 06JIy~e~?Ul. P ~ C Y ~ T  BbIllOJlHfUICH no @OPMY- 

ne (cM., H a n p a M e p ,  
/ 1') 

AH = Ho.  (1 - exp(-a D)) 
(2) 

n n H  A I .  B (1) a (2) D -nosa o6ny- 
U 

s e m H  B enmnuax ~ O H / C M ~ ,  H~ - 
a 70 co n p e n e n b ~ m  aenawna, K KOTOPOR c ~ p e -  
rS: P 
& 6 0  f- MATCH 1 npHpOCT MHKpOTBepfiOCTH A H 
~4 npa no3a  D >> l / a  . B ~ a 6 n ~ u e  nps- 
m 5 0  
c 

2.l' 

nenesbr s e n ~ s m b ~  a a Ho , n o n y s e ~ -  
1d3 5 1013 1014 HbIe npa o 6 p a 6 o ~ ~ e  3 K C n e p I l M e H T m -  

HbIX AaHHbIX n0 MeTOAY HaIlMf?HbUI&iX 



fic.4. Tmneparypnm 3 a e u c u ~ o c ~ b  npupocra MUKPO- 

~ e e p d o c m  ~ e d u  npu $AWence 10 l4 UOH/CM 2. 

Y n p o W e H H e  TBepAbIX T e n  KOHTaKTHbIM H YnPY- 
r H M  B ~ ~ ~ ~ M O A ~ ~ ~ C T B H ~ M  O ~ ~ ~ ~ O B ~ B U I H X C R  BO 

BpeMR o6n y q e ~ H R  c~ome~ki i i  TOlIerIHbIX Ae- 

@ ~ K T O B  C AHCIIOKLUJMMH. B (3) G - MOAYnb 

cnsnra, b - B e m o p  Bmprepca, #3 o T p a x a e T  

~ @ @ ~ K T H B H O C T ~  KnaCTepOB K a K  CTOnOpOB n p H  

ABHXeHHH A H ~ n ~ ~ ~ k i i i ,  pi - ~ ~ C O T I K ) T H ~ R  

K O H I J e H T p W M  KnaCTepOB C XapaKTepHbIMH 

p a 3 M e p a M H  d &R MeAH 3TH B W H W H b I  HMeIOT 3Ha'IeHHR ~ = 4 , 1 ~ 1 0 ~ % n a ,  d ' b=2,558~10- CM, a 8 B b 1 6 H p a J I 0 ~ b  PaBHbIM 4. M 3  p H c . 3  B W O ,  'IT0 pac- 
qeTHaR 3aBHCHMOCTb B I l p e E W a X  TOWOCTH O n p e A W e H M  KOHIJeHTPaUHH H 

p a 3 M e p O B  C K O I I J I ~ H H ~ ~  A ~ @ ~ K T O B  AOCTaTQWO XOpOluO OnHCbIBaeT 3KCnepH-  

Men-ranbHbte A m H b I e .  C n c ~ e ~ a ~ n q e c ~ o e  3 a ~ b 1 l u e ~ n e  p a c q e T w I x  s ~ a u e ~ ~  H, 
no-BZWHMOMY, CBR3WO C Y e O A H O ~ M O C T b I O  PaCIlpeAeJIeHHR A ~ @ ~ K T o B  no 
my6me CJ'IOR, B K O T O ~ ~ I ~ ~  BHeApRnCR WHAeHTOP n p H  H 3 M e p e H M  M H K W -  

TBepAOCTH, H 3aBbII I leHHey B K n a a  OT KnaCTepOB C pa3MepaMM M e H e e  

2,5 HM, CBR3WHbIM C BeTOWOCTbIO H3MePeHHH 3TZM p83MepOB.  

