


lf Introduction . =

mentloned reg1ons 1s nonunlform

{ vicinity to the gra1n boundary and free surface
' other hand

- B

metals and alloys have been lately pa1d of spec1al attention

‘ll in relation “to. the 'problems' of thermonuclear materialsl ;
"‘study The problems of study of he11um poros1ty development»i~
'on graln boundarles and near them preSent the greatest

‘ 1nterest among the ex1st1ng problems of hel1um behav1our 1n 5

materlals - far ?al namely,_fth

boundary bubbles determ1ne ?the?’tendency structural

v.)materials towards h1gh temperature_rad1at1on embrlttlement

It has been stated 1n copper [1] for the f1rst t1me and thenj{
'.*1n nickel [2] that the most 1nten51ve development of he11um

‘"f bubbles takes place near free surface and gra1n boundar1es"

In some papers [3 4 5] the pecullarltles of the developmentf

= of he11um bubbles 1n near boundary reglons and near freed B

It hasfl‘

been stated that the development of helium bubbles in the;;r'

surface of n1ckel samples have been 1nvest1gated

fthat the greatest rate of bubble growth takes place 1n close
on the | ¢
“ ‘the paper . [5] notes the. fact 1nd1cative of the
"*yjmoment that the most intens1ve growth of - bubbles 1s on the fi:

contrary not near the free surface but at ‘some’ dlstance from\"'

1t fthe

un1rrad1ated volume

reglon ofotheﬁ sample

Real1zat10n of these

7‘exper1mental facts needs new data about the role of such‘;'

factors as materlal purity,r for example,

”;, presence of41mpur1t1es7can exert a s1gn1f1cant 1nfluence onf L

The problems of study1ng helium por051ty development in.

boundary and nearbyaf

Thus, the paper [3] showsx;7

borderlng with- 1tshﬁ

contradlctory‘fa

as. far as thel}

.
ft,:-i}, '
]

energy of formation and migration of vacancies and,.

consequently, on concentration profile of vacancies near-.
grain boundary. ) ‘ /

The Vpresent paper . investigates the peculiarities of
helium porosity near grain boundaries in nickel depending on
carbon concentration in the process of post-irradiation.

. s »
isothermal  annealing. .

Eiperimental ‘

. As. the object -for investigations the samples of‘nickel
with  0.002, 0.007, | ..0. 010,“0.039i and 0.065 wt.% carbon
content have been taken e i - o

The samples after  annealing at 900° C for 2 hours havev

beeng»un1form1y‘ doped with helium .up to 2- 10,‘; at.%

concentration for 20 pum depth on the cyclotron according to

the .methods [6]. After irradiation the samples have been

annealed atn800°C for 1, 5, 10 and'SQ hours. Nearby boundary
zones with intensively developing helium bubbles have been:

detected rmetallographically, and, investigated by means,_of

transmission electron microscopy (TEM).

. To obtaln sufficient statistlcs in the conditions of ..

coarse-grained structure of nickel- -carbon alloys one ‘needed

'hlgh—quallty TEM .objects which.were prepared by means of

"Micron" installation [71.
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" Results

Hetallography.

.development of nearby boundary por051ty in nickel  samples

depending on “carbon c¢oncentration and annealing time -at
‘with'

'800°Cv"As it is, ‘nearby - ‘boundary ‘ region

1nten51vely develop1ng helium bubbles. is

‘seen,

metallograph1c pictures in the shape ‘of zones of 1ntens1ve

Flg 1 displays special peculiarities of. -

exposed Cinc

electrochemical etching. The width of these zones dependSuf

both on anhealing time and carbon contentein nickel (Fig.2 .

a,b).”’

‘place after anneallng for more ‘than 5 hours.’

nonmonotonous character of changlng near—boundary zone width

due to carbon concentrat1on ‘in n1ckel whlch is def1ned by

zIntensive grouthvof’the%nearlboundary zone 'width'-takes

In this case

the pecu11ar1t1es of development of nearby boundary por051ty%¥

'41n nickel 'samples’ W1thVO.OO7A carbon ‘should " be noted I e

this 'sample, ‘inréelation ‘to - the Others,

after one - hour

anneal1ng more intensive growth of near—boundary zone s1ze?h=

takes . .place and. vice versa after: anneallng 1n “10-50 -hours -

. Electron microscopy. 'Characteristic image“ﬁllustrating?*l

the * peculiarities of helium ‘bubbles ‘development “in

near-boundary .zones of the investigated ‘samples are shown in‘"

