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Nucleetion, coarsening and ordering of cavities in metels
under irradiation.

V.I. Dubinko

Institute of Fhysics & Technology

The idnistry of Atomic Dnergy & Industry

Khaerkov 310108, USSR

AESTRACT

This peper will summarise and update previous work in which
the major festures of formetion and evolution of voids and gas
bubbles in irradieted metals has been explained by taking into
account elestic interaction of voids with point defects and dis-
location loops. The former results in purely kinetic nucleation
berrier end in e new mechanism of radiation-induced coursening
of voids which is queiitetivly different Irom the well-kmovm me-
chanism of Osiweld ripening. It limits the meximum number density
&nd the minimum mean size of voids to values dependent only on
the dislocetion density and materiel constants. The interaction
with loops is of greamt influence in those crystals where irradi-
ation produces perfect interstitial loops which can glide and be
absorbed by voids resulting in the shrinkege end mutuel attraction
of voids. Coopermtion of the diffusion coarsening and dislocation
interaction results under specific ivradiestion conditions in the
swelling saturation and formation of the vbid lattice which has
the symmetry determined by ioop-gliding directioms. The paper
includes & discussion of other recent developments in this ares
including the gas bubble ordering under low temperature ges imp-
iantation and the recently proposed mechanism of bias-induced
loop-punching from gas bubbles end precipitates at elevated ten-
perctures. Tie latter may be & source of perfect interstitial

loops which promotes void ordering and swelling saturation.
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Tluclegtion, coarsening and ordering of cevities in

metzls under irrediation.

Eharkov Institute of Physics and Technolegy, Acodemicheshuys,i,
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INTRODUCTION

Irradistion changes microstructure, microcomposition, end
physical and mechanicael properties of metals end alloys. Hedia-
tion effects is an important branch of material science for both
the obvious technological need and the fundemental significance.
The former is connected with & design of radiation-resistent me-
terials, while the latter is due to the fact that irradiation is
a useful tool for studying basic aspects of materials,

Materials under irrediation are examples of open dissipative
systems fer ewsy from thermel equilibrium. The continuous preduc-
tion of point defects (PD) by irrediation and their annihiletion
by diffusion-and dislocation-controlled, non-linear reactions
fulfill the conditions for an open and dissipative system which
must be described in the framework of kinetics rather than ther-
modynamics. Thig is evident also from méhy experimentel verifice-
tions of radiation-induced formation of pericdic structures ,
such as void end ges bubble laottices, periodic dislocation srran-
gements etc. Although the basic theoretical toolas for treaiing
non~linear systems cen be found in the classical lecture book by
Nicolis end Prigogine 1 these ere of little help without know-
ledge of physical mechanisms underlying the evolution of micro-
structure in radiation environments. As an example there heve

been a gremt number of unsuccessful atfempts to explain the

void lattice formetion in the fremework of Tormal kinetic approach

based on oversimplified (though convenitionzl) conceptions about
reactions between voids and other lattice defects. The present
paper is aimed =t providing a description of the void ensermble
evolution under irradistion based upon recent insights on the

radiztion-~induced recctions beivicen crystel defecis,
v
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In controst to previcus theories on void evolution, the
present one tekes into careful consideration elastic interaction
of voids with PD and dislocation loops, which is shown to ploy
& very important role under irrsdistion. This is due to tie fact
that by production of self-interstitial atoms (51I4) and their
clusters (E.g. SIA-loops) the irradiation induces s new class of
reactions with the microstructure which can be neglected under
thermal conditions. Consequently, the microstructural evelution
is governed by the difference between influzes of vacances and
SIA which arises s a result of the asymmeiry in elagstic inter-
action between sinks and PD, and the boundary kineties st the
sink surfaces.

Adccording to the conventional theory 2-5 wvoig growth du-
ring irradistion must be attributed toc the stronger attraction
which SIA experience in the stress field of a dislocation. This
produces en asymmetry in the flow of SIA ané vacancies: the
former ere binsed towards dislocations wherese the latter con-
dense in excess at voids. The voids also have a bias for STA N
which is however small compared to thet of dislocations in the
czge of large voids. For thie reuscn, the void bias is either
neglected or, at most, its effect is subsumed into the disleoeca~
tion bias. As will be shown in this paper, the conventional ap-
proach greatly underestimates an importﬁnt role of the void bias
in the evolution of microstructire under irradistion.

In section 2, a complete set of equations describing the
diffusion-induced evolution of voids is derived in the mean field
approximation with account of Tinite sizes of sinks 9 , their
elastic interaction with PD 10 and finite rotes of reamctions

at sink surfaces 11 .,
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411 this foctors are shown to influence the void bias for
=IA, which is inversiy proportional teo the void size in the
diifusion-limited approximstion ccsumed Tor subsequent calcula-
tions in this paper.

In section 3, the void nucleation during irradiation is des-
cribed within the framework of the "classical" theory of preci-
pitete nucleation of solute clusters in a solvent . The modifi-
cation accounts for the fret that under irradiction precipitction
of both the "solute" (vacancy) and the "antisolute"” (SI4) deter-
mines the nucleation rate 6-8 ., 4s a regult, the nucleation
rate equation may be made superficially similer to the equation
of the clessical theory, in involving a Boltzmenn-type faector s
but the activetion barrier is kinetic in nature rather than being
thermodynemic, It is determined by the difference in the arrivel
retes of vacancies end SIA, which makes their elastic intercction
with nuclei a factor of key importance, resulting in the void
bias for SIA, which is stronger than the disiocation bias in the
cese of sufficiently small voids, This creates the kinetic bor-
rier for the transition of the nuclei into larger sizes which,
elong with the thermodinamic barrier, determines the void nucle-
etion rete 8 , At sufficiently high PD production rate ( or
ot low temperatures) thermal emissipn_of PD is negligible eand
the nucleation rete is showm to be independent of irradiation
conditions end to be determined by the constents of intersction
of PD with voids end dislocations. In this 1limit the theory pre-
dicts higher nucleation ratés for bee metals as compared to fcc
ones which is in sgreement with experimentel ocbservations.

In section 4, the diffusion-contreiled coazrsening of the

void ensemble at a postnucleation stege is described, which is

5'

besed upon two different physical mechanisms. The first one is
the well known mechanism of Ostvald ripening, i.e. thermaily-
induced coersening (TIC), driven by a difference in thermal
emission rates of vacancies from voids of different sizes al-
lowing lerger voids grow at the expense of smeller ones 12 .
The TIC rate is determined by the surface energy constant, D
diffusivities and temperature. The second mechanism of "redia-
tion-induced coarsening" (RIC) 13,14 originates from the in-
versely proportional size dependence of the void bims according
to which smaller veoids absorb an excess of rediation-produced
SIA and shrink, while larger veoids absorb an excess of vacancies
end grow. The RIC rate is determined by the vies constant snd PbL
generetion rete. Thus, the RIC is the direct response of the void
ensermblie to irrediation which induces the competition between
voids of different sizes, if their number density exceeds a cer-
tain critical value determined by the dislocation density asnd the
dislocation-to-void bias ratio. As & result of this competition
the size distribution function of voids takes the universal form
that does not depend on the nucleation mechanism, And besides ,
the void mean size and number density may not only rize under
irradistion but be reduced as well depending on the evolution of
the dislocation structure. This radiation-induced void shrinkage
is indeed observed experimentally and can not be explained with-
out taking into account the void bias for SIA. A comparison with
experimental data shows that the coarsening mechanisms control
the void evolution over a wide range of irradietion conditions,
An important consequence of the coarsening mechanisms is
the impossibility of a stationery state of a void ensemble under
irradiation of a purely diffusion origin., Indeed, in the presence

of dislocations biased for SIA the mean size of voids grows with

s

LAl
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time, end swelling increases. On the other hand, even the ab-
sense of other sinks ensures only the conservation of the void
total volume (i.e. swelling), whereas the void number density
Gecreases and the mean size encresses due o the RIC mechenism.
It has been shown (by both the thecry and experiment) to be
strong enough to make 90% of voids shrink out in less than 5 dpa
(displacemenis per atom) 14 . And this may seem to be in cont-
rust with the most spectacular phenomenon encountered in the
study of radiation effects in metals: the elignment of voids
into regular superlattices stable up to the doses as high as
400 dpa 17-19 . Striking features ave that voids . in the super-
lattices neither grow nor shrink, and the superlattices possess
the same structure and orientetion as their host lattices. Thus,
a mechaznism of void ordering must impede the discrdering effect
of the coarsening mechenisms without letting the voids grovie

liany theories heve been proposed to expiain void lattice
Tormation, the relative merits of which have been discussed by
various authors 20-29 . The greatest number ettempts undertaken
have attributed the driving force for ordering to the interaction
between voids 15 . However, static-energy considerations cannot
provide an adequate description of kinetic processes in open sys-
tem such as a crystal under irradiation. Another group of models
is based on phase-instebility mechenlsms 19,2¢ , which may
induce spatial fluctuetions in the vacancy concentration, gioing
rise to the possibility of a periodic siructure. This approach
does not specify the underlying atomistic mechanisms and can not
explain the observed correletion between the void and the host
lattices, and the superlattice stability against coarsening.

4 considerable progress has been achieved recenily in works

by Evans 21,22 , Woo and Frank 23,24 and Dubinko et &l 26-29

where & role of the crystal structure in the void ordering pro-
cess hes been taken into sccount. These theories corbine syner-
getics with SITA-transfer anisotropy which is essenticl for the
explanetion of both symmetry ond stebiiity ol veld lattices.

The first two of the thecries cre Losed on the strong &s-
surption of anisotropic diffusion of SIA-Foreman's proposal 16
on one-dimentionally propagating ﬁrowdions and Dvans' model on
two-dimentionelly diffusing dumbbells. Their basic idea is thot
the difference in the anisotropy of diffusion of vacensies and
3IA leads to the process analogous to that of a Dlerwinian selec-
tion: oniy the sligned volds survive, while the rendom cnes
shrink due to excessive SIA influxes. The relative meriss of
these models have been discussed in 22,24 , however their mein
sgsumption is 2 controversial erea and seems to be at variance
with estzblished knowledge of the dimensionelity of £IA migra-
tion in either fec, bec, or hep metels. Becides, this approcch
fails to explein the ordering o helium bublles end precipitates
observed during the low temperature implentation of noble ges
jons into metels 18,25 ¢ the bubbles snd precipitates, in cont-
rsst to voids, ere unable to shrink ss required by 1D or 2D-5I4
models., In crder to align they Love to move, and it has to be
proved if the anisotropic SIA diffusion is able to move them in
the required directions.

The main peculiarity of the model by Dubinko et el 26-29
presented in sections 5 and 6, is the dislocation mechanism of
enisotropic SIA trensfer which assunes that diffusion of isolated
STA is isotropic (contrary to the basic ssswipbions made in rels.
21-24 ) but 5IA clusters having converted into perfect dislocu-

tion loops, cen glide along certain crystallogrephic directions
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under elestic stress cxceeding the Peierls stress. In the case the metriX.

. - L. Lo T oy | T, o . - . . .
of highiy overpressurized gus bubbles S5Ili-ioops are Iforwed &t the Thus, in contrast to previous theories, the present one

bubble surfaces and then sre punched out due to the bubble-loop explaine all nssential observaotions on both void and bubble let-

repulsion induced by the gos pressure 27 o On the other hond, tices and gives simpie analitical axpressions for their perame-

vacuncy voids ebsorb LId-loops from the matrix due to the void- ters, being in good agreement with experimentel date. In addition

io0p elastic attraction 29 . Obviously, neighbouring cavities it explains why the void lattice is Tormed more readily in bce

lying along the same loop-gliding directicn punch out or absord than in fcc metals, the important difference between them being

8 smeller number of loops as compared to isolated ones. As a that in the latter case the majority of SIA-loops produced by

result, & new type of dissipetive interaction (reffered to as the irradietion remain sessile until they intersect to form a net-

disleocation interaction} erises between cevities where SIA-loops work, whereas in bcc metals they become glissile well before this

rather then SIA play the role of quenta. This intersction influ- stage including the dislocation interaction between voids., This

ences both the size and position of cavities in the matrix eand slso explaines higher swelling resistance of bec as compared io

leeds under specific conditions to ordering of the cavities. fec metals and offers a recommendation for sirengthening of feo .E

In the case ol voids the dislocation interaction is atirac- metals against swelling by adding impurities stimulating the for-

tive end, together with the diffusion repulsion, it results in mation of perfect SIA-loops instead of fuulted ones., It is = dif-"

the formation of locally ordered configurstions of voids which ficult task since the type of SIA-loops formed by the aggregution |

then grow et the expense of random veids that shrink due to the of SIA is controlled by a stacking fault energy EE}Athat is one

diffusion coarsening mechanisms. In this way the void lattice of the fundemental lattice paremeters. In Tcc metals is pl-

emerges, wherein voids heve immediate neighbours elong the loop- most en order of magnitude lower than in bec metals 29 , and

gliding directions; and besides, they neither grow nor shrink it is unclear if it is possidle to increase a;m‘by elloying ad-

since the excessive vacancy influxes are exsctly compensated by ditions to such an extent. There exists, however, an alternative ‘E
the Sla-loop inifluxes. way of formation of perfect SIA-loops - the biess-induced loop-

In the cese of gas bubbles the dislocation interaction is punching from gas bubbles and precipftates at elevated tempera- )

repulsive and, together with the isotropic diffusion attraction tures which is considered in section T.

