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A Simulation of the Effect of Fission Recoils . 
ori Cladding Surfaces of WWER (PWR) Fuel Using Heavy Ions 

In order to simulate the damage induced byfission'i-ecoils of the inner 
surface of WWER reactor, fuel clacidjng, Zr samples were irradiated with hea~y 
ions (Ar with energy 460 MeV and Ne with energy 230 MeV): The.effect of 
radiation damage and implanted ions on the change in mechanical prope-~ties of 
Zr samples has been determined. The possible embrittlement mechanisms are 

, discussed. . . . . 

The investigation has been performed at the Flerov Laboratory of Nuclear 
' ' ' ' ,, . . .. 
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1. BBE.1lEHl1E 

Bal!CHOH rrpo6JieMOH, KOTOpal! BJ!Hl!eT Ha llOBe)leHHe TellJIOBJ,l)leJillIOIUHX 

3JieMeHTOB B B B0Jl0-B0.[ll!HLIX llHepreTH'leCKHX p_eaKTopax ( BB3~) , l!BJil!e:rcl! 

B3aHMO)leHCTBHe TOllJIHBa C o60JIO'IKOH. 3!fl!fleKTOM TaKOl"'O B3aHMOJl_eHCTBHll, 

llOJlTBeplKJleHHl,IM BO MHOl"'HX 3KCrrepHMeHTaJibHl,IX _p_a6oTaX [l-4]. .CJIYlKHT 

pacTpecKHBaHHe UHPKOHHeBl,IX o60JIO'leK TBeJIOB B pe3yJibTaTe KOpp03HH 

rr_OJl Harrpl!l!CeHHeM. . cymecTB yeT MHeHHe. 'ITO O~HOBHOH rrpH'IHHOH TaKOl"'O 

l!BJieHHll MOllteT 61,1Tb Hapa6oTKa HO)la H ero B03)leHCTB!ie Ha ?60JI,O'IKY. 

KOTopal! HaX_OJlH_TCll B HallplllKeHH?M COCTOl!H~f' ~ pe3~Jlb,TaTe pacumpeHHll 

JlBY?KHCH yp~Ha, B, oco6eHHOCTH. rrpH H3MeHeHHl!X __ MOIUHOCTH _pe_a_KTOP~-

B1,1rroJIHeH pl!Jl pa6oT. B KOTop1,1x orrpe.ueJieH1,1 3aBHCHMOC,TH BPE:~eHH :no 

pacTpeCKHBaHHll o60JIO'IKH H CKOpOCTb pocTa TpeIUHH. liCCJie)lOBaHO TaKl!Ce 

BJIH_l!HJ;I~ O~Jiy'leHHll . HeHTpOHaMH H~ BOCllpHH,M_'IH_BOCTb, UHpKqH~ll K Koppo3HH 

llOJl Harrpl!l!CeHHeM [5-7]. B pa6oTe [5] llOKa3aHO, 'ITO pa.uHaUHOHHl,le 

llOBpel!C)leHHll yBeJIH'IHBaDT rroporOBl,le Harrpl!l!CeHHll lnpHMepHoHal0%. 

PaccMaTpHBaDTCll JlBa MexaHH3Ma BJ!Hl!HHll o6Jiy'leHHll Ha BOCilP!iHM,HBgp:rb 
· · ' 20 2 

Zr K KOpp03HH ll~.ll Hanp~lKeHHeM £71.'. npH HH3KHX Jl03_ax (.nq .1~ ' H/CM_ I 

)leHCTB yeT 3!fl!fle_KT pa.uHaUHOHHOl"'O y_rrp_O'IH~HHll, , . a.. rrpH .no:,rnx Bl,IWe 

10
20 

H/cM
2 

. p,eaJIH3 yeTCll "Jlpyrofi MeXaHH3M", KOT,Opl,IH .. He HMeeT 

o6~l!CHeHHll. B pa6oTe [8] Bl,ICKa3aHO rrpe)lllOJIOlKeHHe, 'ITO 3TO MOllteT 6UTb 

CBl!3aHO C HeO)lHOPOJlHOH llJiaCTH'leCKOH .uecpopMauHe8, a aBTOp~ [9] 

C'IHTaDT. 'ITO llOBl,IWeHHal! xpyrrKOCTb BHYTIJeHHeH llOBepXHOCTH o60JIO'IKH 

Bl,13 Ba Ha HMllJiaHTHpOBaHHl,IMH OCKOJIKaMH J).eJI_eHHll l!)lep ypaHa . 

