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INFLUENCE OF DAMAGE MICROSTRUCTURE ON MECHANICAL PROPERTIES AND
ACCUMULATION OF HYDROGEN IN SS316 STEEL
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Data on the evolution of damage microstructure, as well as accumulation levels and temperature intervals of retention of
the hydrogen isotope deuterium in SS316 austenitic steel were obtained. It has been established that vacancy-type defects
are the most preferential trapping sites for deuterium atoms at irradiation doses of ~1 dpa (displacement per atom). The devel-
opment of dislocation structures, vacancy and gas-filled pores is shown and their distribution by size is determined. The de-
pendence of the amount of trapped deuterium atoms on the development of a defect structure upon annealing is determined.
An essential hydrogen retention in the traps associated with helium and argon bubbles has been established, that support the
data obtained for stainless steels irradiated in light water reactors. The correlation of radiation-induced hardening of SS316
stainless steel and the evolution of its microstructure during irradiation in the dose range of 0-25 dpa at 300 K was studied. It
was found that hardening at such doses reaches 75% and saturated at 2 dpa. The greatest contribution to hardening is made by
clusters of defects and dislocation loops with a diameter of less than 15 nm. At operating conditions hydrogen affects the hard-
ening at concentrations of ~1 at.%.

®U3NKO-MEXAHUYECKUE CBOUCTBA
HAHOCTPYKTYPUPOBAHHbIX MATEPUAIIOB
n X PAOUALUMOHHAA CTOUKOCTDb

B.B. Yrnos, H.T. Keacos, /.B. CacdpoHos, H.[1. Komapos
Bernopycckuli 2ocydapcmeeHHbIl yHUsepcumem,
np. Hezasucumocmu 4, 220030 MuHck, benapycs, Uglov@bsu.by

MpeonoxeHa meToauka U NpoBedeHbl pacyéTbl Modyns ynpyrocTy KOHra HaHOCTPYKTYpUPOBaHHbLIX MaTepuanos B 3aBUCH-
MOCTU OT pa3MepOoB U KOHLEHTpaUMn HaHo4acTul. OnpefensiioLlylo posb 34eCb UrpaloT MOZYyNu YNpyrocTy MaTpuLbl U cammnx
HaHOBKITIOUEHMIA. ViccneaoBaHa KMHeTUKa 0e)eKTHOM CUCTEMbI C Y4ETOM PEKOMBUHALMOHHBIX MPOLIECCOB U AeWCTBUSI CTOKOB,
KOTOPLIMU SIBNSAOTCS HAHOYaCTWLbl. YCTAHOBMEHO HanuWuve KOppensuuuM Mexay ynpyrumy U pagvauyoHHbIMW CBOMCTBaMU

HaHOCTPYKTYPUPOBAHHbLIX MaTepuasos.

BeepneHue

OgHM 13 nyTel MOBbIWEHUS MPOYHOCTHBIX
CBOWICTB, TEMMEPATYpPHON N pagnaLuoOHHOW CTOMKO-
CTU MaTepuarnoB SABNSAETCA CUHTE3 HAHOKOMMO3WUT-
HbIX CMUCTeM, MpeAcTaBnswowyx coboi B npocTen-
LemM crnyyae CTPYKTYpUpPOBaHHYIO HaHOPa3MepHbIMM
Yactuuamu matpuly. Pusmnyeckne ceoicTea MaTpu-
Ubl, OTAENbHbBIX HAHOYAaCTUL, UX pa3Mepbl N KOHLEH-
Tpaums B COBOKYMHOCTM OMNpeaensitoT XapakTepucTu-
K/ nornyyYyeHHoro Takum obpasom matepuana. lpwu
9TOM crnegyeT yuuTbiBaTb, YTO MeXZy MaKpOCKOMnu-
YeCKMM W HaHopasMepHbIM COCTOSIHUSIMU [OSKHA
CyllecTBOBaTb oOnpedenéHHas nepexogHas 30Ha
(pasmepHas «rpaHuua» Ro), obycrnoBneHHas u3mve-
HeHveM u3nYecknx CBOWCTB Matepuana npu cooT-
BETCTBYHOLLEM U3MEHEHMMN ero pa3mepa. VIameHeHue
(PU3NKO-MEXAHNYECKUX, MarHWTHbIX, Tennoduanye-
CKUX W APYrMX CBOWCTB HaHo4acTuy MoxeT ObiTb
CBA3aHO ¢ gedopmauven matepuana, o0ycrnoBneH-
HOM MOBEPXHOCTHLIM HaTSXKEHUEM, YMEHbLUEHNEM
KOOPAUHALUMOHHOIO 4Yucna B NPUNOBEPXHOCTHOM
crnoe, W3MEHeHMeM ero rpynnel CUMMETPUU, nepe-
CTPOWMKOW apXMTEKTYpbl 3NEKTPOHHBLIX 06oMnoYek, ns-
MeHeHueM 3Heprumn cBasun. CylecTBeHHOe BNusiHWe