{due to the absorption of isolated SIA), it induces instability The effect of gaseous impurities on swelling ere of parti-

in & random distrioution of butbles that trensforms into a iattice cular interest in the theory because of very significent effects

where the bubbles hove immediste neighbours clong the locp-pun- observed experimentelly, The inscluble rare ges helium is of

ching directions. The observed copying of the matrix host by primary concern. It is produced et ievels of tens oi paris per

the lattices of voids and bubbles is expleined by the coincidence miliion (p.pems) in fust recetors, and levels of ithousends of fi

of the loop-gliding directions with close-packed directions of *



2. DIFPFUSION FLUXLS OF POINT LLFECTS TO SINKS.
2.1. IiTective Kedium Concept.

In noterigls under irrediastion FL are generated in sputioily
und temporeily discrete cuscades and wre Lost to speticily loco-
lized sinks or in otomictically discrete recombinction events.
However, the kinetic theory cenerally follows continuum descrip-
tions, wherein irradiation is assumed to produce P continuously
in time and space at e doze rete K in displecements per atom
per second (dpas-1). Assuming further the recombination te be
characterized by the efiective parsmetrejzr , the exact value of
PD concentrstion ot any point';'and time t is given by the dif-

fusion equetion

- CED <§bn Ca En (2)
- A = e
i vC, — —V L£ ’ bﬁ = 2
with oppr oprlpte boundory LOndlthnS at ell 1D =minks, where the

subseript n=i,v desipnaies 3I4 and voconeies, respectively,%n
the PD diffusivity, 1( is the PD generation rate, k ig the
Boltzmenn constant, ffn is the energy of intermction between FD
and the elastic strain field,'r'is the temperature, &Y the =to-
mic volume.

Tn the mean Tield epproximsiion one is interested in the FD
rlux into a given sink {such as a void of radius R} averaged over
oll possible positions of other sinks. To carry out the averaging
procedure Brailsford et gl 2,3 described the renl materiel with
discrete sinks as zn effective lossy medium containing a homcge-
neous distribution of these same sinks, with strengihes deter-~
mined seif-consistently. A macrodelect of interest should be
surrounded by & sink-free region bvefore being picced in the
eiTective medium. However, the size of this region sppeared to

be & Tree porameter and, to gvoid the ambiguity, the effective

12.

medium wes extended up to the cink surfoce 2,3 . Anclher ap-
proach hsve been developed by Slezov et al  9-31 , who hive de-
fined o supply region of the sink which is Iree of other sinks

and can be determined seli-consistently. According to this ap-
prO?Ch,uhe totel PD flux in the vicinity cof & glven gink of s-type

dl: is presented as & sum of two conponentc(f" 0‘ (")srd'.(‘)-s
The physical meaning of this dlvlslon is to dlstlné:1sh enplicity
between the "thermal" Ilux ,f»‘ which is due to an exchange
of thermally emitteq‘PD between difierent macrodefects, and the
"radistion” flux d{f"‘ which is due to radistion-produced FPD
that ere absorbed from the supply region < th of the
macrodefect, The supply region is then defined self-consistently
by a requirement of the zero "radietion" flux across the boundary
ol the region
.
(c/ms ,,){ =0, ez}t (3)
F=Kn

where f‘ is the radius vector directed outwards the sink centre,
and R: ig the radius of the supply region which is assumed
to be spherical for a cavity ( § =C )} and eylindrical for a
disiocation ( S=d ). The concentration of rcdintion-produced
P C:fos chenges only inside the supply region, while out-
side we have Cn(f)S: Cn*) f">R: , which is the same for all
macrodefects as a result of the averaging. C;*is sustained by
the balance petween irradiation end sinks, and it is delermined
by the condition that the total volume of supply regions sliouid
melle up the erystal bulk, IT ccvities wnd diszocutions are the

dominant sinks for PD, then the condition takes the explicit
T N(RE)®+ T pu (RY)”
T NRE)™+ T Pu (RY) =

where (O is the dislocation density, N the cavity numfer densidy.

iorm

(4)
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Thus, the diliusion problem ioT radiation-produced PD in

sbaence of the bulk recombinstion is given vy 11

0% =0 ©)

— W s jP3(r) + K =0 , I REs & lrags o
J;(')S _ a_hscm ( (,) ‘v:. =cX

/r=,-s o r—RS (N

i $7.3 is the
where '$ is the radius of the sink surface, while a—" /u) i

rate of PD crossing the unit surface of the sink. The solution of

s\/()

* - l(ﬁ)—:’—b“ @\“‘3 S re "d}*;g;c)—"—faa)
PE Dy e 7 el =[f & ]

wor a dislocation we have

cl= _K_@i—;ri o @d)gre“a!] %(ﬂ)}(%)

b
eg. (5=7) for & cavity of a radius y‘ is given by

29,F,

J(«M __{@ é.,( r,, [ [g d_“ev,‘iﬁr}' s (9v)
- R, in

using

where r~d is the diglocation core radius. To obtain
explicit form one should express them in terms of (:
eos. (8a),(9a) and, substituting into eq.(4) solve the problemi.
Thus, we have derived the complete set of equations, (4),(8)-(9),
1
that describes raediation-induced PD fluxes to cavities end dis-
locations. '
’S 1 ﬁds do not
In coni$rast to Jh ’® | the tnermal PD fluxes J
1 suse of thermal TD ex-
vanish at She supply region boundaries bec ﬂ”

chenge between macrodefects, The diffusion equetion for (g,

its solution has been gerived in refs. 9-10 . In this paper we

re 1 L es ted ma.ll]l in tlle redla tion- c d volu t o1 Of voias
er y indu e e1 l 3
& n

end dislocutions which is governed by the difference between

d‘(.(,‘)j and J:(")s , iee. between R.s and RS . This dif=
ference arises as a result ol tvio L&ctors, nemely, the elastic
interaction with ID and the boundary lLinetic ct the sink surivces;
and it depends on the volume Iraction of sinls.

2.2, Bias of & Spherical Sink.

The interaoction energy of PD with strain fields is composed
of various contributions, each of which can be essccicted with
e particuler physical aspect of PD. From elastostatic considera-
tion the PD is viewed as an inclusion and as an elastic inhomo-
geneity. The intersction between a sphericel cevity cnd ¢ nearby
ED ie induced then by the image distortion fieid of the FD (the
cize effect) end by the distortion Iield of the cevity due to the

forces spplied to the covity surisce (i ﬂc 1ouuluu ellTect) 37

€ 3 ; 51! 5 4 )
b ﬂi”))LE‘(" - 6 c {)] ‘ekfli"ﬁ (P G)(’Y c)
4 5[ I‘gCTS) » =pP-

AT H rc 2
where P is the gas pressure, a' the surlcce eneirgy,
—1( + -H; )13 the hydérostatic port of the extermnul
G, 73 CREN 33 o P -

stress tensor, M the sheer modulus, ¢} the Foisson ratiioc

X2, is the PD relaxation volume which characterizes the inten-

sity of the size interactiom, a(/" is-the PD sheasr polarizabiiity

winich determines the modulus effect, é? is the interatomic specing. i

Cheracteristic values of these parameters are presented in Table 1
In the cero approximation of the cevity volume fraction

re /Rch_bo eq. (8) reduces %o the rollowing cne:
.."2-‘: 447(”)?'.1@: g%,,c"*r‘c 2.° )

€ ()
G‘f P¥+Gu Z evu (r
[4 2 ey )+%,, o (12)
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PP N ) (13)
2=t e T T VR

3 pap T
1 e oS98 e f s5eq n erivacion 1
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ubstituting (15) into eq.(9) it is possible to obizin th

2lux to dislocation precisely. In the lowest order of

16.

one comes to

o .3
T (rd)= Z2B.C, (1)
n w L
o — Ly D e r (i7)
Z >~ 2p /I?C£3(1‘%4?‘1)-é; (%32)4 prce _f
where E_f(x) is the integrcl exponenticl Turiction of i, In the
dirfusion-controlled approxixllstion ( %/@n"(r-d._)o Voeq.(17)
reduces to the result of 38, 39 which czn be exXpressed in the
Tollowing form:

2’/&{‘?/"”; 2 r‘(b)An (182)
il {220, , et R (1613

which hes a simple irnterpretation: the elastic interaction, if

O A
2‘1 -

strong enough, leads to & new effective capiure rodius thet
ig larger for $I4 than for vacancies since -'5'_2,‘ )/__!20_/

If zn externel stress-field is superumposed, then the nor-

lineor inhomogeneity interaction gives rize to induced changes

which are in the lowest order linear in the externai stress
o e ¢ 0
Zq (6)-‘ EH (9}4‘8'2‘“ . In genersl, S7%. contoins terms which

depend on the orientation of the Burgers vector, These terms

have been shown to lead to the mechanism oi stress-induced pre-

Terence vcbsorption (SIP&), i.e. to the irrudietion creep 40 .

However, swelling rete is affected only by other terms which de-

pend on 6# ¢nd do not on orientation 41
G ) _ COFL  ry-dv g2 (19)
62 @)= - 2oy Db n, 6,

where O(K is the PD bulk polerizability,
n

To derive (17),(18), one has to zssume that dislocations are

homogeneously distributed in a crystal. Gnly this case =dmits the

consideration of & dislocation struc ture s an ensemble of "isclc-~

ted" dislocations interecting only with the single self-consistent

diffusion Tield, The bias of cn isolated dislocution is given by

?
i = .2 Z thtt is egsenticlly deter-
the difference So = 2“ — 2b‘ t s
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mined by the Jgi(QJQUJ ratic and is independent ol irrgg}ation
conditions eg éistinct from the mean dislocetion bies 6 , which
is cobserved to increase with the temperature rise und to decrease
with irrcdiation dose 42 .

This discripency may be undersiood taking into account that
the dislocation structure is generally very inhomogeneous and in-
volves dislccation pile~ups, rafts, dipoles, networks, etc. The
arrangement of dislocations in such substructures can not be con-
sidered as a random one, Accordingly, in the mean-field approxi-
mation it is not correct to singie out one dislocation from the
pile and to perform the overaging over all other ones, Instead,
one has to single out the pile as a hele, place it into the ef-
fective medium and solve the diffusion problem with account of
the pile geometry. In some coses a symmetry of the dislocation
arrangement within & pile helps to obtain an snalytical solution
of the problem., 4 cheracteristic example of Such arrangement is
a pile of dizleccation loops {(cne-dimenticnal periodic structure
of loops) which has been investigated by Dubinko et al 33 .
They have shown thet if the loop density within the pile eXxeeds
& certein criticel velue then the pile absorbs PD as & single
"superdislocation” with effective capture radius that depends
on the retio of the loop radius to their spacing. Accordingly,
the piie bias is less than thet oi én isolated dislocation end
diminishes with growth of pile radius untill it reaches the mean
bias of all the sinks present, This is a sgtable point where cur-
rents of vacancies and SIA to the pile compensate each other so
thet the pile becomes sessile. A stability criterion for inter-
sitiel piles has Leen found in 34 +to be in & good agreement
with experimental cbservations.

LY

18,

The above exmmple shows that bias should be dirlferent Tor diffe-

rent substructures resulting in a compliex nature of the mean dis-

location bius > :ifhsh/ﬁ—, where .P"/P—- is the relutive

fraction of dislocatiu:ns with the bizs S” s P_-‘- ZPW is the nean
L]

dislocation density. The existence of the bias spectrum is confir-

ned by experimental observations of the radiation-induced eveolution
of the dislcecation structure in the absence of veoids 1,8,26 which

requires, at leasi, two components with different uviases ga and SA.

Below we distinguish two structural components, namely, "iso-
lated"™ and "sessiie" ones with densities‘ft end f& , respectively.
The isclated dislocetions have the stondard bias E% , whereas the
bias of the sessile dislocations is such as to conpensate tie ovic-
ges ol voids ond isoluted dislocations, therety eguelining the in-
fouxes ol SIA and vecancies 1o the sessile dislocuivions.

Genera:ly, we believe thut suy suificientiy dense digiocution
substoucture moy becole zessile, since its Livs Should deécrevde du

tie GloLountions druw togetlher shwdowing eccel ctner sgainst T

rluxes. fnother possible recson ol the sessile dislecation formo-
tion resides in impurity atoms and precipiiates which may impede
the dislocation glide and climb.

The roie of sessile dislocations consists in the enhancenent
of the PD recombination rcote Mic: seduces the supersaturation.
Besides, it acts as & sink for the isclated dislocations whose
density'.Pa is determined by the equilibrium between the disloca~
tion sources (s3IA-loop nucleation, etCe) and sinks (mutucl anni-
hilation, escopo to the gruin toundiry or integrolion with a ses-
sible componen” ). The mecn ¢iglocution bi::‘:,'_sb-(soﬁ'i. 5?5\ /S_Szj
cloze Lo E% b oon Ledeind stoge, when the igsol: ted oIS loops ore

the owmin components ol bthe daislocution structuie, so that S)q§i>f3
Y

[T
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is the Joope grow %o form the dislocution networlk, the inequulity
becomes reverse Psy) L’ resuiting in tiie mecn bias decreuse
—%({-) ‘},%S‘:{go , even if the mean dislocation deusit;,rF :ﬁ4PS
remains constant. 4% higher temperctures the sessile structures
become unstable 34 and do not {form, hence ES(T) incresses up

to the %D velue, which is in agreement with the experimental
data 42 .

The mein adventage of this phenomenoclogical medel of the dis-
location structure is its obility to describe the observed evolu-
tion of 5('t} in terms of physicelly transparent parameters Jla
znd PS which can be measured Irom experiment.

2.4. The Boundery Concentrztions of Point Defecis.

4 erystal under irradietion is & nonequilibriun system,
though quesi-equiliuvrium FD concentritions sre sustained near the
mecrodefect bounduries if the rzte of the boundary kinetics is
higher thzrn the rote of PD errival Trom the metrix 9 . In this
¢iffusion-1imited opproximetion, the boundory conditions for

cevities end dislocetions are given by
c e - ¥ <
=t op (2.6, F PV ) f (209

c.a . re W £ (21)
TG (S ut % ;’fﬂ)-v:([w)f (22)

6°=epp /- E"’E/zrf

where the plus and minus signs correspond to vacencies (n=v)

and $Ia (n=1i), respectively; (“’eis the equilibrium PD concentro-
tion ct tue flet surface, f”f is the TD iormetion energy. Since
D boundsry concentrations at different macrodefects differ they
exchenge thermal PD between themselves. Hence, there is no sup-
ply region For thermel r¥D. However, ,QSH vhich hes been defined
for rodiation-produced PD, may be used cs the sink-Iree region

redius in ithe effective medium approach.

