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Abstract 70 MeV．carbon—ion irradiation is lIscd to 8iImllate the radiatlon swellin2

induced bvneutronirradiation of 3 2×102211．cII广2．mdornesticallv—ma山316 austcnitic

stainless 8‘ccls modi右ed by a 20％-cold-worki“g and Ti—adding from room temper—

ature to 802。C．The created swelling i8 lnicr08copically exarnined by the positroIl

annihilation hfetirnc tcchnique A radiation swelling peak is observed a‘580。C aIld

the corre8ponding void has an average diarneter of 0 7nm whkh is hardly probed by

macroscopic Inethod8．
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1 Introduction

Stainless steel(SS)is an iⅡlportant reactor structural mate“aI．SS used iIl reactors

experiences neutron irradiation amd the accu训ated dose mav reach 1022～23 n．cm一2 after

yeaTs of reactor operation．Consequently，severe radiation e丹鼍cts occur in SS and w011ld

lead to a reactof breakdown or even accident． Radiation swelung is a major radiation

eHbct in SS which sh0111d be ta】【en into accollIlt in reactor desiP丑and operation

Severe swelling generaUy occllrs at neutron doses of>1020n．cm～ The lack of

neutron produci工lg sources of sudh 1ligh doses harnpers its inVestigation．The adVent of

heaVy ion accelerators opens up a way to study the radiation sweIliIlg at suchⅡgh doses}“．

The production mechanism of radiation damge is ahnost the saⅡIe fbr neutrons and

heaⅣy ions，but the Tadiation d趣a譬e rate of heavv ioILs is rrlu出hiP．her An irradiation

dose of～20 dpa(eqllivaleTlt to 1022 n．cm一2)takes a vear or more in a reactor，whereas

oIIly a few nlinutes or hollrs by heavy ion irradiation． Therefbre，use can be made of

heaⅣy ions to sinmlate severe radiation swelling．

The domesticaUy made 316 austeIlitic SS mo出&d by the 20％cold．working and

Ti·additian is expected to haive a good property of radiation sweIling resistance，which

needs to be tested experiment a：Ⅱy Thus，the present work was motivated to test the Mgh—

dose—neutTon induced radiation sweninE in it bv a heaⅣV ion irradiation shⅡ11lation and

a positron anmhilationⅢ毛time technjque whjcll is a very sensitive tool of invest酿ating

def色cts on an atoIIlic scale．

2 Experiments

The samples used in the experinleⅡt were the hc吼e-made 316 ansteIdtic SS，the

Th。project s“pported by the National Natural scknce Fbundation of Ghina
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size ofwhjch was 15mm×15mm×0．4蚴．They were made from C卜15 05％，Ni．14 76％，

Ti．0．32％，P一0 007％，S。0．007％，MⅡ一l 78％，Si一0．52％，C一0 048％and Fe bal甜lced to lOO％

and treated by a 20％c01d．working．The cold-working alld Ti-addition aimed at reducing

radjatio工1．swelling．The sanlples were mechanjcaⅡy pohshed to a工玎_irror—hke surface．

The sam口les were irradiated by 70 MeV carbon ions fTom the HI．13 tandem accel—

erator at Chilla Institute of Atonlic Energy．The saIllple irradiation was performed iIl a

variable—tem口erature and州ti—s眦ple irradiation ch越nber from room tempera“lre to

802。C with an accuracv of土5。C At eadl tem口erature the irradiation time was～10 h at a

beam cllrrent of 1“A and total irradiation dose was～1_6l×101 7 C．cm 2 whjcll generated

2ldDa in SS and corresDonded to 3．2×1022n-cm一2 neutron irradiation

The induced radiation sweuin置in SS was ex缸njned by a positron annillilation bfe

tiIne tecllnique．The positron mtinleⅡleasurenlents were perfbrnled fbr both irradiated

and unirradiated but annealed s a：mples．The annedmg of the unirradiated samples was

done fbr～1 h at the same temperatures as the irradiation temperatllres．

The口ositron an血hiLation mtinle measⅥerⅡents were carried out at room terr甲er—

ature，us血叵a fast．fast coincidence positron lifetime spectrometer consistiIlg of a pair of