Ha m3nyeckme CBOVCTBa HAHOOOBEKTOB MOTYT OKa-
3bIBaTh TaKkKe pasnuyHble AedekTbl CTPYKTYpbI.

OcHOBHas 4YacTb

[MoBEPXHOCTHOE HATSXKEHWE, XapaKTepusyemoe
KO3hUUMEHTOM O, MPUBOAMT K Aedopmaumm pe-
WeTKM £(r]), 3Ha4YeHMe KOTOpPOW B pamkax Teopum
yNpyroctTu MMeeT CrneayoLmnin BUua;:

) = —L{l—

(R3]

i’3
) (1)
raoe K — moaynb BCECTOPOHHENO CxaTusi 00 bEMHOro
MaTepuana, fo ~ ao, ao — MOCTOSIHHAA PELETKN B
paBHOBECHOM COCTOsIHUW, R — pagnyc cdepudeckon
HaHo4acTMUbl.

3aBucMMocTe Mogynsi ynpyroctu KOHra ot ge-
dopmaLmm MOXHO ONpeaenuTb criegyoLen opmy-
now:

E(r) = Bo[1 - 3ye(r)]Up(r), @)
roe ¥ — noctosiHHas [proHamseHa, Ugir) — oHeprus
cBA3N, By = B3 No — KOHUEeHTpauusa aTtomos

i 0 Ly pay

12-5 Mescoynapoonas kongepenyus « Bsaumooeiicmeue uznyuenuti ¢ meepovim meiomy, 19-22 cenmabps 2017 2., Munck, Benapyco
12th International Conference “Interaction of Radiation with Solids ", September 19-22, 2017, Minsk, Belarus



185

Cexyus 2. Paduayuonnvle s¢pgexmvl 6 meepoom mene

peLweéTkn, mg (R} — cpegHee 3HavyeHue KOOpAUHaLM-
OHHOTO YMcna B chepuyeckon yactuue paguyca R.

AnnpokcMmaums MONyYeHHbIX B psAAe KOMMbio-
TEPHbIX 3KCMEPUMEHTOB 3aBMCUMMOCTeN (R Mo-
XeT 6bITb BbipaxkeHa cneaytoLuen popmynomn:

my(R) = mf (1 — kye™%), 3)
roe mE — KoopaMHaTHOe Yncro o6bLEMHOro MaTepu-
ana, ki n ke onpegensatoTca OTAENbHO ANS KaXaoro
KOHKpPETHOro BeLLecTBa.

OHepruio cBAsn Ans AedopMUpPOBaHHOIo MeTan-
na oueHvBanu u3 opmynbl Ans MOMHON 3HEPrumn
kpuctanna [1]:
0=

— _ b _ B B

UE'{T':] I E:+ z hi! (4)
roe BblpaxeHus ans bi, bz, bs, bs npuBeaeHsbl B pa-
6ote [2], a(r) =ao [1 + &(r]].