' T e e
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where &f is the sun of void und isolated dislocation sink
strengthe {for r¥D:

by = 4 N2 pc + 2,°p, (29)
}(;Eis the Il emission rete from voids and isolated dislocaztions:

K, = kB, CF (30)

e _ (’ _ A penC ep o ,// 2 {31)
<, 4N 2, Ca *‘éﬁ,}% p 1& _
where (;e is the mean concentration of thermal PD in the crystel.
Equations (24)-(31) make a complete set describing the dirl-
Tusion fluxes to cavities and dislocations for the given irrndi-
setion conditions X, T, the dislocation pvrametersiF% ’JQ} cnd
the bies factors Z”O, Z”c y in the lowest order of the delect
volume IZryaciion. This epproximation will be used in the Ie¢liowing

description of the microstructural evolution unces Ziiwdipotion.

4.
5.

1C.

171
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We propuse 4 aew mechamism of WIETaction beiween vouds,
self-mteesutial dislocanon ioops ($1A-loops) ftom the mairnix The
relation 1o the crystab stewclure, namely, it arises only in the crystals,
Iyng .Ilf)ll] the same loop-gliding directions. Youd urdering ix

and rad; duced diff
the vord density exceeds Lhe critical value.

Bives analytwal expressions for the void lar
uver the whole

1. Ingroduction

The formation of void and bubble lattices vopying a
crystal lattice arouses a Breal nlerest since it is a
clltaractcns:ic example of sell-organization in an open
disstpative system which a crystal under irradiation is,
Since the first observations of vacancy void (Evans,
I91'.l [1) and gas bubble (Sass and Eyre, 1973 [2];
Iatm.:es. 4 large body of experimenial data has been
obtained, according 1o which there are two common
features in the ordenng of voids and bubbles [3): () a
fandom distribution of voids or bubbles always pre-
cedes their ordering; (it} the ordered cavity latlice has
the same symmeiry and alignment as the host lattice
,h“' O!her properties of Lhe void lattice are summarized
in secuon 2,

A great number of theoretical models have been
Proposcd 1o explain ordering (their survey can be found
in refs. [3-5)). However, none of the models proposed
cn?lams satisfactonily all substangial propertics of the
void laltice such as SYymelry, saturation and prefer-
ential formanon  bee metals,

One can group the previous theoretical models into
two broad vategories according 10 the type of the
vord—voud interaction considered, i.e . elastic or diffy-
son one. Models based upon the elasuc and isotropic

coarsening of voids, which leads o shrinka

‘ Vouds in the superlatuce thus formed
loup-gliding directions, topying the host latuce due 1o the o i

direcuons of the matnx. The propused model explains why iy

WCe Psrameter and stdllonary size, being
e raige of supertatuce formation.

which s based un the elastically induved absorpuon of
mam pecublanty of this dislocanon tMeraction 15 i ngid
. where SIA-loops can ghide. and exists unly between voids
hown 1o onginaie from <ompeution between the disiocanon
e of unfavourably positioned vands, if

oincidence of the loop-ghding directions with whose-packed
¢ saperiatuce forms more readily i bee than fee meials und
410 good agreement with expenmeniat durg

diffusion interacuons cannot explan the symmetry of
the void lattice and 1he saturaton of its parameters with
dose [3). On the other hand, modcls based upon amiso-
tropic diffusion of self-intersuitial atoms (SIA) [6.7].
apart I'rfun their inurinsic difficulties [30] contradict the
conventional theory of void swelling, For example, the
model of Woo and Frank [6] based un Foreman's
?'w 127] on one-dimensionally Propagaling crowd-
108 1% supposed 10 explain ordenng if the mean free
path of a crowdion, L. is approximately equal 1o the
mean distance between vouds, | . However, [.. de-
¢reases exponentially with temperature T in :ontr.;sl to
I fvhjch increases; 3s a consequence. they can meey

unl_y W A very narrow temperature range, whereas void

lattice _lurmalion is observed over a rather wide lemper.

ature lmtenml [3) (sec also section 8.3). Besides, the

crowdion model is inconsistent with the convenuonal

concept of a dislocation preference lowards S[a mugrat-
ng isotropically.

M L S essentially less than {, then the vouds do not 1aterace,
while 1n the case of L= 1 e nugleation of wonds in
serstiial positions should noL take place. so a random
distnbunion of voids would nut have been observed, which is
CONLLATY 1D experiments.
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To explain gas bubble ordering, Dubinko et al. [8]
have proposed a new mechanism of interaction between
bubbles, which is transferred by SlA-loops punched out
by overpressurized bubbles. This interaction is repulsive
and anses only between neighbouring bubbles lying
along the same loop-punching directions. The main
peculiarity of the dislocation interacton is its rigid
relation with the crystallographic structure even of those
crystals which are clastically and diffusionally isotropic.
This is due to coincidence of loop-punching directions
with Z close-packed directions of the host matrix, where
Z is the coordination number. [n a simple cubic lattice
we have Z=6, while in bec Z=8, and in fcc Z =12
As a resull of the dislocation repulsion and an isotropic
diffusion attraction (due to absorprion of SIA), a ran-
dom distribution of bubbles becomes unsiable and
transforms inwo a latice where the bubbles have im-
mediate neighbours along the same directions as aloms
in the host matrix have, This model predicis that bub-
bles can order only at low temperatures and high dose
levels necessary for the dislocalion interaction 1o arise,
which 1s in agreement with experimental observations.

Contrary to bubbles, vacancy voids grow at rather
high temperature via absorption of extra vacancies, Al a
random stage, the growth of large voids at the expense
of smaller ones is observed [3], and void ordering is
associated with a sawuration of swelling with dose. A
stationary void density is 10% times smaller and the
void size is nearly 10 times greater than those for
bubbles, and both usually show a sirong lemperature
dependence. In spite of these differences, we shail show

below 1hat void ordering can also be explained by the .

dislocation mechanism of interaction between the voids
arising in this case duc to the absorption of SlA-loops
formed diffusionally in the matrix. In our model a
crystal structure manifests itself only in the choice of
loop-gliding, directions which determine a symrnetry of
the dislocation interaction beiween voids or bubbles. As
for the rest, a crystal is considered as a dilfusionally and
elastically isotropic solid solution of point defects pro-
duced by irradiauon.

In section 3 we consider the diffusion mechanism of
growth and interaction of voids and show that the
{formation of a stationary state (random or ordered)
cannot be explained by isotropic diffusion mechanisms
only.

In section 4 we demonsirate that as a result of
S[A-loop absorption, the voids lying along the close-
packed directions attract each other in much the same
manner as bubbles repulse one another due to SIA-loop
punching. The dislocation attraction belween voids to-
gether with the diffusion repulsion results in the forma-

tion of locally ordered configurations of voids which
then grow al the expense of random voids that shrink.
By this mechanism the void lattice emerges, wherein the
voids have immediate neighbours along the same direc-
tions as atoms in the host matrix. Thus the symmetry of
void and bubble latlices receives a common explanation
since it is determined by the mode of the SIA-loop
gliding.

An analysis of slability and saturation cntena pre-
sented in sections 5 and 6 leads to simple analytical
expressions of the stationary void lattice wonstam a,
and the mean radius R, which are compared with
experimental data in section 7. The comparison shows a
good agreement betwesn calculated and experimental
values of a, and R, which is achieved without any
adjustable parameters. One of the most important ad-
vantages of the present model is the explanation it
offers for the preferential void lattice formation in bee
metals, which is due to the fact that the conversion of
SIA-Frank sessile loops (formed via condensation of
S1A) into glissile loops takes place earlier in bee than in
fec metals. In the later case, the conversion loop size is
far greater than the mean void size. As a consequence,
in the majorily of fcc metals the distocation interaction
between voids does not arise, and the void evolution is
governed by the isotropic diffusion of point defects,
which does nol lead to ordering.

2. Experimental data

Below we lisl a summary of experimentally observed
properties of the void latice which must be explained
by theory.

(1) At first, a random distribution of voids is formed,
which then orders in local regions, subsequently spread-
ing 10 adjacent areas [3,4].

(2) The void laitice has the same symmetry and
alignment as the host matrix in bec and fec metals,
while in hep Mg the void alignment is found parallel to
the basal plane [3,4).

(3) A saturation of the void lattice parameters (and
consequently, of the material swelling) as a function of
dose is observed unambiguously at least in niobium
fi2,13].

(4) The perfection of the void lanice increases with
dose, i.e, the void latlice is stable in the size and
coordinate space [2,19]. _

(3) The mean void radius R, and the superiattice
constant «, both increase with temperature, while the
a,/ﬁ, ratio decreases varying from 15 0 4 in most
metals [3].

o
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6y The vou! latnce forms more easily in bee metals,
ch as Mu, Nb, Ta, W, than in fec metals, among
hich there are only two exceptions Al and Ni. Besides,
irtial ordering has been observed in hep Mg (3],

(7) An increase of lemperature in the process f’f
radiation may result in the destruction of the void
ttice, the latier, however, recovers.after a subsequent
:crease of temperature to the initial value [13).

(8) Postirradiation annealing leads 1o the shrinkage
f voids, which, however, remain locally ordered at least
. the beginning of the annealing [13]. .

Thus the void lattice is an open dissipative structure,
hich is stable under special irradiation conditions.

. A diffusion mechanism of growth and interaction of
oids

The physical basis of nucleation and growth of SIA-
»ops and vacancy voids is the same, viz, the .dl$|oca-
ion preference towards SIA along with a refative neu-
rality of voids as sinks for point defects. Stincly speak-
ng. the voids are also biased for SIA, but :hg valluc of
heir bias is inversely proportional o the void size, s0
hat sufficiently large voids are almost neutral ilQ].
{owever, the size dependence of the void bias results in
i rudiation-induced competition between voids [15], i.e.
he growth of large voids at the expense of small ones,
vhuch is observed experimentally at a random stage of
rond evolution (3] -

The diffusion growth of a void of radius R with
wcount of its bias can be expressed as [15:

dr 1
S =A%, + D*
o Rl( a;, a)
MR N, R:’}
x{(H N)R N R
A*peSy o_ Z°Po 2
o= e . @)
N = An(A%a,, + D*a) « 4=N,
D* =Dyl Dl A'HD‘,(E,—E:), {3)

where @ = 2yuw/T, y is the void surface energy, w is
the atomic volume, T is the temperature, D, is the
point defect diffusivity in the latiice (index n=v desl-
ignates vacancies, while n =i - SIA), ¢ 1s the equi-
librium conceniranon of vacancies in a perfect crystal
(8 of tn metals, and hence ¢f is neglected below), 5
and ¢, are the mean vacancy concentrations in a crystal
containng voids and dislocations without and under
irradiation, respectively. Thus, the 4% value is a char-
actenstic of a crystal supersaturation with vacancies
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caused by irradiation. A level of A* is determined by
the quasi-stationary balance equations

K- kID(E,—c3) - B(D,+D,)EE =0, (4)
i=an[TRI(R, ) AR+ 22y (n=t¥).  (5)
(+]

where k2 is the total sink strength of voids and disloca-
tions, K the point defect production rate, 8, the recom-
bination constant, f(R, t) the void size dislrib_unon
function, N = [°f d R the void number density, R, the
mean void radius, py is the density of “isolated™ dislo-
cations, whose bias factor §, is determined only by the
difference in elastic interaction with vacancies and SIA

[15):

o _yo g T 6)
&=Z' -2 L=y {
_Eb(1+x)19,) -

» T 3w(l-w)T

a,, is the constant of the void bias factor §, = a, /R In
the isotropic approximation we can write [13]

o = (]+v)p.u]l/3[(&)2/3_(?_V)l/]]b‘ .
b 36xT w w

where y is the shear modulus, » the Poisson ratio. & _1hc

interatomic spacing, {2, the peint defect relaxation

volume.

Apart from voids and “isolated” dislocations, there
can be other sinks of point defects in a crystal, such as
immobile network dislocations, which absorb vacancies
and SIA in equal numbers and do not climb [15). F_or
the sake of simplicity, we do not take them into consid-
eration. Besides, eqs. (1)-(3%) are derived in the zero
approximation of k, R -0, and in the firs.l a.pproxima-
tion of a, /R %« 1, a/R « 1, which is valid in lh_e case
of large enough voids and a low volume fraction of
macrodefects:

Qs}nwa’I(R, 1Y dR + wpgbt = 1.
¢

It can be easily seen from eq. (1) that l‘hc cFilical void
radius R, (voids with R > R prow, while w,lh R < #c
they shrink) is determined by the dislocation-to-void
density ratio, i.c., by the A_/N value:
N, RSL
R o _*° L . (9)
Rcz(R+Rc N)(l+ N)

If M /N> ), then R is close to the minimum R"
value which controls the void nucleation rate. In this
case alf voids grow al the expense of " isolated dmloq-
tions absorbing extra 1A, which results in the matenial

e G G e ey Of PR Caad cdd e o gt iy

swelling [14-16). In the opposite limit N/N -0, all
radiation-produced vacancies and SIA are divided be-
tween the voids, the total volume of which is conse.
quently constant;

s
2.#”[ RY(R. 1) dR =¥, =const.
(H

However, the void size distribution changes with time,
since R, equals the mean void radius R, ie., large voids
{R>R) grow at the expense of small ones {R<R)
This process of void coarsening is based upon two
different physical mechanisms. The first one is the
mechanism of * thermal coarsening” (known as Ostwald
npening mechanism) driven by a more intense thermal
emussion of vacancies from smaller voids due 1o a larger
curvature of their surface [17]. The second mechanism
of “radiation-induced  coarsening” proposed by
Dubinko et al. [15] originates from the size dependence
of the voud hias factor 8, = a,, /R, according to which
smaller voids absorb an excess of radiation-produced
SIA and shrnk, while lurger vords absorb an excess of
vacuncies and grow. In eq. (1) the term D *q relates to
the thermal coarsening, and A*a,, to the radiation-in-
duced coarsening.