Ha p H c . 4  nPHBOAHTCR 3aBHCHMOCTb MHKPOTBBPAOCTH MeAH, 06nyne~- 
HOR A 0  A03bI  1014 H O H / C M ~  , C O O T B ~ T C T B Y I O I ~ ~ ~ ~  HaCbIUJeHHH) 3@@eKTa 

PBlZHa4lOHHOrO YnPOIMeHHR, OT TeMnepa'rYPbI O ~ ~ ~ B ~ H H R .  B-0, q T 0  B 06- 
nacrn T e M n e p a T y p  no 200°C panawiomoe y n p o w e H n e  H e  H ~ M ~ H R ~ T C R  

C ~ e ~ n e p a ~ y p o f i ,  a C A a n b ~ e f i l u H ~  YBWIHqeHHeM T e M n e p a T y p b I  UpoHCXOAHT 

n o H n x e H n e  C T e n e H n  y n p o W e H n R  ~ r r n o ~ b  AO T e M n e p a T y p  400' C, K o r A a ,  

no A ~ H H ~ I M  ~BTOPOB, onpenennmuym p o n b  B npoqeccax @ o p ~ n p o ~ m m  
A ~ @ ~ K T H O ~ ~  CTPYKTYPbI H a W H W T  H r p a T b  BaKaHCHOHHbIe nOpb1 (IIpoqeCCbI 

P a H W H O H H O r O  P ~ c ~ Y x ~ M )  . T a ~ w  T e M l l e p a T y p H a R  3aBHCHMOCTb MHKPO- 

' TBepAOCTH MeAH COrJ'IaCyeTCR C 3KCnepHMeHTaJIbHbIMH A W b I M H  n0 H3Me- 

HeHHlo K O H U e H T p W M  H p a 3 M e p O B  K n a c T e p B  AE!@~KTOB B M e a n ,  06nysemoii 
HOHaMH MBAH C 3HeprHRMH 14 M3B B o 6 n a c ~ ~  T e M n e p a T y p  o T  0,2xT,, no 

/8/ 0,6xT,, . 

1. , ~ J I H  pma ~ C T ~ I X  M e T a n n o B  ( A1 , V , N i  n CU ) n o ~ a 3 a ~ 0 ,  wo no- 
30s- 3BBHCHMOCTb CTeneHH p a H a H O H H O r 0  yll W e H H R  HMeeT TeHAeHI&SO 

K HaCbIYleHHIO ( H W T ~ ~ B U  A 0 3  ~ 0 B p e ~ e ~ H f i  10-Bq-- c.H.~.)  . \ 2. O I l p e l l W e H a  T e M n e p a T y p H a R  3aBHCHMOCTb P a H a H O H H O r O  YIlpOVHe- 

HM M e a n  npn nose, c o o m e ~ c m y m r q ; e f i  ~ a c b ~ r u e ~ m  s@@ema ynpowesnn. 

HaR C T e M n e p a T y p  BbIl l le  200' C, W O  COrnaCyeTCR C XOAOM ~ e ~ n e p a ~ y p ~ o f i  
3a.BHCHMOCTH KOHIleHTPWHH H p a 3 M e p o B  KnaCTepOB A @ ~ K T o B / ~ /  H, no- 
BIWHMOMY, O ~ ~ R C H R ~ T C R  B03PaCTiLHHeM IIOABHXCHOCTH BaKaHckiii.  



3. ~ ~ ~ K T ~ O H H O - M U K ~ O C K O ~ H ~ ~ C I C I ~ ~  HCWeJJOBaHWf nOKa3anH, W O  

npH o6nyqema TRXeJIbIMH HOHaMH, KBK H JJPYrUMU qaCTHqaMR ( H ~ ~ ~ T P O H ~ M U  

H nerKnMu n o ~ a m ) ,  pa,uuaqHoHnoe ynpOwieHue 06ycnosne~o Knacrepam 
paJUi~OHHbIX J J ~ ~ ~ K T o B  C pa3MepaMH no 5 HM. 
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Didyk A.Yu. et al. 
Radiation Hardening of Metals 
Irradiated by Heavy Ions 

The damage dose dependence in the + dpa region of 
radiation hardening of Al, V, Ni, Cu irradiated by xenon ions with 
124 MeV energy is investigated using the microhardness technique and 
transmission electron microecope. I t  is shown that the pure metals ra- 
diation hardening is stimulated for defects cl&rs with the typical size 
less then 5 nm, as in the case of neutron and the ligfit charge ion -a- 
tion. 

The investigation has been performed at the Laboratory of Nuclear 
Reactions, JINR. 
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