Torga 3aBucumocTb E(R) MOXHO onpegenvTs u3
[3].

C uenbto onpegeneHus moayns ynpyroct KOHra
Ens HAHOCTPYKTYPMPOBaAHHOIO MaTtepuana nonyyeH-
Hyto 3aBucumocTb E(R) Heobxogumo TpaHcdhopmu-

poBaTb B CTeneHHoW 3akoH E(R) = 4 (—)™ [4], aHa-
.ri:"

nornyHbin 3akoHy Xonna-Netya. lMpuyém A n m
onpepensoTcs Ha uHTepsane 0 = R = R, (rae Ro —
rpaHnyHoe 3HayeHve R, nNpu NpeBbILEHUN KOTOPOro
moaynb KOHra paBeH 3HayeHuto Eo ons o6bEMHOro
MaTepuana). Toraa cornacHo [4] MOXHO 3anucaTb:
Ey (385 4Gy ) +(Ex—Ey J(3Ey +54)7¢

3E; +6y !

Ep: = (5)
raoe E1 — mogyne ynpyroctn KOHra matpuubl, Gi —
Moaynb cagura martepuana Matpuupl, E2 = E(R),
Nns — 06bEMHAA AoNsA HaHOYacTUL,.

[MycTb B UMPKOHWEBON MaTpuue pacnpeneneHbl
cdepuyeckne HaHoYacTuLbl Xenesbl paaMyca R u ¢
KOHUeHTpaumen Ns. Ha puc. 1 npeacrtaBneHbl COOT-
BETCTBYHOLLME 3aBUCMMOCTM Ens(R, Ns).

B psine 3KCnepumMeHTOB MNOkas3aHo, 4YTO HaHOo-
CTPYKTYpUpPOBaHHbIE MaTepuanbl obrnagatt 6Gonee
BbICOKOW pafMaLNOHHON CTOMKOCTbIO. OTO CBA3bIBa-
eTCH B NepBylo o4yepedb C rettepupyloLlen cnocob-
HOCTbIO HAHOPa3MEpPHbIX BKITHOYEHWIA.

MycTb npy 06ny4eHNM HAHOCTPYKTYPUPOBAHHOIO
MaTepuana, Hanpumep, HemTpoHamW, CKOpPOCTb re-
Hepauum anemMeHTapHbIX OedEeKTOB B €AMHUYHOM
06bEMe (BakaHcui (V) 1 Mexaoy3ernbHbIX aToMoB (i)
pasHa .

Torga ckopocTb M3MEHEHUS KOHLIEHTpaUMK V 1 i B
06bEME MOXHO onucaTtb Criedylowum ypaBHEHUEM

[4]:

dN; b
ﬂ‘t = I - .“JDJPJJ - E*w[*wl;' +
DjVN; = DjNj—o—
+D;AN; — =——F - VF, (6)
rae j =i, v; ij — 9pHeKTMBHOCTL AENCTBUSA CTOKOB B

obnyvyaemom martepuane; ¥ — KO3PULUNEHT PEKOM-
BuHaumm i n v; D — koadpuumeHT anddysum; £ —

cvna B3aumogencTeusa gedekra j-Tuna Co CTOKOM;
pasmepHocTb Nj— M3; kp — noctosiHHas Bornbumana;

E. 10 Ia

ns’

1.4

1.2

1.0

02 04 06 08 R/Rg

Puc. 1. 3aBucumoctb mogynsi ynpyroctn KOHra E,s oT pa-
auyca HaHovacTuu i

1

T — Temnepatypa; &; = —— — AnuHa npobera j-oro
Wl
nedekra;
I(D;+D,) | D=8 10-Texp[— 22
% = 4mpNy(D;+ D) ; D;=8 10 exp( M] ,
013