Diffusion fluxes of point defects to voids result also
in the diffusion interaction between voids in the coordi-
nate space [9]. Vacaney fluxes cause the diffusion repul-
sun of voids, whereas SIA fluxes cause the diffusion
ditraction. In general, according 1o ref. [9]. the variation
of distance between two voids. 2/, with time due 10 the
diffusion interaction is given by

1), (10)

where (dR/d1)y, is the void growth rate due to the
absorption of point defects,

In a stationary state we have (dR/dt}, =0, ie., the
diffusion interaction vanishes, and the elastic interac-
tion between voids in isotropic materials is attractive art
any distance [8]. Obviously, an attractive interaction
alone cannot even stabilize the void Janice. Besides, a
purely diffusion stationary state of the void ensemblie
under irradiation is unstable due to the mechanisms of
codrsening which are able to make 90% of voids shrink
in less than 5 dpa (displacements per atom) [15]. Such a
reduction in the void number density has been observed
experimentally by Loomus and Gerber [13]in Nb after a
rise of temperature during irradiation {see section 8.5 in
the text). The competition between voids ceases as voids
become ordered. but it can he stopped only by a steady
source of extra vacancies, ie., when Paby = vonstant and
the total void volume increases with time. This IS5 con-

trary to the ohservations of swelling saturation foflow -
ing the voud lattice formation [12,13], We miy concude
thai the formation of a stavonary void lattice (or even o
random stationary state) cannot be explained within the
framework of isotropic diffusion mechanisms.

4. A dislocation mechanism of void interaction

It follows from the above that the mechanism of
void ordering must impede the disordening effect of the
coarsening mechanism without letting the voids grow.
Moreover, it has to be linked with the crystallographic
structure of the host lattice. We shall show that a
mechamsm satisfying these requirements is based upon
the absorption of SIA-loops formed in the matrx via a
condensation of SIA. Contrary 10 voids. the loops are
able to move fast (glide) in the matrix if there is 4 foree
acting in the direction parailel w the loop Burgers
vector, which exceeds the Peierls force ha, (8] A voud

It

x

Saais

b——t—t—t——1

L4 [

Fig. 1. lllustration of SIA-loop absorpiion effects. A decreaye

in vacancy number in the void is equaf to the number of SIA i

the loop. The maximum shift of the void “centre of graviy”

%, 18 calcubated hefore the relaxation to an equilibrium
shape
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produces the attractive force F, per unit length of a S[fu
loop of radius r, lying at a distance x from the voud
centre, where
F:M;ﬁ'ﬁ(]; (ll)
' x* XX
i5 denived in the isotropic approximation of line;;r clas-
ucity theory [11], assuming that the loop plane s per-
pendicular 1o the void direction and l.hat_ x» R. Loops
of radius r, < R, for which F,> bo,, glide towards lhe
void and annihilate with it, thus reducing the vo!d
volume by wrib and shifting its “centre of grav]ily“ 1;1
the direction of the loop gliding by Ax ., = ir/b/R%.
The surface diffusion restores a spherical shape of the
void around a new “centre of gravity'” and with a new
radius reduced by the value AR = frr.zb/41rﬂ:3
= §{4x,,,. The process occurs in the same fashion as in
the case of loop punching (8] but in the inverse s¢-
quence, i.¢., the loop " pushes™ the void in the direction
of gliding (see fig. 1).

The maximum distance of annihilation between a
loop and a void, /,, is given by the equilibrium condi-
uen Fi(f,)=bo,

174
/- (ﬂ) R (12)
P up

Each crystal is characterized by its set of ghide direc-
tions, along which voids can punch vut or absorb loops.
As a rule, these are Z close-packed directions of the
lattice [8,10]. Thus, a void can absorb SIA-loops from
loop-supply-cylinders (LSCs) * of length /, and radius
R extended in the close-packed directuions, if the loops
are able 1o ghde. If loops are sessile or the g, value is
too high (g, > a;"“, which will be estimated below),
then the loop-vord annihiation can be neglected.

4.1, Imteraction of veids in the coordinate space

Consider two vouds aligned along a glide direction at
a distance of 2/ <2/,. Each void absorbs SIA-loops
from Z -1 “free” LSCs of lengths {, and from one
LSC of length ! which is extended in the direction of
another void. Since ! < {,. the number of loops arriving
from the occupied directuion is less than that from the
opposite “free” direction, i.¢., voids attract ¢ach other.
The velocity of the dislocation-induced void motion
(di/de), equal the rare of nucleation of favorably oni-
ented loops per unit volumie #, times the difference of

* We use the abbrevianion simalar 1w that of Wou and Frank
[6} foe the crowdion-supply-cylinders (USCs)

LSC volumes along the “free™ and “occupied™ Qirec-

tions, and times the mean shift due to the absorption of

one loop (Ax}:

[ﬁ) =a,(1-1,)mRdx). {13)
Jdi t

Assuming thal loops cross the LSC secuon homoge-

neously, the {Ax) value is given by

(Axy=lax, . =14R (14)

The rate of the dislocation-induced void shrinkage

equals AR times the total number of loops arnving

from all directions per unit time:

(—CL—R)=—AR&,[(Z—1)!,+I)]¢R‘. (15)

th
According 1o the egs. (13)-(15), the relation between
(df/d1), and (dR/dt) is given by

d_’)gl(ﬂ)wl_’/"? . {16)
AN TR B Y TR
Taking into account the dislocation attraction [ey.
(16)] and the diffusion repulsion [eq. (10)] between
voids, the net velocuty of the void motion 15 given by
df 3/ R\ dR 3i(ﬁ)'__l_-fﬂp
(7) di )a FH TR N Yy
(17)

where R, >0, R, <0. The distance dependence of
di/ds (fig. 2) shows that voids abgned along a close-
packed direction can form a stable couple (at I = /) due
10 the cooperation between dislocation altraction and
diffusion repulsion of voids. Voids aligned along other
directions diffusionally repulse euch other and do not

a4

l-'LlD...
=

Fig. 2. Dependence of the rate of void motion df /d¢ on the

spaging of voids lying along a loup-gliding direcuion (full hine).

Line 1 corresponds 10 the diffusion repulsion, line 2 to the
dislocanon atiracuon.
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form a couple. It s far more difficult o derive an
equation of motion of a void that has more than one
immediate aeighbour because of the multidimensionat-
iy of the problem and other (uctors comphicating the
solution of a many-hody problem. Consequently. ey
{17) ts valid only qualitatvely when considering the
motion of vords in 4 void ensemble. similarly to the use
of a pairwise atomic potential in the description of the
crystallization process.

Thus, the dislocation mechanism of the void-void
mteraction is closely related 10 the crystallographic
structure of a material, owing 10 which within an inj-
tally random ¢nsemble the voids, that have a sufficient
number of immediate aecighbours along close-packed
darections. form locatly ordered regions voexisting with
lucally rundom regions. where voids have few im-
mediate neighbours along close-packed direcuons.

4.2 dnteraction of vowds in the size space

The most imporiant consequence of the loop absorp-
ton s that it makes o void growth depend not ualy on
the voud size (as in the case with poinl defect absorp-
o) but also on the location of void's immediate
neighbours {which is not the case in the Isotropic point
defect absarpuon). To show this, we write ey, {1} in the
approsimation of kurge vouds (R = R} as:

(d}g)uw__i {(H_N)R Nl

dr T aanet N]r N,

RN

y= 4,7]';‘&’( 33{5)";'(&. 1) dR

°

R
= J.Pu'su(l - ';—;’) = 3%p,8,,. {18)

where ¢ =(dV/dry,, is the swelling rate due to the
absorpuion of extra vacancies by voids. The same num-
ber of extra SIA aggregates 1o form SIA-loops per unnt
volume, if straight dislocations are neglected. Since il
loups from LSCs with the Burgers vectors parallel to the
LSC directions get into the voids, the loop-induced
decrease of a void volume equals q umes the LSC
volume times the 2/2Z factor whech is the ratio of the
nurmber of loops with an appropriate orientation 1o the
wital number of loops.

When voids are smuall, their L8Cs do not overlap
ES ip = R*%}, and the only effect of the loup ubsorp-
ton is 4 decrease of net void growth rates, whaich are at
this stage pracucally independent of void positions tn
the matnx. When i</, the tocally ordered voids (see
the previous section) have an advaniyge in growth over

N
.

——{
S

— [ [omy
Fig. 3. Two-dimensional illusication of the division oi voids
nie Cordered” and “random™ for fo>f Yous 1.2 3 4

represent an elementary cell of “ordered” vonds. whose LSCs
(dashed) have o length /. In the middle of the cell & Crandom”
veud 13 depicted. for which the LSC length s [

the locally random ones because their ESCs are shorier,
ne. the net vacancy influxes are targer than those of
random ones (see fig. 3).

Another consequence of the LSC overlap is that
loops nucleated outside them cannot form new urystal
planes by coulescence, becuuse in the process of growth
they get inevitably into one of the LSCs and are ab-
sorbed by vords. This iocreases the vind shrinkage rate
R dey by a Tactor of 1. which witl be estimated
below. After summanon, the net rates of growth (or
shrinkage) of “ordered™ (dR/d¢), snd “random”
(dR/d1), voids are given by

4R q I _V R _N 2 ]
(3 ), (‘* )E N, AR

7T O N, J
(19)
JdR q [ NYR N .
=)= il LR v LA ST
( dt ), 4nNR* {( N,,) RN RN P}'
(20)

where N is the 01al void density and R is the radius
averaged over both “ordered” and “random” voids.
According to the egs. (19) and (20) the SIA foop ab-
sorptioa, first, increases the void critical radius R, and,
second, results in the shrinkage of the voids of the radii
exceeding a maximum value R, . Obviously, Ry 18
larger for “ordered™ voids than for *random™ ones.
while it is the opposite case with the R, value. Since
after the LSC overlap all SIA condensing in loops
return into voids, the total void volume saturates. though
the volume fracten of “ordered™ voids may grow at the
expense of “rundom” ones. This process is analogous to
the dilfusion void coarsening, but the critenion of void

s -

-
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with or shrinkage is now dependent on the void
sition. 11 is possible 10 estimate the 7 value from the
adnaion of conservation of the total void volume
ach takes a simple form aflter the shninkage of ran-
m voids ts over (d¥/dr), = g(1 — 2nR%m) whence

NRy= b o 1 {21)

1aNIRY  2wNI(R)
5. (19} and (20), after substituting eq. (21) in it and

roducing the following notation u = R/R, = N/N,,
1 be written as

R q

- = ——— -1 - 2
1 ) amnil 4T DB, 22)
R

i) e e, @
ere

- 'T'—
LA 5 3 P ,_;__‘.'f’_,:}_
b2 L aapy

The plot of (dR/d”u,r 1 shown in hig. 4 for differ-
A values,

Al g<l, a stable size of “ordered” voids, RY ...
neides with B (u? = 1), A stable size of * random™
ds, R7,.. is smaller than R (us < Db bat suill exises
o<1+ 8Y /48 It means that the dislocation
chdnism favouring smal! voids saves them from u
nplete shnnkage, and “random™ vouls coexist with
dered” ones in a stattonary state. The complete
inkage of * random’ voids is passihle only of fo =101
37448, in which case the location effect of (he
ocation mechanism prevails over the size effect

4. Plot of the growth rates uf

ordered” {upper curves)
“random™ flower curvesp vonds ot dilferent # values,
wding 1o egs. (22) and (23). (o, telty 4 =],

[ I 3 T NI’ S I L. slationary sigge
CH W el B w1 b, ngho B “ordered”
s are n 4 ostable slatonan sz, 4 =wl =1, a0
T ovinds shrnk, (W R dl}r Y]

nonstilivnary

~ran-
The dashed curve Corre-

ends 1o the purel diffusion sond growih rate (R, gy
E s “

However, this condition s hard o reach if 8=,
because with {,>1 the void growth is saturated and
further increase of s 15 inhibied. Another Lonsequence
of the I saturation at fpFlisthat R )=, R/t
= R. It means that stable sizes of “ordered’”’ and *“ran-
dom” vouds differ only insignificantly.

On the other hand, at B> 1 both “random" and
“ordered™ voids are unstable. because the cntical radius
here is equal 10 (u = 1) or even larger than R{u] > 1y,
It means that the voids with R > R,z R grow at the
expense of small voids { R < R} due to diffusion coar-
sening.

Finally, at 8 =1 “ordered” voids are in a4 stahle
stationary state u® = uf = 1. whereas all ~random"
vouds shrink, (d R/dry, < 0. as soon as f > !. Thus, the
twa conditions 8= 1 and f, =1 determine the point on
the (R, N) plane where the phase transition from the
random to ordered state takes pisce. Let us follow this
process from the very beginning,

5. Void lattice formation

At an early stage of nuclestion and growth, vouds are
randomly distributed untl | > RV < f A the vouds
grow on, their LSCs overlap. leading 10 a saturation of
swelling and division of voids into locally ordered and
random ones. A subsequent evolution of the voud en-
semble depends on the void densny,

If M < &, then the diffusion coursening mechanism
is 100 weak to remove “random” voids (see above) and
2 "mixed” stationary state is established which is ran-
dom from the experimental point of view, since R°

mar =
o
RE

In the opposite case of A > N,. large voids. both
“ordered” and “random™, grow at the expense of small
ones due to diffusion coarsening. As a resubt, N(/)
drops and reaches N,. and then all “rundom” voids
shrink, while “ordered” voids come 10 a stable state (see
fig. 4). The void lattice thus formed copies the host
lattice due to coincidence of loop-gliding directions with
closepacked directions of the mairix.