.1lJill THllH'IHl,IX YCJIOBHH pa60Tl,I peaKTOpa BB3P H PWR CKOp0CTb )leJieHHll 
. 13 3 . 
C0CTaBJil!eT 1.3·10 )leJieHHH/(CM "c). Kallt)l0e )leJieHHe .uaeT )lBa 0CK0JIKa 

: '' ' . . ' . 
)leJieHHll c MaccaMH 140 - 95 a.e.M •. H 70 - 98 M3B \_,tJill~peJlH_e-n1:xceJILI~ H 

cpeJlHeJienrnx 0CK0JIK0B C0OTBeTCTBeHH0 [9]. .1lJill Ta~HX 0CK(!JIK0B 

)leJieHHll JJ.erKo oueHHTb HX rrpo6er B u~.: 6. 7 - 9. 3 _MKM ,[10] H ~- 2. -

10. 4 MKM BZr [11]. 3TH CK0p0CTH )leJieHHll H rrpo6erH 0CK0JIK0B )leJieHHll 

C03)laDT ll0T0K BLIC0K03HepreTH'ICCKHX, llp0JlYKTOB, Jl0X0JllllUHX ' Jl0 

BHyTpeHHeH 
2 

HOH/( \'.!¥:;C). 

ll0BepXH0CTH o60JIO'IKH, c llJIOTHOC_TbD , llOTOKa 5. 1 o 9 

B _CJI0e c T0JIIUHH0H npHMepH0 10. MKM ,HaX0)lH'f,Cll. 0K0JI0 2 _7. 

ll0CT0p0HHHX aT0M0~ rrpH. CTaH.11apTl;I0M. Bl,ll"'0paHHH l!Jlep.H0I,"'0. T0llJIH.B.a~ Tor.ua 

C BHyTp_eHHeH CT0p0Hl,I UHPK0HHe_B0H o60JI0t{KH C03)laeTC.H CJI0H .• C 

pa.uHallH0HHl,IMH ll0BpelK)leHH.HMH, · Bl,13BaHHUMH yrrpyrHMH CTOJIKH0BeHHl!MH 

OCKQJIK0B aToMaMH UHpKOHH.H (npHMepH0 2 , · CHa), .. H 

H0HH0-HMllJiaHTHp0BaHHl,IH CJI0H. 



UeJih HaCTOHWeii . pa60Tl,I rrpHMeHeHHe THXeJiblX HOHOB nJIH 

MoneJIHpOBaHHH panHaUHOHHblX llOBpexneHHii, B03HHKaJOWHX B pe3yJihTaTe 

B03neiicTBHH. _OCKOJIKOB neJieHHH, H orrp e neJieHHe HX BJIHHHHH Ha 

MexaHHqeCKHe CBOiiCTBa UHpKOHHH. 

2. METOnHKA 9KCITEPHMEHTA 

B pa6o~e 61,1n HCllOJ!b30BaH UHpKOHHii B BHne <fJOJihrH C T0RIUHH0H 

22MKM.XHMHqecKHii COCTaB H MeXaHHqecKHe CBOiiCTBa rrpencTaBJieHbl B 

Ta6JI,HUE! 1: 06pa3Ubl nJIH Hcrr'u'TaHHii Ha paCTHEeHHe HMeJIH pa3Mep1,1 pa6oqeii 

qacTH - 15X3 MM rronpo6HO MeTonHKa pacTexeHHH MHHHaTI0pHbIX o6pa3UOB 

rrpencTaBJieHa B pi6~Te [12i 
. '' 

Ta6JIHUa 1. XHMHqe~KHi C0CTaB H MexaHHqecKHe CBOiiCTBa UHpKOHHeBblX 

o6pa3UOB 

XHMHti'ec
0

~Hii C0CTaB ( Bee_. 7.) : 

Cr - 0.0011; Mg - 0.0001; Pb - 0.0010; Sn - 0.0001; Ge - 0.0019; 

Ni - 0.0002; V . - 0.0001; Zn - 0.0070; Fe - 0'.0050; Mn - 0.0001; 

Cu - 0.0005; Ti - ·o.0050; Hf - 0.0025; H. ~ 0.0011; C ~ 0.0050. 