Fig.3 a.

bubbles occurs - nearby boundary whilekin*grain“matrix the *
) ”

It is .seen that intensive development-of'helium?;

size of bubbles does not exceed 10 nm with density not less:

\ ~21 - .
. than 101 n1? (Flg 3 b). An important 01rcumstance in the
character of bubble distribution in near- boundary zone is

the absence ' of

coarse bubbles at grain 'boundarles and

AT s s 4

.1nterval the change of.near-boundary zone size is’ retarted. it

J‘,
i
|
;i§
i3

< g

i g st S5 5

'not practlcally change

increase of their size as the 'distance from grain boundary

increases duantitative:‘calculations “of changing helium.

por051ty parameters (density, average size and- relative

volume) along the w1dth of near-boundary zone ~inh nickel

samples w1th varlous ‘carbon content are g1ven in Fig. 4. As’
it is seen from Flg 4, "in the samples annealed at time-
1nterval from 1 to 10 hours the character of " changlng of
hellum bubble parameters along the width of near—boundary

zone has a common tendency the size of bubbles increases’
and the1r dens1ty decreases 'as the distance from ‘grain-.
boundary 1ncreases, relat1ve volume ‘of bubbles ‘increases as
the distance from graln boundary is about 2 um, “then it does’
After fifty hour‘ annealing °the’
bubble size- d1str1but10n in’ near—boundary ‘zone improves,:
though in some samples the tendency towards thevlncrease”of/
‘ ‘ffrom grain

the1r den51ty is observed as”

the " distance
boundar1es increases. 1 0 s 3KH;.
‘. Measured by ‘means of the TEM 1mages ‘the near—boundary
zone size in the samples annealed for 10 and more hours:‘is
than  that

This evidences about’ the fact ‘that

several t1mes " less measured . by

‘means iofr
metallograph1c plctures
the effect “of chem1cal etchlng nearby | boundary zone “is
controlled not only by the presence of coarse helium bubbles
1n 1t but also by spe01a1 stressed state ‘of near boundary

zone mater1al



' Discussion

.The above mentioned results of the development'of helium
porosity in near—boundary zones of nickel-carbon b1nary
alloy samples. give poss1b1l1ty to d1st1ngu1sh two 1mportant
circumstances. The first, 1ntens1ve growth of he11um bubbles
is observed nearby boundary as compared to the bubbles in

‘grain matr1x., The second,

non-homogeneous, character of bubble growth take place;

cons1st1ng in the fact. that the greatest rate of the1r
growth is; observed not near the boundary 1tself but in the

part of near—boundary zone adJacent w1th gra1n matr1x

In all papers concern1ng 1nvest1gatlons of the processes‘

gas—f1lled bubbles growth near gra1n boundar1es and free
surface. of‘the sample, the latter is con51dered as the maJor
sources of vacanc1es mon1tor1ng the growth rate of hel1um
bubbles, in. part1cular

-.To our mind. such an . approach is l1m1ted as far ‘as it

does not 1nclude cons1deratlon both of the evolutlon'

processes of . d1slocat1on-loop structure always accompanylng
hel1um porosity and possib111ty of the appearance of high

compressing hydrostat1c stresses 1n near—boundary zone. The

latter is cond1tioned by the c1rcumtance that the value of'
gaseous swell1ng of near—boundary Zone mater1al 1s by an'

order of,,magn1tude hlgher than that of gra1n matr1x

- material. .In this case, naturally, s1gn1f1cant gradlents of

hydrostatic stress arise in the volume of material adgacent_

between them

In terms of the ava1lable results on the development of

the near—boundary zone 1tself‘

o

dislocation-loop structure and matrix porosity in the
samples under post- 1rrad1at1on ‘annealing at‘ 500-900°C
interval and also mentloned above ‘data on development of
helium bubbles 'nearby boundary, in our opinion, new
» observed ’ effect " of

hypothetic explanatlon to the

nonhomogeneous development Kofi helium por051ty - in
near—boundary zones is in order to suggest In th1s case the
suggested scheme of phys1cal explanat1on of th1s effect is
based on the exper1mental data and ‘Tequires, naturally,
correspond1ng theoret1cal analys1s that w111 apparently
favour not only the real1zat1on of the reasons of d1fferent
processes of hel1um bubble growth in gra1n matr1x and near
boundar1es but poss1b1y, explanatlon of other phenomena,
redlstr1but10n of 1mpur1ty elements in polycrystalllne
mater1als in the presence of helium 1mpur1ty, for example