We may conclude that, besides the ability of SIA-
loops w glide, a sufficiently high void density N = NS
required for void lattice formation.

6. Void lattice parametery
As shown above, the overlap of LSCs tuking, place at

fo =1 means that $IA-loops cannot escape vords, and,
hence, are not able o coalesce 10 form new straight
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dislocanions and crysial planes. Consequently, Lhe con-
dition /, = { means a saturation of swelling and gives us
a relarionship between stationary / and R, values, or. in
the case of the voud lattice, a relationship between the
lattice parameter a, (the void spacing along (100)
directions) and the mean void size R,:

3 1/1—
a = mi =m(i) R (24)
%

where

{4/-/3~ for bec lattice,
m= )
2\/5 for fec lattice,

Another relationship between a, and R, follows
from the condition of the void ordering, i.e, N= N

_ [ 2 for bec lattice (25)

Eo
o, ={x/N) " k= 14 for fec lattice.

Generally, R enuers into the expression for N, [eq. (2)]
via the supersaturation 3*. which is, according to the
balance equations [eq. {4)]. given by

K/AnN R  4aN R » K/A%,
(26)

. b2

4 {KBD') =A% doN R « K748,
where the upper approximation is valid when voids are
the main sinks for point defects, whereas the lower one
should be used when the bulk recombination of point
defects dominates. In the latter case a, does not actu-
ally depend on 5_2!.

Note that in the void lantice case we have calculated
both 2, and R, owing 10 the ordering criterion 8= 1
(N =N,), whereas in the random case we ha\.fe the
inequality B <1 and. hence, know only the region of
stationary N < N, and R > R, values.

In the region of “radiation coarsening” (A%a,,
D*a) N, = pydy/dma,,, therefore a, and R, do not
depend directly on the irradiation conditions K and T:

4,4
_ (i"’i‘ig)l”' 5 - (iﬂ‘gg) i ( QP-)I/J. (27

y .,
¥ Py M‘Pusu 3y
(9] V3
4y [ podo_ 31) v (28)
E\ drea,, .,

In the region of “thermal coarsening” (A®a,, < D *a)

voids are usually the main winks. hence u, and R are
given by

- (211'«')1/1( a, )1/14[ D*a )S/N

* w7 Y "\—_Pu‘su
%, - u(ﬁ)’( D7a ] (29)
e iy ) K
& . mlﬂ/'.' (3—‘7)5/!4( Kposn)ljlﬂl. (30)
R, (2ex)' 7\ % Dta

In the isotropic approximation, the a, /8, ratio enter-
ng in eqs. {27 and (2#) 15 practically constant [15):

eormofi= (] ) ol )

iri‘—;l|=1—|o.

v

A simple model of Frenkel and Kontorova gives the
following estimate for the Peierls stress [18] g, — 4%
167% . Thus, the only parameter in eqs. (27)-(30)
which has to be determined is a statonary dislocation
density pg. According 1o expeniment, g, varies from
10 m~? 1o 10" m% the ratic a /R ~ pl, %, g™
remaining practically unchanged.

Above, we have taken into accoun ouly SIA-loops,
in which case py = 2x7, 0. where 27, is the mean loop
size, n| is the loop stationary density. which is sustained
by the batance between the loop nucleation and absorp-
tion rales. However, before the overlap of LSCs takes
place, the loops cun grow and coalesce 10 form a
dislocation network which is still present at the vord
ordering stage. Naturally, with the dislocations ab-
sorbing extra SIA, the net void volume grows. In this
case, py 15 the total dislocation density, and egs.
(27)-(30) describe initial parameters of the void lattice.
However. without a further supply of growing loops. the
dislocation network density should fall significantly and
can be safely neglected in eqs. (2T)-(3). This is also
confirmed by experiments [13,19].

7. Region of void lattice formation

It follows from the above that a sufficiently high
void nucleation rate 15 necessary for the ordenng, so
that N could reach the critical value ,N"‘ Realization of
this criterion is likely at bow and medium temperatures,
when RY is not too lurge. Since impunues strongly

M .
inMuence the void nucleation, they can stimulate (or
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impede) void lattice formation. However. according to
our model, the void lattice parameters should be inde-
pendent of the impurity concentration, provided that
the latter does oot influénce py, 8, of &, values.
Aeeording to @y (29 the nid cpacing hedensiy
with temperature and reaches the mean spacing between
the dislocations of the network, {, since the tempera-
ture dependence of the latter is weaker. At 12/, the
dislocations screen the loop-induced inieraction be-
tween voids, reducing its range o /;. Consequently. the
void lattice does not form, though a saluration of swell-
ing still can take place as a result of the loop absorption
process. :
Thus, our model predicts void lattice formation from
a random state at sufficiently low temperatures (N, {T)
= 7%} in those malerials, where a high void density is
nucleated (M 3 N) and SIA-loops can ghide [Ip < :;;'“ ).
The symmetry of the void lattice is determined by
onentation of loop-gliding directions, and its parame-
ters - by the dislocarion density g,. irradiation condi-
tons K, T and by the material constant according (o
eqs. (24) and (23).

8. Comparison with experimental data

8.1. Mode of ordering
According 10 our theory, the void ordering starts

when the mean range of the dislocation interaction
I, ~ R** exceeds a half of the mean distance between

Table 1
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randomly distributed voids. At the random stage. the
growth of large voids at the expense of small ones can
take place, il N> N,. At .fp> i, locally ordered voids
appear which then grow at the expense of random ones.
GHIE the thekt ¢id YWElling tdtkined: ol MHEE 6F chE
SlA-loops are absorbed by vods. Exuctly the same
mode of ordering is observed expenimentally [3.4].

4.2, Symmertry

Voids in the lattice formed through the dislocation
mechanism have immediate neighbours along loop-ghd-
ing directions. The observed copying of the host matrix
by the void lattice 15 due Lo coincidence of the loop-glid-
ing directions with close-packed directions of the ma-
trix. This coincidence has been observed expenimenially
{10] and explained theoretically [18] by the fact that
along the ciose-packed directions the Burgers vector has
a minimal length. An inleresting excepuon to this rule is
found in CaF,-type compounds, where a simple vubic
lattice forms irrespective of us fec struciure [5] How-
ever, the voids in CaF, are formed n a simple cubic
sublattice of fluorine atoms, leaving the fec sublattice of
Ca undamaged. Therefore. it is only natural to suggest
that the void lattice in CaF, has a simple cubic symme-
try. since the SlA-loops are related to the [luonne
sublattice and glide along 6 close-packed (100} direc-
tions. Thus, this “exception” provides an additional
evidence for the dislocation model of ordenng.

Another exception is the ordering in hep Mg, where
void alignment is found parallel to the basal plane [3}

The Nb+04% oxygen microstructure versus irradialion condilions according to ref. [13]. A, R, and ¥, are the stationary values
calculated at 2, /|2, | = 1.85 (the first number)-2 {the second number). Subscript “ex” denotes experimental data

Temperature and exposure dose

50 dpa 50 dpa S0 dpa at 7777 C
at777°C at 9571°C +50 dpa at ¥57°C
+ 50 dpa w1 777°C
Po =2mai tm™Y) 9x10" Ix 10" ax ot
fg={7pd)"'"? (nm) 90 90 126
{= (32N, "' (nm) 15 49 20
R,, (am) 3 18 5
— [}
& = tJ—')"J(GN, )"** (am [ 25-13 9-6
Y
N, (m™?) Tx 108 x19% Ix 0k
N, tm™y (-4x 10" (1-4x1p¥ (1-3x 103
V., = wNR) 0.008 0.049 o016
1o
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Fhis mas be in agreement with the dislocation moJel
provnded that the S[A-loops in Mg condense primanily
on the basal plane and ghide in the perpendicular divec-
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v

tion, thereby giving rise 1o one-dimensional dislocation

b

eraction between voids. However further iAvestgs
tions are needed here.

#3. Bove rare and tempentidis Wil
_ Compaurison of expenimental and theoretrcal o, ane”

R, valfms 15 shown 1n table 1 and fig. 5 It cun be scen
from figs. 5 and 6 thai their temperature dependences

are alike: they are nearly constant the radiation -

coarsening region (A*a, > Dq) and ncrease with
lemperature in the thermal coarsening regon (3o <
D*a). At the same tme, the a /R ratio shightly :.h.
creuses, being in agreement with the general rule. wviz
void latuce formation at lemperatures below lhc.peai‘
3

swelling value [3). [
Vanations in K and T with voids remaining in the

radiation coarsening region should not, according 1o the.

theory, effect o, and R, This conclusion has been - ¢

proved experimenially [3). For example, in Mo irradia-
. o

.wd t 650° C by neutrons a1 K = 10°* dpa/s and also

irradiated at 870°C by 2 MeV nitrogen wns at K = 7 x

-3
107 dpa/s [17], a, was 34 am and 22 nm. and R, was

1.9 nm and 2 am, respectively

Temperature dependence of g, and ﬁ‘ in Nb iy
stronger than in Mo (fig. 3) because of 3 lower self-dif -
fusion energy E!=£M-32 oV in Nb than in Mo
whef: El+ EM=43ev. Asy result, the voud lattce ml
Nb is formed primanly in the region of thermal coar-
senng (see {ig. 6). Loomis and Gerber {13] have found
the following relationship between «, and 4, = 2R. in
Nb: o, =591 ()%, which is very close u;: our o, =
{107y /a,)° 2’(_;1',)"'", Comparison of the coefficients of
the powers of d, gives a reasonable value of o = 2x 0107
Jm"J-SXlO-‘p. :
_ According Lo table 1, the void spacing 7 in Nb
mcrcascs with temperature and ar 957°C reaches 49
nm, which is comparable with the spacing between
!-wlwork‘ dislocations /, = 90 nm, the latter screening the
nteracuon of voids. As i result, the perfection of the

Fig. 5. Regions of a, and R, vadues for Mu (shade

verucal linesy and Nb (horizontal lines) calculalcd(accor:in\;l::
€qs. (24) and (25) at the following parameters: p, = 1014 m~3;
=025 omi y=2J)m Y g, =10* f m-? (M:ﬂ 1075 -
(Nb), Ef+ £M =43 eV (Mo), 3.7 eV {Nb): K =.:0’° dpa/s
(Mo). 510~ dpa /5 (Nby; 12, /192, = 1.05 (upper bounds) 1o
2 {Iuwg bounds). { » ) experimental a, and R, values m‘ Mo
accarding to refs. (19.20): (a. O) u, nd R, i N

refs [1326)

Nb accdrding 1o

-

b

\
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T{°C)

)

L A R e
K (2pa/s)
Fig. & Graphic representation of regions of radiation coar-
«ning 3%a_ > D*a (abave the curvet and thermal coarsening
d*a, < D*q thelow the curve) on the K. T plane. (a) and (o)
are the irradiation condiuions. under which the void lattice hay
been observed 10 Mo and Nb., respectively.

voud dattice at 957°C is much worse than at 777°(C,
when /= 15 nm « {3 =90 nm. and the dislocation net-
work does not interfere with the void tnteraction,

4 Effect of mpurilies

Luomis and Gerher t13] have found that o threshold
JUNREN concentration is required 10 induce vrdening in
Nb. Once this concentration is achieved. (he super-
attice parameters are independent of the oxygen con-
entration. In “pure” Nb (<004 0% below the
heeshold oxygen toncentration) voids remain rundom
' ail temperatures, even afrer their growth comes to a
tandstll (N R, ¥ = constant). Ay 777°C, the ob-
erved loop density g, = e = 10" m2 reporied
w be the same in both “pure” and 0-doped Nb, which
wrresponds to N, = o8 sdma, = 3% 1022 40 6 x 102!
nae AR 1=111010, respectively In “pure” Nb
he observed void density ¥ = 3. p22 m % is less than
. and hence, is insufficient for qhe ordenng (# - [},
ihereas in O-doped Nb & = 7 192 m™ 2 N which
wuces the vonl ordering, Though the quanudative Jif-
renee in A oo smalll the yon behaviour complewly

Wnges i accordance with predictions of the theary,

A high conceatranon of aurogen has alse been re.
arted 1o be a prerequisite for vord urdering 1n stainless
celarradiated by elecirons 128 This i the cenly case of

ordering in metals induced by electrons, which shows
that it is not the nature of the radiation that influences
the ability of voids to order but. rather, the radiation
Lavirgnment associated with each kind of the projectile
Since itis thin foils that are ircadiated with electrons, a
strong influence of close sample surfaces usually de-
creases the void density. That is why ¢ven in the men-
toned experiment by Fisher and Wiltiams [28] (he
ordering was observed only in thicker parts of the
wedgeshaped foil.

On the other hand, no such threshold effects due 10
impurities have been observed in Reutron- or ion-sreadi-
ated Mo and its alloys, where the void lattice readily
forms even without impurities. since 1he void concentry-
tion is sufficiently high.

&5 Radiation stabulity

According 1o the present theorv. the void latice,
once formed. is stable if N, does not vary with ume. If
N, decreases, then an extra number of voids ¥ — N, has
to shrink in order o restore o balance between diffusion
and dislocation mechanisms (see section 4.2). On the
other hand, if N, increases, then the critical void radius
becomes small (see fig. 4), making possible the nuclea-
bon of N, — N new voids at the eapense of the vords
with R > 8 which w # <1 have 10 shrink.