MexaHHq~cKHe CBOlciBa rtpH·20°c~ 

•. flpeneJI i°eKyqecTH U - 202 MITa; 
0,2 

rrpoqHOCTH 

ynJIHHeHHe 

HV20 MHKpOTBepnocTb 

TOJIWHHa "qioiibrH 

pa3Mep 3epiia 

TeMrrepaTypa OTXHra 

' 288 MITa; 

1 s· 1.; 
; . ' ' 2 
121 Kf/MM; 

22±0. 1 MKM; 

7 MKM; 

·6oo 0 c, 20 MHH. 

o6pa3Uhl o6JiytiaJiiich Ha ycKopHTeJie Y-400 ·HoHaMH 22Ne c :rneprHeii 
40 · · · · . . 

E = 230 M3B H HOHll.MH Ar c 3HeprHeii E = 460 M3B. ITpenBapHTeJibHO Bee 

06pa3u1,1 61'iJIH yJioxeHbl ·B 'c6o'pKH ·mi '5 ··qioJihr ( Ne) H rr-0 4 qionhrH (Ar) B 

Kaxnol. 9HeprHH HOHOB 61,1mi: BblWe 3He'prHH rrponyKTOB neJieHHH, .B peaK_Tope 

BB9P, HO nJIH HCCJienoBaHHii Mexa~HqecKHX CBbiiri~~ rrpH
1
~6JiyqeHHH"HOHaMH 

HYXHa BblCOKaH 3Hepr1fa C TeM, qT061,1 C03naTb onH'oponHoe ne¢eKT006pa30-

BaHHe llO TOJIWHHe o6pa3Ua [13]. Bo BpeMH 06JiyqeHHH o6pa3Uhl 

2 ; 

~ 

,, 
r 

OXJiaxnaJIHCb llOTOKOM B03nyxa, B CBH3H C qeM TeMrrepaTypa o6JiyqeHHH He 

rrpeBuwaJia 50°c. 

06pa3Ubl 6blJIH o6JiyqeHbl no nB yx qimoeHCOB: Ft = 1 . 10
14 

H Ft = 2. 1 0 
14 

H0H/CM2 nJIH HOHOB 22 Ne H Ft= 3.6.10
14, Ft= 9.37 10 

1'ii Ft = 1. 57 1"0 
15 

HOH/cM2 nJIH H0HOB 40 Ar. CpenHHH llJIOTHOCTb llOTOKa HOHOB COCTaBJIHJia 

F = 1.2. lOllHOH/( cM2 c). 

rrocne o6JiyqeHHH o6pa3Ubl pacTHrHBanHCh Ha HCllblTaTeJihHOii MaWHHe 

INSTRON-1121 co cKopocThJO neqiopMauirn 5. 5, 1 o -
5 

c - l 

3. PE3YflbTATH HCCflEflOBAHHA H OECYMnEHHE 

Ha pHC. 1 H 2 rrpencTaBJieHbl H3MeHeHHH ceqeHHH ne¢eKT006pa30BaHHH 

ne¢eKTOB (Ud) B 3aBHCHMOCTH OT rJiy6HHbl BnOJib rrpo6era HOHOB Ne H Ar B 

UHPKOHHH C0OTBeTCTBeHH~. PacqeT ceqeHHii BblllOJIHeH 

KOMllbJOTepHoii rrporpaMMbl TRIM-90 [11]. 

C HCll0Jlb30BaHHeM 

rrpo6er HOH0B Ne (230 M3B) H Ar (460 M3B) B Zr COCTaBJIHeT 108 MKM 

H 85 MKM COOTBeTCTBeHHO. Ha pHC. 1 H 2 ll0Ka3aHl,I cpenHHe BeJIHqHHbl 

ceqeHHH B 

TeKyqecTH 

KaxnoM 06pa3ue H3 ·c6opKH. 

o6pa3UOB Zr rrpencTaBJieHbl B 

Pe3 y Jib Ta Tbl H3MeHeHHH rrpeneJia 

Ta6JIHuax 2 H 3, _a no3oBaH 

3aBHCHMOCTb rrpenena TeKyqecTH Zr llOCJie o6JiyqeHHH HOHaMH Ne H Ar 

llOKa3aHa Ha pHC.3. 

Pe3yJihTaTbl, 

BblpaxeHHeM 

rrpencTaBJieHHble Ha pHC. 3, M0XHO arrrrpoKCHMHpOBa Tb 

. ' 
6ft

0
,

2 
= A 11 - exp(-B dd Ft))l/2, 

r ne D ,;,, u Ft - no3a llOB pexneHHii, rrapaMeTp A = 25.97' MITa nnH HO HOB, Ne 
d 3 - . 

H -A = 70 MITa nnH HOHOB Ar; rrapaMeTp B = 6.28. 10 CHa 
1 

( Ne) H B = 
3 -1 

033 10 cHa ( Ar) .. 