The suggested hypothes1s is 1llustrated in Flg 5 by the
correspond1ng structural pecul1ar1t1es and cons1sts of the
follow1ng stages ‘ o

1. At the initial stages of evolutlon of the defect
structure in the process of post 1rrad1at1on annea11ng at
500 600 °c temperatures grain boundary 1s the ma;or source
of vacanc1es And they part1c1pate 1n two processes The
f1rst process conditioned by 1nteract1on of vacanc1es with
1nterst1t1al d1slocat1on loops causes ann1h11atlon of the
latter as a result of this the loop depleted zone is formed
near grain boundary (F1g 5 a, b) The second ~process
cond1t1oned by 1nteract10n of vacanc1es with hel1um atoms
(helium- vacancy complexes) causes nucleation and growth of
hel1um bubbles, at grain boundary and in 1mmed1ate v101n1ty

to it at first (Fig.5 c).



| 2. With anneal1ng temperature 1ncrease the growth of
dlslocatlon loops 1n grain matrix is.related to em1ss1on of
vacanc1es by them which are captured by hel1um vacancy
complexes that causes nucleation and growth of bubbles in
it. At the same t1me helium bubbles nearby boundary continue
to grow due to the1r m1grat10n and coalescence mechan1sm
ma1nly,'as far as - obstacles for bubble m1grat1on are absent
in this zone. Consequently two systems of grow1ng bubbles
are' formed in the gra1n the f1rst nearby boundary
(pr1mary) the second 1n gra1n matr1x (secondary) ‘As the
results ev1dence, the growth of ‘primary poros1ty occurs much
more 1ntens1vely,” than that of the secondary one. The
ex1st1ng of two reglons with dlfferent value of swelllng in

the gra1n cond1t10ns causes the appearance of different

levels Aofr hydrostat1c stress in them. Thus, 'the
near boundary zone subJected to the greater volume change a
greater compre551ve stress is. formed. It ,1s natural to
suppose that at the boundary of these two reg1ons ‘the
correspond1ng stress gradients . or1g1nate _ Namely the
presence ‘of‘ stress; gradient in the 1ntermed1ate region
between near- boundary zone and gra1n matr1x is the force
chang1ng of f thé. vacanc1es

parameters of d1ffus1on

hellum—vacancy complexes hel1um bubbles and apparently,
1mpur1t1es Thus vacanc1es formed in gra1n matrix"'as?ha
result of growth of 1nterst1t1al dislocation loops and also
hellum—vacancy complexes will m1grate from gra1n matr1x
volume to near- boundary reglon as the reglon is in the most

stressed state' In thls case they are captured by hellum

.as well,

bubbles that are in so-called intermediate region causing
their "accelerated :growth. Moreover, helium bubbles - from
near-boundary zone will, on the contrary,vfmigrate to’ the
region with less stress level [8], i.e. to grain matrix
causing the increase both of their size due to coalescence

with matrix bubbles and the width of neareboundary zone

(Fig.5 d,e).

3. For sufflclently h1gh anneallng temperatures (900 C

"and more) when- fluxes to near-boundary. ‘zone - from grain

matrix of vacan01es dlsappear (due . to the absence = of
dislocation loops asitheir,sources) and also helium-vacancy
complexes (asrfarias all -of .them will operate in -helium
bubbles) growth of bubbles in the adJacent reglon will be

retarted. Their m1grat10n in the direction of 'grain. body

(due to the presence of gradient of stress in-:the adjacent

region) and coalescence with matrix bubbles: will stay the
only -mechanism of  their primary growth: However, . the
operation of this. mechanism will gradually‘cometto minimum
as far as at ‘these temperatures the  growth - of
matrix bubbles also becomes sufflclently intensive due . to
their ability to migration and coalescence (Fig.5.f). 1In
consequence\of this.the conditions of forming two zones with
various value of swelling .in a - grain vanish and,
consequently, the presence of gradient of stress in, their
ad jacent region. Thus, taking into account the
above-mentioned once more grain boundary will become the
main source of vacancies that will cause the primary growth
of bubbles both on the boundary itself and near it (Fig.5 g).