The simplest way 1o change ¥, is to shift the irradia-
ton temperature into the region D *a > A% where
N, strongly depends on T. Such an experiment has been
carried out by Loomis and Gerber in Nb [13]. After
initial irradiation Up 1o a dose of 50 dpa at T17°C, a
stable void lattice formed wherein / = 15 nm << /=99
nm. After additional irradiation up to 50 dpa ut 957°C,
90% of the voids shrink leaving the remaining voids in a
new stationary bur almost disordered state. where { = 49
nm was of the same order a5 {3= 90 nm. Alter subse-
quent irrachation at a lower temperature of 777°(C up
to 50 dpa (1he 1otal dose being 150 dpa, 3 new popula-
tion of small voids nucleated, while large old voids
shrank to their size, and the void lattice formed again,
wherein { = 20 nm « 4= 126 nm_ A slight increase in /
compared to the first irradiation ag 777 ° C s due 1o an
observed decrease in p, from 10™ m 2 down fo 4 x 1"
m o Ag we can see, these very detailed eXpenmental
ohservations by Loomis and Cierher agree with the
predictions of the present theary with 4 SUFPTISHLE #CCu-
racy.

The void lattice can also lose 1ty stubility due 1o the
vanaton of the interpal parameters §, or a . which
influence N.Tand K remaining unchanged. The pornt
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is that &, and a, are generally complex functions of
radtation environment, €.2.. Impunty content, phase and
dislocation structure, et For eximple, the void prefer-
€Rce parameter a,, can be increased by impurity pre-
cipitation on void surfaces which make an additional
barrier to vacancy absorption. A similar mechanism has
been  proposed qualitatively by Evans [22] as an
explanation of his observation of vord shrinkage that
destroyed the void lagiice during reactor irradiation of
MO at constant T and K. According 1w eq. (2), the
increase of a,, leads 10 a decrense of N,. and hence, to
the shrinkage of ¥ - N, smaller voids. Besides, accord-
Mg 0 eq. (18), if a, > RE,/Z,. then the swelling rate
must become negative (¢ < 0). since the average void
preference a"/ii exceeds the dislocation preference
5./ Z,. Exacily this behaviour has been reported by
Evans {22] which is contrary to the version by Frank
and Woo [6), who ascribed the void lattice disordering
observed by Evans 10 void coalescence,

8.6, Annealing

According to the present theory, irradiation is a
prerequisite for void ordering, since it is the only way 10
produce SIA-loops. However, if irradiation is performed
4l a temperature below stage 111 (T < 200°C for Mo),
when vacancies are immobile, then the void ordering
vould take place during a subsequent annealing at a
high 1emperature due 1o the absorption of SIA-loops,
formed via condensation of SIA.

This conclusion is confirmed by a remarkabie experi-
ment by Evans et al, [23], who managed to produce a
partial void ordering by annealing Mo samples for 1 h
at 900 C after neutron irradiation at 60°C. This result
is very important since isolated SIA are not present
during the annealing and, hence, the ordering cannot be
explained by the models [6.7] based upon anisotropic
SIA diffusion. On the other hand. a large number of
small SIA-loops has been observed directly in this
expenment,

Imperiection of the void alignment in ref. [23] is
explained by a Limitation in the number of S1A-loops
formed after irradiation. Consequently, the void lattice
vannot exist long after all SiA-loops are absorbed.
Evolution of 4 void ensemble during annealing is
determined by two factors, firstly, by the thermal void
coarserang and, secondly, by the dislocation network
that acts as a sink for vacancies. In a random state, the
#ze distibution of voids s broad, which Favours the
-varsening. In the lattice, the distribution is sharper and
simost all voids shrink, thereby maintaining a focal
»rdering since shrinking voids diffusionally repulse each

uther. In both cases. swelling decreases, since according
to eq. (18), at K =0 we have

dV/dr=g = —PaZ2°D*a/R <)

This conclusion is confirmed by Loomis and Gerher
(13} who observed the void shrinkage during annealing
in Nb a1t 975°C for j0° independently of the voud
ordering. The swelhng V(1) decreased from 0.005 10
0.002 (random voids) and from 0.008 (o 0.002 (voud
lattice). A caleulation of £ + E[ for Nb using the Vi)
decrease gives the 3.2 oV value, which is in Agreement
with reference daia [10.21] and explains a strong tem-
perature dependence of the void lattice in Nb (see fig.
3). Thus, the expenmental dary confirm our coneeption
of the voud lattice as an vpen dissipative structure stable
only under irradiation when both diffusion and disloca-
tion mechanisms of mass transfer between voids cooper-
ate.

8.7 Role of hosr latnce

Tt follows from the above that the void lattice can
form only in those crystals where sufficiently smuall
SlA-loops (r, < R} can glide. The experimental daga
available (see, for example, ref. [10}) show that (hjs
property i1s characteristic of most bec metals, where very
small StA-loops with § - (1/ya{1103unfault 1o form
perfect loops with 4 ={1/2ra (M} a = lattice con-
stam). On the other hand. in fec metals SIA ugpregate
to form the sessile Frank loops with b=(1/Naq1tny
which encircle an extrinsic stacking fault and ure not
able to glide. Usually, the loops remain faulted until
they touch the surface, or mtersect to form a network.
One of the factors responsible for this difference be.
tween bec and foc metals s a stacking fauit energy Ye
which is about 200-300 erg/cm? for bec and 20-50
erg/em? for fec metals t18]. 1t is known [24], that a high
e value sumulates the unfaulting process and this
explains not only the greater readiness of bee metals to
form the void lattice, but also the known exceptions 1o
this rule, namely, ordening in fec Ni, Al and their alloys
having anomalously high values of Y¢ ~ 200 erg/cm.

An agreement of this criterion with experimenial
data is one of the most important arguments in favour
of the present model, since other models give no crite-
rion at all *. Besides, it offers 3 practical recommenda-

* The argument that fower void denseties in foe metats prevent
the voud ordening [6.7) doses nat seem 1o he vunfsistent with
the void lattice observed in AL[29) where the void density s
very low [~ ax 10 - )
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ton for producing vaid latuces in other fec metals by
adding slloying componenis that increase g, of stimu-
tate the unfauliing process in some other way.

9. Discussion

In this paper we have tried o demonstrate that the
dislocation mechanism of void interaction together with
m: diffusion coarseming mechanism determine the re-
gron of formation of the void lattice, its main propertics
and characteristic parameters, which are in good agree-
ment with experimental data, We used no adjustable
parameter. and the only external parameter of the the-
ory, the SlA-loop density p, = 27a, 7|, was laken from
the experiment [13] in Nb and was used for g, und R
culculations in boih Nb and Mo. ) )

From a geometrical point of view, our model is close
t that of Woo and Frank [6] based on one-dimensional
propagation of SIA-crowdions along close-packed direc-
uons of the matrix. However, the existence of such
Inng-lr.:;lvelhng crowdions raises doubts [3), whereas the
formation and gliding of SLA-loops is a well-established
provess. Besides, the void ordenng in Mo during the
posnrrudmion annealing {23} cannot be explained by
diffusion of isolated SIA, which are not present under
such conditions (see section 8.6). Moreover., a shrinkage
of “random™ voids has been taken for granted by Woo
and Frank who have not considered the diffusion coar-
seung mechanism. Without the latter one has to con-
aldgr the limit B — 0, in which “random” voids do not
shrink completely bul come to a stable size (which is
somewhat smaller than that of “ordered™ voids), be-
cluusc small voids gain more isotropically dif I'tlns'mg
vacancies .'ha" large ones. It is useful to compare the
::ll:rﬂl'btifnng with a classical crystallization process. the
o~ bmg the result of the competition (and cooper-
SIAnIJ ctween energy and entropy. In our case, the

und- &zuisbsohrflion suppresses the void competition
vouds are o u ordered :-lau‘e. where 5IA influxes to
foct £ ton slmmal. However, if the anticompetition ef-
locally rang ;Ong, the locally ordered voids coexist with

m ones, Thus, a stable random void distri-

bution is analogous 10 metal glass formed by cooling

from high temperature, being 100 fast for the formation
of 4 long-range order.

We should also point out an important connection
between ordering and swelling saturation. According 1o
vur model, both phenomena have a common nature
namely. the SIA-loop absorption, though the swcllmg.
saturation can take place without ordering if ip =1 but
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N < N,. Generally, using eqs. (213 and (20} a swelling
rate d¥/de for I, <1, R®» R? can be written as

1% -
5 (1~ ip/T) = aBya= (1 ~ (v %)), any

M=

2q 1 N, for void lauice,
9_ L N=

" (6N)
Y < N, for random voids.

(32)
At V=V the ioids are in a stable state (V, = constant,
N.’ = ‘f’““a_‘“j R = constant) which is not possible in the
dnffus:op limil g, ~ 2 even at py8, = 0 (se¢ section 3).
The inequality ¥, < 1 gives us a quantilative criterion
for . the “gliding ability” of SIA-loops necessary for
::‘}fi lt'(c)n_'l:;‘alnon: g, <o m 9 2y(6N,) 0 ~ 16Y
Eq. (31) can be used 10 estimate the dose necessary
to approach ¥, since V' = V, only at ¢ — w. For exam-
ple, the dose Ky, at which ¥ = 0.9V, in Nb lies within
the range between 0.1 and 15 dpa. if 2,712, | changes
from 10 10 1.05. According 10 experiment ref. [13).
I{(t) = constant at Kr 2z 20 dpa. Note that in the diffu-
sion limit (a /e = 1), ¥V~ (Ki}*** even in the
“'sluw_esl" regime of void domination { ¥R = Po)and at
Ktyy is 7 times greater than V. Thus, it is difficuli 10
explain the saturation only by the domination of voids
as pc_)im-defect sinks. as has been attempied in ref. [19].
. Since the loop-gliding is a basic property of crystals,
It seems reasonable 10 undertake further studies in order
to clucidate the relation between this property and
s‘fvciling resistance of matenals. A general trend, ie.,
higher swelling resistance of bee than fec metals, is in
agreement with our theory,

With regard to bubble ordering, we should stress
here that the main difference between loop-punching by
bubbles and loop-absorption by voids is that the former
is a prerequisite for the bubble formation at low tem-
peratures independently of the host lailice type. Conse-
quently, the bubble lattice also forms in fcc Cu and Au,
where the void lattice has not been observed [25).

10. Summary and outstanding problems

1. A new mechanisim of interaction between voids is
prop?sed.. which is based on SIA-dislocation loop ab-
sorption mdm.?ed by the loop elastic auraction 1o voids.
- 2._ The main characteristic property of the disloca-
tion wteraction s its ngid relation 10 the crystal strue-
ture, namely, it arises only in those crystals, where
_SlA-loops formed by irradiation can glide, and results
n: (1) attraction between the voids lying along the same

B
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loop-ghding directions, and (ii) the dependence of the
void growth {or shrinkage) on the position in the ma-
trix.

3. As voids grow, the range of their dislecation
interaction !, reaches the void spacing J, which resulis
in the formation of a stable stationary state, when the
diffusion growth of voids is compensated by their dislo-
cation shnnkage.

4. A sufficiently high void number density N N s
required for void lauice formation through the shnn-
kage of unfavourably positioned voids.

5. Voids in a lattice formed through this mechanism
have immediate neighbours along loop-gliding direc-
tions. The observed copying of the host matrix by the
void lattice is due to coincidence of the loop-gliding
directions with close-packed directions of the matrix.

6. The conditions of void lattice saturation (IP =)
and stability { N = N,) lead to simple analytical expres-
sions of both the lattice constant a, and the mean void
radius R, through the known or measurable irradiation
and material parameters. The caleulated dose rate and
temperature dependences of a, and R, are in good
Quantitative agreement with experimental data.

7. At the present time the dislocation model of void
ordering is the only one which explains (a) the prefer-
able formation of the void lattice in bee metals, (b) the
void ordering during postirradiation annealing in
molybdenum [23]. [n both cases the necessary disloca-
tion interaction between voids arises due to the forma-
tion of sufficiently small (r, s R) perfect SiA-loops
observed experimentally.

8. In most fcc metals the SIA-loops formed under
irradiation are sessile; this formally corresponds to the
diffusion limit of the present theory o, — o0, in which
voids remain random. A conventional theory of radia-
tion void growth (see, e.g., tef. [14]) follows from the
diffusion limit at g — 0.

Thus, the interaction between cavilies arising due to
SIA-loop absorption or punching, can explain the for-
mation and main properties of void and bubble lattices
in irradiated metals, alloys and alkali earth halides,
though in the latter case a quantilative analysis has not
been performed as yet. According (o our approach, void
and bubble tattices are open dissipative structures, which
can arise and exist only under specific irradiation condi-
tions providing a cooperation of the dislocation and
diffusion mechanisms of interaction between cavities in
a crystal.

In conclusion, we should like to attract antention 19
the most important prediction of our theary, which
could be tested by subsequent experiments. Namely,
perfect SIA loops must form under irradiation in order

to induce the void ordenng. This argument could be,
verified by irracdiating foc metal samples, whose stuck- .
ing faull energy (SFE) is increased by slight alloying | -
additions which should stimulate the unfaulung of SiA
foops (see section 8.7). In this view, it scems possible 10 ¢+ j

»

produce void lattices, ¢.g., in stainless sieel, where they
are seldom seen because of a very low SFE. The known
exception is the expenment by Fisher and Wilhiams [28]
who observed the void ordering in 20,25 stainless sweel
containing additions of Ti and a high concentration of
nurogen (sec section 8.4). Unfortunately, they have not
reported the SIA loop struciure, so this point needs
further investigations. Note that the loop analysis is
most simple at an early stage of irradiation. preceding a
substantial growih of voids which may reduce the sta-
tionary loop density and size beyond the TEM resolu-
tion limits.

Another consequence of the alloying additons would
be a decrease of void swelling due to the annihilation of
SiA loops by voids, which is, in our opinion. the reason
of higher swelling resistance of bee as compared 10 fed
metals,

v
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The void ordenng under wradiation in simple cubse, bee. e and hep crystals 15 considered within the framework of the
dislecation model of void latice formation based wpon the absorprion of perlect imerstiual loops by vends. The ordering
criterion is derived takung wnto account not only perfect loops but Frank sessile loops and straight dislocations as well.
Analyucal dependence of void kattice paramelers on the concentration of the loop nucleauon sites is denved. Impunties are
shown to stimulate or prevent void ordering depending on their influence on the loop nature. Finally, a mechanism of loop
punching from submicroscopic overpressurized gas bubbles is considered us a possible source of perfect loops which could
induce the swelling saturauon and void ordenng in foc metals with low stacking fault energy

1. Introduction

Considerable progress in the theory of void lattice
formation has been achieved recently in works by Evans
[2). Woo and Frank [3] and Dubinko et al. [1.4], where a
relation of the crystal structure to the anisotropy of
self-interstitial atom (S1A) transfer has been taken into
account. This relation is important for an explanation
of the prominent feature of the void fatnice, namely,
that it usually has the same symmetry and alignment as
the host matrix.