ITpH no3ax 6onee 2 cHa, K0Tophle M0EeT Ha6paTh o6onoqKa ~Bena~]. 

ti.u = 70 MITa nJIH HOHOB Ar,· eCJIH• rrpHHHTh. ,qTO HMeeT MeCTO Hac1,1weIrne 
0,2 , 

3<fJ<fleKTa· panHaUHOHHoro yrrpoq~eHHH. ·Torna C TOqKH 3peHHH panHaUH0HHOro 

yrrpoqHeHHH H3MeHeHHe rrpenena TeKyqecTH ~OCTHraeT rrpHMepH0 35 ~ npH 

o6nyqeHHH HOHaMH aproHa rrpH TeMrrepaType Me Hee 1 oo
0
c. B - peaJibHblX 

ycJIOBHHX b6onoqKa pa6oTaeT rrpH TeMrrepaType 300°c. 

3 



Ta6nHua 2. npenen TeKyqecTH Zr - u nocne o6nyqeHHH HOHaMH Ne 
0,2 

(230 M3B) B c6opKe ( no 5 qiomrJ 

J# 06pa3ua . }lo3a [cHa] u [Mna] 
0,2 

tiu4i[l\1Ila] 

B c6opKe noapel!CneHHfi 

1 5.79'10- 5 216 14 

2 6.80'10- 5 217 15 

3 ·8.90'10-5 221 19 

4 1.41·10- 4 223 21 

----------------
5 8.10·10- 4 234 32 

o6pa3eU c OCTaHOBHBWHMHCH HOHaMH Ne npH qJRIDeHce Ft= 1 ·10 14 
HOH/CM

2 

1.15·10- 4 220 18 

2 1.38'10- 4 220 18 

3 1.78'10-4 
223 21 

4 2.28'10- 4 226 24 

5 1.74·10- 3 242 40 

o6pa3eU c OCTaHOBHBWHMHCH HOHaMH Ne npH qJRIDeHce Ft= 2·10 14 
HOH/CM 2 

B 06pa3uax 5 H 4 (CMOTPH Ta6RHUU 2 H 3) KpoMe CROH C 

panHaUHOHHUMH noapel!CneHHHMH HaxonHTCH CROil C HMnRaHTHpoaaHHUMH 

HOHaMH. TaKHe CROH HaxonHTCH c BHyTpeHHeH CTOpOHU o6onoqKH. 

H3MeHeHHe rrpenena TeKyqecTH no cpaBHeHHID C Heo6nyqeHHUM UHpKOHHeM 

nocTHraeT npHMepHo 50 7. rrpH no3e 1.52·10- 2 cHa npH o6nyqeHHH HOHaMH 

Ar (06pa3eu 4, Ta6nHua 3). PaccqHTaHHaH cpenHHH 

B o6pa3uax TORIUHHOfi 22 MKM ( o6pa3UU 5 H 4 J 

KOHUeHTpaUHH Ne H Ar 
-6 

COCTaBRHeT 2.1·10 

( HOH Ne)/(aTOM Zr) rrpH qJRIDeHce Ft= 2 · 1014 HOWCM2 11 l.66. 10-5 

(HOH Ar)/ ( a TOM Zr) rrpH qJRIDeHce Ft= 1.57 · 1015 HOH/cM2 COOTBeTCTBeHHO. 

B TOl!Ce apeMH a HOHHO-RerHpOBaHHOM cnoe c TORIUHHaMH llRP = 0.275 MKM 

(Ne) H llR = 0.35 MKM ( Ar) paccqHTaHHaH KOHUeHTpauHH nnH yKa3aHHUX 
p -4 -3 

auwe qJRIDeHCOB COCTaBRHeT 1. 79. 10 ( HOH Ne)/( a TOM · Zr) H 1. 04 f 0 

( HOH Ar)/( a TOM Zr). npH TaKHX KOHUeHTpaUHHX HMnRaHTHpOBaHHUe ra3u 

HMeIDT TeHneHUHID K co6HpaHHID B Manue ny3upbKH [l~. 
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Ta6nHua 3. npenen TeKyqecTH Zr - u nocne o6nyqeHHH HOHaMH Ar 
0,2 

J# 06pa3ua 

B c6opKe 

2 

3 

4 

(460 M3B) B c6opKe ( no 4 qJORbrH). 