D; =1.4-10%exp (— - B], (Di n Dv umetoT pasmep-

T

HOCTU 1 kT — aB); o — pagumyc obbéma pekombu-

p=[§+[n£+ﬁ:|§]§ ,
nEtdy ,I'-?=

BN AATY, N
BEs s, » N0

2 g
aTOMOB MaTpuLbl; 1} — BaNl€HTHOCTb; € — 3aps4 arek-
TpoHa; AV; B AV, — AMnaTtaumoHHble 0OBbEMBI MeXO0-
y3enbHOro atoma M BakaHCUN COOTBETCTBEHHO; & —
OVHaMmnyeckass OmanekTpuyeckas MNpPOHULAEMOCTh;
£p — 9MeKTpuyeckas NocTosHHas; Um — aHeprus Mu-
rpaumn. [ina Hawero cnyyas i = 4TRN, [5].

CyLecTBeHHblE TPYOHOCTU 34eCb NpeacTaBnsieT
cobow onpeaeneHust yHKUMOHANbLHON 3aBUCUMOCTH
cunbl, AeNCTBYIOLWEN Ha AedeKT CO CTOPOHbI HaHOB-
KrntoyeHnsi. B MOHOKpUcTannuyeckon matpuue Mox-
HO MPEeAnONOXUTb AUCIOKALMOHHbBIA XapakTep 3ToMn
3aBUCUMOCTU:

Fi) = ~ECH?,

Hauuun,

@ = KOHLIEHTpaLusa

(7)
roe Fp~ ::"‘.

o

Pewenne ypaBHeHus (6) npoBogutcs cHavana
ans ofHoit HaHodactuubl (Ns = 1 m3), a 3atem pe-
3ynbTat obobuiaetca ana Ns KonnyectBa HaHouva-
CTUL, HaxoOsAWMXCS B eQUHNYHOM obbéme. U3 npo-
BEe[EHHbIX pacyE€TOB cOrnacHo ypasHeHus (6) cne-
OyeT, 4YTO KONMUYECTBO paguaLMoOHHbIX AedeKkToB
HauMHaeT  CyWEeCTBEHHO yMeHbLUaTbCA npu
N, = (Rg+ IR} %2, Benmunna Rq onpepenseTcs n3
dU U Ghe-zing b —

dr l=g,~ o wr

BekTop Bloprepca, & — gunatauuMoHHbIi 06BEM ae-
dekTa (& ~ 17).

OTO, ecTecTBeHHO, SIBMSieTCs MONOXUTENbHbIM
pe3ynbTaToOM HaHOCTPYKTYPUPOBAHUS MaTepunanos.

OpHako npy TeMmnepaTypHOM pas3orpeBe, Comnpo-
BOXAAKLIEM pagnaurMoOHHOE BO3OENCTBME Ha Takue
MaTepuanbl, OyaeTr MMeTb MecTo opMMpoBaHMe
CNOXHOro HanpshKeHHO-0edOPMMPOBAHHOIO COCTO-
AHWSA cuctembl. Tepmoynpyrve aedopmauun £(r) B

yCroBus , roe Ulr) =
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Cexyus 2. Paduayuonnvle s¢pgexmvl 6 meepoom mene

OTAENbHOM HaHovacTuue MoryT ObITb nony4yeHbl U3 10
cnegywwero ypaBHEeHUA: P,10 TIla

31— I:||:|__‘l,"|
ViVu) — ?x?u=a'§-‘1"r,t,

(141 { ?'_I:] ': :]
roe v — CoOTHoleHust [yaccoHa, i — cMmelleHue,
@y — KO3MMPULUMEHT FMHENHOro TemnepaTypHOro

pacwvpeHus, T(rt) — TemnepaTypa HaHo4acTuULibl,
dull?"‘
£(F) = .