The main peculiarity of the model reported by
Dubinko et al. [1.4] is the dislocation mechanism of
anisotropic SIA transfer which assumes that the diffu-
sion of isolated SIA is isotropic {contrary to the basic
assumptions made in refs. [2,3]) but SIA clusters having
converted into perfect dislocation loops, can glide along
some crystallographic directions under elastic stress ex-
ceeding the Peierls siress o). In the case of highly
overpressunzed gas bubbles, SEA-loops are formed at
the bubble surfaces and are then punched out due to the
bubble-ioop repulsion induced by the gas pressure [4),
On the other hand, vacancy voids absorb SIA-loops
from the matrix due to the void-loop attraction in-
duced by the void surface tension (1] Obviously,
neighbouring cavities lying along the same loop-gliding
direction punch out or absorb a smaller number of
loops as compared 10 solated ones. As a result, a

dislocation interaction anses between cavities where
SIA-loops rather than 5[A play the role of quanta. This
interaction was shown w0 influence both the size and
position of cavities in the matrix and to lead under
specific conditions (o an ordering of the cavities.

In the present paper the dislocation model of void
ordenng is futher developed to include effects of impur-
ities on the nucleation of S[A-loops. Special attention is
paid 1o the mode of the ordenng in different crystal
structures and to the influence of Frank sessile loops
and straight dislocations.

2. Dislocation model of the void ordering

The maximum distance of the loop-void annihila-
tien /, determines the length of loop-supply-cylinders
(LS8Cs) which are extended from the void along loop
gliding directions, {, is given by the equilibrium be-
tween the void-loop attractive force and the Peierls
force [1): I, =(3yr/o,)'/*R'/2, where y is the void
surface energy, R is the void radius. r is the loop
radius. At an early stage of nucleation and growth voids
are randomly distnibuted since they do noet interact by
the dislocation mechanism untsl fP ix less than half the
mean distance between voids /. At this stage the mean
void size R grows along with /, ~ R AL [, > 1 LSCs
overlap meanming that all perfect SlA-loops cannot

0022-3115 /91 /303 50 %4 1991 - Elsevier Science Publishers B V. (North-Holtand)
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esape vouds, and hence, are ol able 10 furm new
crvstal planes  Accordingly. 3 futher vond swetling s
possible only al the expense of straght dislocations and
sessile Frank loops that ahsorb extra SIA irreversibly. if
ane assumes (as was Jone in ref. [1]) that all SIA-loops
are perfect and their coalesvence is the main source uf
new straight dislocations. then al .3“3.' the straight
dislocation density should fall deastically without a
futher supply of growing loops and the vind swelling
<hiuld sawerate. This s conlicmed by expenments e
1)), The mean void size R, vorresponding o the swell-
1ng saturation is given by the condinon 7, 3 = I8

~ GP 1.3 3 449 \ 3
Re(B) lam) o v= g M
where & o the void number density.

Il vords are ordered. then the void lattice parameters
a. twhich equals #1/¥3 for the bee Yauice) may be
capressed by eq. (1) in terms of R o =107/
a " PRRMT that s very lose W retutomship.
experimentally  found o mwobwm [10f a =
SYIR YT A companson of the coefficients of the
powers of 2R, gives a reasunable valug of o, = 5 x 10 4
d [1). where p s the shear modulus.

However. the SIA-loop absorption alone leading to
the void growth saturaton is not suificient for a shrin-
kage of unfavourably placed voids [1]. At ip F 1 the fute
ol each void depends on ils size and the location of the
void's immediale neighbours, Voids that have neigh-
bours along gliding directions {locally ordered voids [1])
ahsurb fewer SlA-loups as compared 1o locally random
voids which have immediate neighbours outside glide
directions. On the other hand, larger voids (R > ﬁ)
absorb more exira vacancies than smaller ones (R < R)
due o the diffusion-induced coarsening mechanisms,
that control void densities [3). According o [5], without
the loop absorplion a steady-state void density under
irradiation can not exceed the value 24, dependent on
the dislocation density and material constants (N, will
be formally defined in section 4). The loop absorption
lowers the maximum steady-state void density by a
factor of wo |1 AL N> N, the diffusion coarsening
was shown to dominate over the loop absorption result-
ing in the growth of larger voids al the expense of
smaller ones, ierespectively of their positons in the
matnx. Henee, N decreases with dose.

At N <N the diffusion coarsening 135 100 weak 10°

muke the voids shrink, and a randem stabonary state is
exiablished, where “randony’ vosds are smalbler than
‘ordered” ones but both acither shnnk nor grow,
Finally, at ¥ = N, only * random” vouds shrink. while
“urdered” vouds form stable lattice with close-packed

Lottlraenoes oot voadd hagin e foremaisen

1

directions ying along loop ghding directions. Thus. the
onlenng 1s a process of coanenng where the dislova-
pon mechansm points cut “randem’ vouls making
them smaller than “ordered” ones, while the dilfusion
mechanism shrinks them out. That s why a critical vond
density parameter for ordenng N, s determined by
diffusion-induced coarsenng.

In cubic crystals, where SlA-loops ghde along the
matriy close-packed direccuons, the vord lattice copres
the host Tattice. In hep erystals o planar or linear voud
ordering takes place depending on whether Sla-loops
glide within the hasal plane or along the c-direction. as
will be shown in the Tollowing ecuon.

3. Mode of ordering

Elememary cells of cubic vand lattsees are shown in

fig. 1. where “random™ voids are depicted 10 intersunial
positions. It is seen that at (/R > 11/ R, “ordered”
voids Jo not shield the ~random”™ one agminat SEA-loop
inlluxes and the latter shrink ot ¥V = N in agreement
with rel. [1]. In this case voids mav Torm linear string
along ¢.p.d. even at early stages of the ordening. In the
oppusite case of {/R < (/7R an overlap of LSCs of
~ordered” and “random” vouds takes place within
vlose-packed planes which helps the latter to survive.
Consequently, at N = N, only those vouds shnink that do
not have enough immediale neighbours within the
close-packed planes. and hence voids align first inw
planes (planar ordering) puraliel 10 the close-packed
planes, Laler on a superposition of these planes resulis
in the formation of void lattice copying the host mawnx.
Fig. 1 shows that ({/R), increases n the foflowing
sequence: simple cubic. bee, fec. und 4 tendency flor the
planar ordering increases respecuvely, However. expen-
mental values of i/ﬁ increase in the same sequence,
which means that a fashion of ordering may be either
planar or linear depending on the actual value of swell-
ing § = (R/H’, This conclusion s supported by Liou et
al. [6] who observed that in Mo already at 2 dpa “some
void ordering occurs, primarily in one- and wwo-dimen-
sional arrays”. On the other hand. it does not contradict
Evan's view about a planar fashion of ordering in Mo
[2). In general, an increase of SP,-(R/I):,. should
favour the void lattice perfection which accordingly
should increase in a sequence of foc (3 = 2%). becl S,
= 10%} und simple cubic latnee (5, = 12%) Experi-
mentaily, there is a smail difference in perfection of
simple cubic anion void latuce |74 and boe voud lattice
in niobium [10], and they hoth are substantally beter
than lattices found in fee metals

Ly

simple cubic (160)
(a,m],fz(c/g)’f,

g, 1. Two-dimensional lustration of the vol
cubw lattice, ¢ 110y plane for bee,
“random™

bee {1Q)

Although 4 mode of ordering may be variani, the
final structure of the void lattice in all cubic u:ry‘uul.s
wpies the host lattice or that sublatice which de-
ternuncs the loop ghding (the latter is the case with a
wmple cubic amon superattice in CaF, [L7)). On the
mh_:r hgnd. in hep erystals loops can gl.ide either alon
3 dnrect.lons {1120} within the basal plane or along lh:
c-direction depending on the crystal anisotropy

Id the first case a planar ordenng is expccled. Lo ans
parallel to the basal plane. If §5 §, = 2%, this wou;cel
vecur without ordering along (1120'; directions as was
actually observed in neutron iradiated Mg 8] where §
w:l:il mc;:sured 10 be between 0.7 and 0.9%.

n the sccond case he dislocation i
!grmatnon of linear strings of voids alor':‘gmti;l I::?rl::s
uon. They are observed in alumina (Al,O,) which is

known to swell along the c.direction confirming that
SIA-Ioops have Burgers vectors parallet to the e-direc-
tiovn [9!. Finally, one may expect the formartion of an
hc_p void lattice in such hep crystais where both looy
glide systems operaie simultaneously and the satura(iop
level of swelling is sufficiently low so that § « § Tl1
our knowledge there is no experimental evi P on.
omiowhed s evidence con-
ing the last prediction so far.

4. Influence of the distocation stncture

The Aecessary condition of void ordering by the
dislocation mechanusm s the furmation of sufficiently

(a1 4/ /Ry = 5

td alignment al {/R = ({/R),, with
he clase-
(111 plane for fee, (000} pl; p. "
! . plane for hep. Al /R
ve (depicted in the middle of the celly from the SIA Muxes uto:g LSCi {d:s(hl/

usually referred to as the voud lyce parameter.
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FR—

S (1113, hep (0001) i
/Ryt <208 (kb ~ i

pucked planes: (100} plane for smp
Ry "Qrdcred" voirds start 1o shield
ed). a, 15 the voud spaving along (liiuln'

small perfect SEA-loops which could be absorbed b
vouds. The minimum size of periect loops iy determine
by the unlaulting mechanism and 1 very small in b
undr some other metals where the :.tm:kir;g fault energ:
Ye is high. The maximum size is about the mean vo%n" :
size. and such loops could be seen coexisting with th
void lattices. There is some evidence for this. For :xam(v' h
ple, Gelles et al. [16] have found in TZM ncl;iron-irrud'- =
aled at 549"(‘ 4 lattice array of loops simiar to that c:l ‘
l.he voids in the same region under similar tilt condi-
tions .bul with different degrees of strain contrast
mes and Gerber [10] have observed in O-do| e;
I'Il.'Obll.lm a well-defined void {aitice coexisting wilE ;
sllghll?’ lower concentration of black spots (i.e. loops o‘:
precipitates) similar in size to the voids. The cr?lical
Parameters N, caleulated using the observed loop den-
sity 1} (lhal was [ar greater than the deasity of straight
dislocations) was very close 1o the observed void densit
N. On the other hand, in “pure” nichium it appeare§
that N.< N,. and a random stationary state was ob.
servedrm agreement with the theory [1). However, such
a devailed quanlilalive analysis is inaccessible in'cnscs
where a majority of loops is absorbed by voids beyond
th'e TEM resolution limir, and straight dislocations alon,
wu‘h a few large loops are the main constituents of th8
wisible dislocation structure [T117]. Let us consider :
general case, where siraight dislocations and sexsible b
Frank loops voexist with perfect S1A loops 1 on.lér 138
rllnd the mimmum density of perfect loops that is suff,-
cient for the ordering. Taking into account the slr‘;ugh(
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wations and Frank foops void growth eyuations
and {23) from ref. [1] take the Tollowing form:

s R
";_%Rdz‘“”u‘)(ul w)., w= R {2)
A N
By fyoe M B=5 (3
! 2¥ (1+8) M
: . I
4 47!'(1' W A I
4
.Epp8p+pfﬁp+p~5‘. (4)
C= Dt Dt =D {c, - i) (5)
[ ¥, =n.8./050 for “ordered™ vnilds‘ )
- l‘ ¥ o= (I/i)ppﬁp/p‘,ﬁ‘, for * random ™™ voids,

wee o= 2yw/kT. w is the atomic volume. T the
nperature, k the Boltzmann constnt, D, the d|l’f|..|-
nty of vacancies (n = v) and SIA (=1}, ¢ are their
wilibrium concentrations in perfect crystal, ¢ and Z,
¢ the mean point defect concentrations (o a ..rysml
ntaining voids and dislocations without and undfer
‘adiation. respectively: a, 15 the vonstant of the void
as factor 8, = a,, /R [5]; .. 8. & are the buas factors

perfect and Frank loops and struight distocations.
spectively, while p,, pg. 2, are their densities, so that

is the mean dislocation interstinal bias and p, the
van dislocation density.

At pebp + p 8, =0 we come to the equations fmnl
£ {1] In this case ¥, =1, and at 8 — | “ordered
sds get into a stationary state, (d R/dr), = 0, whereas
1 “random™ vouds shrink. (dR/dr), = 0. since ¥, > 1
U 1, >{ This corresponds (o the formation of void
whee and swelling saturation.

It is seen from the definition that the critical void
ensity N,. eq (4), is determuned by the interaction with
oint defects. The ratio D *a/ 8%, entering ,. shows
he relatve sirength of thermal coarsening to radiation-
nduced coarsening [5]. If D"a /A%, <« 1. then the
atter dominates (at low temperatures or high dose
ates) and N, does not depend on irradiation condi-
jons. In this region void lattice parameters are de-
ermined only by the mean loop density and material
onstants, while in the thermal coarsening  region
D*aysA%a,, = 1} they depend on srradiation tempera-
ure and dose rate as well [1].