.IlO3a [cHa] 

noapel!CneHHfi 

8.24'10- 4 

1.32'10-3 

u [Mna] 
0,2 

240 

246 

e.u,i1 [1,;1na] 

38 
44 

06pa3eu c OCTaHOBHBWHMHCH HOHaMH Ar rrpH qJRPeHce Ft= 3.6·10 14 
HOH/CM

2 

2 

3 

4 

1.68'10- 3 

2. 15' 10-·3 

1,52·10:-2 

243 

248 

304 

41 

46 

102 

06pa3eu C OCTaHOBHBWHMHCH HOHaMH Ar rrpH qJRIDeHce Ft= 9.37 · 1015.110H/cM2 

2.81'10- 3 

2 3.60'10- 3 

3 5.78'10- 3 

---
4 2. 54' 10-.2 

257 

263 

267 

282 

55 

61 

65 

06pa3eu C OCTaHOBHBWHMHCH HOHaMH Ar rrpH qJRIDeHce Ft= 1.57. 1015 HOWCM2 

B o6nyqeHHUX 06pa3uax 4 H 5 c nnacTHqecKol1 neqiopMauHeH rrpHMepHo B 

3 %, C HCITORb3OBlllllfeM .CTattnapTHOii. rrpoueAypbI· 

HCCRenoaaHHH, o6Hapyl!CeHU KOpOTKHe Tpe!UHHU 

rrepneHAHKY RHpHue HarrpaBReHHID paCTHl!CeHHH. 

nnH MeTannorpaqJHqecKHX 

B rroaepXHOCTHOM cnoe, 

XpynKOCTb 3TOro CROH 

HBRHeTCH pe3yRbTaTOM, CBH3aHHUM C HMITRaHTHpOBaHHUMH HOHaMH H 

auneneHHHMH MaReHbKHX ra3OBUX ITY3UpbKOB, 'TaK JKe, KaK If C panHaUHOHHUMH 

rro~pel!CneHHHMH. Kpo~e Toro, HMeeT MeCTO norrORHHTeRbHOe yrrpoqHeHHe, 

KO~Op?e Hapa6a'rn.Bae.TCH a o6oiio'Iie B '1i'e~yRbT
0

aTe HefiTpOHHOro o6nyqeHHH 

(15]. PacTpecKHBaHHe a xpyITKOM noaepXHOCTHOM cnoe MOl!CeT 6UTb nepaoll 

CTanHeH noapel!CneHHH o6onoqeK B pe3yRbTaTe B3aHMoneHCTBHH C TOnRHBOM. 
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PHC.1. H3MeHeHHe ceqeHHH o6pa3oBaHHH ~peHKeneBCKHX nap 

o6nyqeHHOM HOHaMH Ne (230 M3B). 

cy~ 
0 

IC 
0 
~•' 

! 
"'O 

I..C 

10-15 i 2 

10-16 

4;27x10-18 

1~-17 

10 !...1s· 

3 4 

5,23x10-17 

. I 
I 
\ 

B Zr, 

i 

10-
19 _1.· ....... , .. 1 ....... , .• ! ... ,. 1 ..... 1, .... + 

0 20 •, 40 60 . 60 .· 1 :::i 

_RP 

PHC,2. 

MIDI 

H3MeHeHHe ceqeHHH o6pa3oBaHHH ~peHKeneBCKHX nap 

06ny1e~·HOM HOHaMH. Ar l 460 M3B). . ' 

B 'zr, 

6 

§ 

~o 

10'~ 

10 
10 -• 

6 
.:. 

• t:,, 6 

I::. b. 6. 

I 

10 -• 

t,, 

,no3a, dpa 

0 

0 0 
0 

.-,--
'-. . ,: 

0 
0 

PHC. 3. H3MeHeHHe npeJiena TeKyqecTH UHpKOHHH nocne o6nyqeHHH HOHaMH 

Ne (230 M::iB) -A H HoHaMH Ar (460 M3B) - o. 

)lnH 6onee nonHoro noHHMaHHH npoueccoa, npHBOJIHlllHX K 

pacTpeCKHBaHHIO o6ono'leK TennOBhl)lenHKllllHX 3neMeHTOB, Tpe6yeTCH 

npoBe)leHHe 3KCnepHMeHTOB. COOTBeTCTBYKllllHX peanhHhlM ycnoBHHM pa60Thl 

( TeMnepaTypHhlM, YPOBHHM noa pelK)leHHll, KOHUeHTpauHHM HMnnaHTHpoaaHHhlX 

OCKORKOB )leneHHH H JIP. ) . TaKHe pa60Thl npeJinonaraeTCH npoaecTH B 

)lanhHellweM. 
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