HanpﬂmeHHoe COCTOsIHME MaTepuana Bcheg-
CTBME pasorpeBa HaHoYacTWUbl ONPeAensnocb Me-
TogoM Jdwenbu BBeAeHWEM COOTBETCTBYOLLEN Ae-
dopmaumnoHHON maTpuubl, U opmyna ansa aasne-
HUs P ByaeT umeTb cneayowmin Bua;

H oW oA ;O om0

P(r,t) = Q)l(t) . <D2(I‘,t), (9) Puc. 2. MNpocTpaHCcTBEHHBIN NPOhUrb yNpyrux HanpskeHui
B OKPECTHOCTW HAHOYacCTWLbl Pa3mMepoM 5 Hm
roe ou(t) = EP_ . ':.’E':l._:”jfp'.”:"?‘ ——, K1 — ™mo- y
& F 01+ (31— H- (000 - KD ynpaBnaTb Kak ynpyrumm cBOUCTBaMK, Tak U UX pa-
Aynb . oxatma | HaHo4acTuLbl, ANaLMoHHON CToMKOCTbI. OAHaKo CurbHoe pasnu-
&y(rt) = (5 + 2E(r)e—HT ﬁ_l'gs‘i'-'i“" dr' + Hne ynpyrux xapakTepucTUK MaTpuLibl U HaHOBKIIHO-
2(1-217) " —pre _ 201-20) ey £e) = 1 YeHWU MOXeT NPUBOAMTbL MPU Harpese K paspylue-
[1+v)F-0 [L+v)AT VAT ape HUo MaTepuana. Kpome Toro, pasmepHble aeKTbl
Ha puc. 2 npencrasneH npo(bmnb [aBreHuss B O6yCJ'IOBﬂT npexagespemeHHoe nnaBleHne HaHo4a-
maTpuue B pesynbTate eguHWYHOro akta B3auMo- cTnu.
OENCTBUS YCKOPEHHOIo MOHA C MaTepuanom.
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HaHOCprKTypVIpOBaHVIe mMaTepuranoB No3BondaeT

PHYSICO-MECHANICAL PROPERTIES OF NANOSTRUCTURED MATERIALS
AND THEIR RADIATION RESISTANCE
V.V. Uglov, N.T. Kvasov, 1.V. Safronov, N.D. Komarov

Belarusian State University, 4 Nezavisimosti ave., 220030 Minsk, Belarus, Uglov@bsu.by
One of the ways to improve the strength properties, the temperature and radiation resistance of materials is the synthesis of
nanocomposite systems, which in the simplest case are a matrix structured by nanoscale particles. The change in physical, me-
chanical, magnetic, thermophysical and other properties of nanoparticles can be related to deformation of the material due to
surface tension, reduction of the coordination number in the near-surface layer, change in its symmetry group, restructuring the
architecture of electronic shells, changing binding energy. A significant influence on the physical properties of nanoobjects can
also have various structural defects. The dependence of Young's modulus of elasticity on the radius of a nanoparticle was de-
termined in treatise [3]. In order to determine the Young's modulus of elasticity of a nanostructured material, the resulting formu-
la for E(R) must be transformed into a power law E(R)} = 4 -:Ri}". Similar to the Hall-Petch law. Moreover, A and m are defined

on the interval 0sR<R, (where Ry is the boundary value of R, when exceeded, the Young's modulus is equal to the value of Eq
for the bulk material). Then, according to [3], we can write: E,, = =222l "8RI5\ here E, is the Young's modulus of

ZEq+ G,

the matrix, G; is the shear modulus of the matrix material, E, = E(R), ns is the volume fraction of the nanoparticles, E,s is the
Young's modulus of the nanostructured material. During the experiments it was shown that nanostructured materials have a
higher radiation resistance. This is associated primarily with the generating capacity of nanoscale inclusions. Let the rate of
generation of elementary defects in a unit volume (vacancies (v) and interstitial atoms (i)) be equal to | when the nanostructured
material is irradiated, for example, b;/ neutrons. Then the rate of change in the concrentr_t?iii'on of v and i in the volume can be de-

scribed by the following equation: —==1— w; DN, — —NH +DAN,

"t
that, as in the case of simple materlals the nanostructured systems also have a correlation between physico-mechanical and
radiation properties. However, the correlation mechanisms are different in both cases.
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