Thus,  formation of near-boundary zone depleted from



‘dislocation:loops and preferential formation and growth .of
helium bubbles in it determine the conditions .of formation
of two zones (nearby boundary and matrix) in -a grain with
different level of swelling and, consequently, hydrostatic
\stress as well.. The formation of stress gradient in
intermediate regionfubetween these two zones facilitates
migration of helium-vacancy complexes and vacancies emitted
by increasing- dislocation :loops, from grain matrix, to our
mind, ‘is:: just  the reason of the preferential growth of
helium bubbles on it. ..~

As “far-' -as . carbon - concentration is . 'concerned,
’unforfunately,‘we failed " to determine its role in helium
porositf‘development,in near-boundary zone. . Apparently,” it
is necessary to:'have greatest statistics or the carbon
concentration nearby boundary causes change It should be
noted; however,: that starting with 5 -and more hours
annealing duration there 1is an explicit tendency (the
samples with . 0.007% carbon are ' excluded) towards the
increase ‘near—boundary izone width ‘with increasing carbon
‘concentration.’ The analysis of these results from the point
‘of view of+-the carbon concentration effect on formation and
migration of vacancies, change of surface energy and the
energyJOf formation of 1edge on the bubble surface will be

listed in subsequent papers.
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PassuTHe resmesoit nopuc'rocm B6]IH3PI rpamm 3epea

B CILIABaX HHKETb- yraepon . - : RO

Hayqeam 0coBeHHOCTH- paBBHTHSl renueBon nopm:rocm BGJman rpamm

- 3epeH B HUKEJIE C 0 002 0, 065 % C, nempOBaHHOM FCJIPICM 70 KOHUCHTPAUMH | -

2-1072 ar. % ,B npouecce nocnepamaaunouﬂoro OTXHrad nipu 800° C B Teuenue.

1—50 yac. YcraHOBIEHO, 4TO MHTEHCHBHOE 3aPOXACHHE M POCT nop Ha6mozxa-v R
0TCA ‘B npﬂrpam{lmon oGnacrn ITMPHHA' KOTOPOH | BO3PACTAET KAK C yBEAM-: [

YEHHEM BDEMEHH OTXHTa, TAK M C COAepxanueM yriaepoaa. [I9M-ucciaenosanus

] TOKA3a/H, YTO B CAMOH MPUTPAHUYHOM 30HE NPOLECC pocTa nop MZIET, Hepaaao—'
- MEPHO: paamep nop- yBeMUMBACTCS, @ HX IJIOTHOCTB yMCHbIIIaeTCSI no’ mepe | -
| ynajaeHus oT TPaHMLE 3EpHA. Ha6monathm 3(p(pem 06cy>x11aercs1 C MO3MLMHU |

o6pasoBanus B 3epHe ABYX 30H C Pa3IUYHEIM YPOBHEM PAacIyXaHHs, a CIIEN0BA-

| TenbHO, M IMAPOCTATHYECKHM HaNPSXEHHEM, oGycnaannBaroan HOTOK Ba- |~ .«
| xaHcu# u renmi- BAKAHCHOHHEIX xomnnexcoa na Marpnum B HaﬂpaBJIeHHPl rpa—’ S

Hpmm 3epHa.

'Reutov I. V., Reutov V. F. ‘ b
‘Development of Helium Porosny Near LA

. El49554|

by Grain Boundarles in. Nx ckel — Carbon Alrloys

|- The pecullar1t1es of development of helium poros1ty near gram boundarles i e

‘ jm mckel w1th 10.002—0.065 at.%, carbon umformly doped with helium upto
2. 1072 at. % in the process of post- 1rrad1atlon 1sotherma1 annealmg at 800" Cal i

- '|:for 1—50 hours are studied_in the. present paper. It is stated that at this'| -~
. annealmg temperature mtensxve nucleatlon and growth of bubbles are observed

in near-boundary region whose w1dth grows both with increase of annealing

,tlme and carbon content..The TEM studies have shown that in’ near—boundary-

zone itself the process of bubble growth is non-uniform: bubble size increases

o and their denslty decreases as the distance from grain boundary is increased." i
| The effect observed is discussed from the point of view of formation of twozones | .~ -
with different level of swelling in a grain (nearby boundary and matrix) and, | - - 3

consequently, hydrostatlc stress as well conditioning the flux of vacanc1es and

’hehum vacancy complexes from ‘matrix to grain boundary. :

The mvestlgatlon has been performed at the Flerov Laboratory of Nuclear

A'Reactlons JINR R SO

- ‘.'} Preprmt of theJomt Instltute forNuclearResearch Dubna. 1995 :
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