BaF2 sciⅡtⅢation detectors Its time resolution is 210 ps to叫Co 7 rays Two identjcal

sam口1es were arranged as a sandwich with a 1．48Ⅳ【Bq埘Na positron source in the cen—

ter．Besides the s011rce components、aU measured lifetime spectra were weU矗tted by two

1ifbtime components with a fittinz vari姐ce of less than l 3．

3 Results and discussion

The free aIl】【Iillilation lifetime，田，ofpositrons is 110ps越1d the amlillilation 1ifetinles

of positrons trapped at the monavacancy and divacancy龃e nv=1．3叶and qv=l 5丁T，

respectively【2J．力=147ps aIld n=271ps w盯e obtained f。r the unjrTadiated SS samples

without a皿nealin譬 n is ass哪ed to be a weighted average of annjhjlation hfetjInes of

free positrons and positrons trapped at the瑚Dno—and di-vacancies a盯d 7j to the smaU

vacancy clusters．丁1 decreases drasticdUy with锄eaHng t盯nperature above 4000C and

approaclles to 110ps at 800。C and n slowly decreases and reaches 255 ps at 800。C．
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Fig．1 LifetiIIles丁1 and您a8 a function of irradiation temperature in the咖di矗ed SS i”adiate(i

by 7()MeV carbon ions 0f 1 61×1017C·cm一2

The dependence 0f n and『2 on irradiation teⅡlperatllre is shown in Fig．1 for the
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irradiated s唧les．At room temperature n is 155．3 ps and r2 is 276 4 ps．For the 580。C

iⅡadiation，both q and n reach their peak values of 157．4ps aIld 373．0ps，re8pective】y

At 802。C丁1 tal【es a vahle of 128．2ps a丑d T2 a va】ne of 307．1 ps，a仉d both of them are

larger than the vt【ues of n and乃证the ll】[1irradiated s踟TIple but a越ealed at 800。C It

can be seeⅡfrom Fig．1 that di—vacancies and difFerent size vacancy clusters(voids)were
createdinthesemodi矗ed stainless steelsirradiatedby 70MeV carbonions ofl．61×101 7C

cm一2 from room terrlperature to 802。C．The biggest void was observed at 580。C

Fig．2 Average void diameter as a function of

irradiation temperature．m如e modmed SS

irradiated by 70 MeV carbon ions of

1．61×1017C-cm一2

The ramus of voids can be estimated

by冗，二(Ⅳz)1／3 r。oT R，=(Ⅳ)1／3R譬f J，

where冠ws is the Wigner·Seits radius，．Ⅳ

is the nunlber of vacancies contained In

a void，z is the valencel rs=(o 75霄n)1／3
is the densitv Dar啪eter iIl unit of Bohr

radius nn and扎is the number densitv of

conduction electrons．For iron r。=2．120()，

z=2 and丑ws=2．67a掌’引 F唔2 shows the

calculated resl】]ts of the aⅣeraEe djameteo

of the observed clusters at diff毫rent irradi—

ation temDeratures The void contains 14

vacancies and has a皿avera￡靶di啪eter of

O 7m at 580。C，which is hardly inspected

by the macroscopic waⅣs，The radiation

swelling i5 depeⅡdent 0n temperature and a sweuj丑g peak in S S is usuaUy 10cated in a

tenlperatll工e TegioⅡof 450～6000C．h the pTesent case the Tadiation sweuiI呕peak was

detected at 580。C by consideriIlg the void size and its relatjve intensity obtained in the

data fitt缸g．This amount of swemng can be practicaUy neglected．It indicates that the

c01d—worl【ing treatment and addjng 0f minor stabilizing impurity such as Ti and Nb can

譬reatly suppress radiation swelling in SS．

In surrlmary，the heavy ion irradiation caIl be used to s训ate hjgl卜dose—neutron

illduced radiation swemng and the positron annmilation tec上u_lique to ex枷ne nⅡcro—

scopicaUy the produced sweUing． The experiI】1ental reslllts also clearly show that the

proper cold—workmg aIld mi工lor·iⅡlpⅥity—addition wiⅡe艉ctiVely improve the SS prop”

erty against radjation swemnE．
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