At pi8, + o8 >0, %, < 1 which corresponds at B

-+ 1 1o a stabie growth of “ordered” vouds, (d R /dry,, =
). while the condinen of shrinkuage of randem™ voids,
¥, - 1. becomes less accessible: /> i(py8,/pp8,) The
atter determines the mimumum density of perfect loups

i

A" that is sufficient for the ordening wl a given swelling
™

level §:
Sl
h Ja ”» u",, ! p.‘a_"
Fo ™ P = 5_( J—TS ’ pr!'sr !
D*a 7
at (; + o) o

This criterion is easity met in bee and some other
crystals where the stacking fault energy v, 15 high
enough for the aucleation of perfect rather than Frank
qups‘ 50 that p_, 85/, ~ 1. The low temperature lu:‘m
for p when al —’n - h& {1}. b= 1.5 nm, "n‘: 10 |j‘
m".yAZJm S'-l(l s fairly low. gy = 10"

I8 w8 lhen p, may be higher than p, and sull
-..m:.[v the LI‘IleIl)I'I. (7). In this case the voud lattice
forms while swelling mcreases al a rate d§,/dr = A%p 8,
that is low as compared with the initial swelling rate at
.f ac i when J§/dr= 3% (p8, + pd.}

The growth rate of a perfect SLA loop is given by

a, = phw/kT,
(8}

= pfams, - o e )]

where # s the foop radius. At A%8, = D* the radiuy
Jependence of ¢, may he neglected .md hence. the Ioop
nucleauon rate J reaches ts maximum value: J,
(S SR Wl where ri 15 the SLA trapping mdma
of a loop nuc.leus ¢ is the concentraton of the nuclel
A stationary densitv of loops 1s maintained by the
balance hetween their nutleation and absorption by
vouds which does not allow the loops o grow beyoend
the maximum size rq,,:

pp=1rrm“ Jo /6y =arl Curubu 7. (%

where 1. lies between the loop unfaulting size and the

mean stationary void size R ro. < R then 1t
explicitly determines R.:
. L2 20
Ro={ - /( 73—) , (10)
s ( k27 an N
The ordering condition, ¥ = N,. gives another relation-
ship between R, and ¥ ‘md leads 10 the following

expressions for lhe void lattice parameters in terms of
ry and ¢y at py =p,°

— Ja, t.: _ ('Lp] -r noe
R, = TrlSlthb Ty [

— et ) ,oi0 (1
u = bl s

h? V't Dubinko ¢

2 for simple cubic.
m=" = forbhc, (12)
W2 dor fee.

Where da, *rm’ is the void spacing along {1003, 1t
- R thcn eg. { 1) coincides with eq. (1). while the
:xpressmns for a_ and R, take the following form:

1

T N 4,7
P o T Jatwt
~"(;;) (;@;-N,N .

; 1
NETRRR AN N
r&,,h(-\,rN a, ' (13

Note that a® is the only parameter in eqs (11}-(13)
which explicitly depends on temperature and dose rate
via % and A% In the radiation coarsening region
(et ~a,} R and a, may depend on the irradiation
condinons nnlv via Lh.!rdClEl"IS[lCS of the loop nuclei ¢y
and ry. AL higher temperatures the loop nucleation
becomes difficult and the dislocation network is sus-
tained by the Bardeen-Herring sources. The P48/ 0,8,
ratw grows, drastically increasing p"‘ and prcvenllng
[hl. voud lattice foemation fe.g. at pdﬁd/ppﬁp =35,

A ). According to eq. (8) a ¢ntical radius for the Ioup
growth appears at D > 4%§, which determines the
upper temperature hmi for the voud ordering T,
DT~ 68,4% AL T> T, the distocation network
absorbs SIA rreversibly and swelling increases. Thus,
T,o lies slightty below the maximum swelling tempera-
ture 10 agreement with experimental observations [18].
At the same time, T,p > Taye (the temperature of tran-
sition from the radiation coarsening to the thermal
voarsening region:

b

o

D*(Tawe) ~ &% /e ~ &% h/a < A5,

Al Tae < T< T, g, and R increase with tempera-
ture, thetr ratio o /R sl:ghlly decreasing in agreement
with experimental dawa (1,10, .11

The dependence of u /R, on oy At T< Ty is
shown in fig. 2 for niobium and molybdenum with the
assumption that ry =1 nm y=2Jm™2 o,=10"J
n Y (Nb), 10° 1 mT® (Mol A theoretical curve for
alobrum corresponds 1o egs. (13) since in this case there
5 an expermental evidence of the presence of loops
similar in concentration and size to voids [10]. On the
other hand, in molybdenum the observed SIA- loops are
substuntially coarser than voids [11. 17], which allows us
to assume that the main loop constituent was beyond
the TEM resolution dimic Accordingly, a theoretical
curve for molybdenum is due 10 eq. (11) at Fogax = 1 NI

Influenies vn rond futtice formution

& Mo
R, [

15
10

5

s L
i 8 7

10 10 100«

Fig 2 u /R, versus concenteation of SIA-loop nucleation

centers. cu. in Mo and Nb oaccarding o egs. {11) and (1),

respectively. at 7 < Typoo e in the radistion CORTSCNING re-

gon. Shaded areas correspond 10 evpenmental u ;R vidues

.

i the region under consideration, according o refs [10.! L7

which is taken for the TEM limit. The loop density b
calculated by eq. (9) at ¢y = 107 *-10"7 (deduced from
a comparntson of theoretical and expenimental g /R
ratios) is about 10 o 105 2 which is indeed
substanuially higher than the observed dislocation den-
sity, afP ~ 10" m™2 [11.17].

5. Effect of impurities

Fig. 2 shows that experimental u‘/ﬁ‘ ralios corre-
spond o ¢y ~ 10 * to 10 * which is far higher than
the mean SIA concentration ¢, < 1072 Thus, a homo-
geneous loop nucleation (when ¢y = ¢,) cannot provide
the void ordering which shows the importance of
impurities as loop nucleation centers *. However. the
required ¢y, values are very fow and. henee, are attaina-

ble even in so-called “pure” metals due to residual

* There is another possthility related with nucleation of S1A-
loops in displicens oy cascades, since STA group around the
cuscade depleted zone which fasours their clustenng, This
may also explam the resistance 10 vord ordenng by electrons
that do not produce cascades,
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impurites and especially due 1o \ransmutation. That is
why, if a substantal impunty concentrauion is a prere-
quisite for ordenng, it is usually needed in order o
increase the void density up 10 the critical N, values (as
was argued 10 be the case in Nb [1,10]). On the other
hand, the void lattice data for Mo, as a rule, have 0o
obvious correlation with punty [18] since the void den-
sity in pure Mo is sufficient for ordering. Yet, even in
Mo the ordering may be affecied by alloying compo-
nents or impurities, if they impede the unfaulting pro-
cess of SlA-loops or somewhat increase the Peierls
stress. A characteristic example of the former effect is
14 MeV Cu ion irradiation of of a Mo-9.1 at% Zr alloy
as compared with similar irradiaucn of pure Mo in the
iemperature range 700-900° C [12}.

In the alloy voids were randomly distributed and the
swelling rate was substantially higher than in Mo at
T > 850°C. Analysis of the larger loops a1 850°C
showed that they were faulted (b = }{110}} unlike the
loops in pure Mo, so that Zr probably reduces the
stacking fault energy vy, This experiment gives direct
evidence of the close relauon of the void ordering and
swelling saluration (o the loop nature. Besides it shows
the main possibility of influencing the loop nature by
alloying components. The lauer aspect is of consider-
able importance in the case of fee metals where S1A
loops are usually faulted due to a relatively low stacking
fault energy. Accordingly, the void latuce is rarely found
in fce metals. There is only one exception 10 this rule.
namely stainless steel {to say nothing of Ni and Al
which have abrormaily high values of yg) irradiated by
electrons (13} However, a high concentrauion of nitro-
gen has been reported to be a prerequisite for void
ordering in this case. The gas impurities are usually
supposed o stabilize void nuclel against shrinkage. Here
we would like 10 point out another eflect concerming the
nucleation of perfect SIA loops at gas bubbles and solid
inclusions consisting of gas compounds with other ele-
ments. According to Wolfer and Ashkin [14}, a gas
bubble has the interstitial bias 8, which depends on he
bubble size and gas pressure p as

o [ 2
ah=T:'+P—';{ -2} e olar~at).
(1)
where a* is the shear polarizability of the point defect.
Owing 10 Whis dependence of §,(R, p) the gus nucleus
under irradiation may develop i a voud or a stable
bubble, ur a shrinking bubble depending oo wradiation
conditions. 1n the latter case p ncreases up to the limit
P determined by stress reliel mechanismas such as the
¢jection of gas atoms or S1As or SiA-luops (4,15, Thus,
submicroscopic gas bubbles may become sources of

perfect SIA-loops even at cievaled temperatures in the
low yp metals and, hence, to decrease the void growih
rate and stimulate void ordenng. The actual number
density and size of these bubbles depends on various
factors such as the gas solubility and concentrauon, the
injection mode and irradiation conditions. These aspects
will be considered in subsequent papers dealing with
gas bubble evolution under irradiation,

6. Summary

(1) The dislocation model explains both the planar and

linear ordering of voids observed in hep crysials as

well as a mode of the ordering process in cubic

crystals.

The ordering criterion is derived taking into account

the loop nature and straight dislocations.

Void lattice paramelers are expressed in terms of

the concentration of SIA loops nucler

{4) Impurities and alloying components are shown to
stimulate or prevent void ordering and swelhing
saturation depending on their influence on the na-
ture of SIA loops.

(2

(3

~—
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The theory of gas bubble attice that is formed under ivcadiation by Tight gas ians i doeselopad
To cvplam the endering, a nes mechansm s bubble incraction is proposad which o based on
the heop-punchng feam prowmg bubbles. The synmwiry and abgnmon ol the bubble latiwe
are vaplained, its stalalty criduria are derasved and characteniseie paramesers are estemaicd,

The theogetival resalts are m good apreement with expenmwntal daa,

1 INTRODUCTION

There s considerable interest in the formation of void and bubble lattices by
irradisuion, sinee this is a charactenstic mamivsiation of Jundamentul propertics of
crystals in non-equilibrivni conditions. Despite a Jarge anumber of experimental and
theoretical investigations of the phenomenon, the underlying mechamsms are sk
controversial ' The theovetical description ef casity-latiice formation has been con-
centrated on the vord-liice cased ¥ white we are primanly concerned wath the
ordermg of gas bubbles. Che physical provesses responsible for the lormubion of pgus
ubbles differ from the-c associated with vod formation and we show i this paper
that even the most suceessial known theores of void ordering are mvadid in the
bubble case.

In contrast 10 void developmient. bubble Tormauon has been absersed aL room
temiperatures that are 100 Jow Lo initiate any sigmlicant vacancy Nagration. in such
conditions the bubbl: furmation generully begens with the trapping of gas atems m
radiation-induced vacancies and is followed by subsequent bubble growth iniually by
an athermal sell-interstitial atom emission. followed afterwards by loop-punching.?
Lovp-punching has becn observed expernimentally. 1+

Loop-punching mecsanism has been proposed by Greenwood ef al. as an expla-
nation of the bubble rrowth and by Slezov and Gegusin ef al® for descripuion of
the growth {or shriakage) of voids under external stresses. However, the mechanism
of bubble interaction which results in the adjustment 1 the superlattice, 15 nut yet
property understood  The existence of such interaction follows from the fact that
initially bubbles are Jormed randomly and ordering begins only subsequently. The
“microstructure im iced instabiity modei” proposed by Krnishan' s not vabid in
helium bubble latn 2 (the moast perfect one) because of extremely low solubibty of
He in metals, whic' suppresses shrinhage of “unfavourably™ placed bubbles

The hnown mec anisms of elastic and diffusive inmeraction buth result i mutual
asttrawtion of bubb es in isotropic materals, (Difusive attraction ol bubblus at low
emperatures aries due (o compelition for sell-intersutials, in contrist w diffusne
repulsion of vout- at bigh temperitures that s due 10 competiton for sacancies ) It
is evidens, howes or, thak the attraction alone 1 insatficient sot only for formatien.

L
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bul exen for stabahity of un ordered structure. Thus, the main rroblent is 1o find a
meclianism resulting in repulsion between bubbles. Morcover, an additional require-
ment must be satisfied, which is associated with the maost siri%ing feature of 1he
bubble lattice. namely the comcidence of s symmetsy and alignment wath those of
the host littice, 1t means that the interaction n question must be divectly refated 1o
the erystallographic stracture of the host lattice, Note that neither the clastic nor
diffusive interactions of bubbtes in isetropic mareriitls sahisfy this requirement,

Asaiis shown in this Piaper, the laop-punching mechaniam of tie bubble prowsh
is clasely limhed with the pocess of ordering. The point is that the leop-punching
results not only in growth but also in the interaction of bubbles that satishes al) the
requircments stated ahove. Fipsy, jr is'repulsive, and, second, il ariscs only heiween
neighbouring bubbles Iving ulong the sume loop-punching direction. These directions
are parallel 10 the minmmum Burpers vectors of the host lattice, e 1o fts close-packed
direcuions. Alignment of these dircetions depends on the type of host lattice,
and their number s vguirl 1o the kittice coordinate number, For example, the number
of loop-punching dircetions s 6 10 a stmple cubic Luttice. & in bee and 12 m fec. That
is why cach bubble can be in equilibrivm with i1s nearesy netghbours only when they
are arranged along the close-pached directions. The nearest bubbies lving in other
directions diffusionally attraet euch other and coalesce. Consequently, a random
distribution of hubbles 1< unstable und transforms nto an ordered one, where bubbles
are arranged in the same pattern as atoms in the host lattice,

Thus, the observed ceping of the host lartice by bubbbe lattice receives a natural
explanation: it 1s due 1o the coincidence of loop-punching directions with clase-
packed directions in the how Jatice,

The dislacation-imeraction mechanism explains not only the symmeiry and
stubihty of the bubhle lattice. but also makes it possible 10 find owu the region of its
formation and evaluate 1he ratio ol the superlatiice scale 10 the Fubble radius. As is
shown in the Jast section, our ealeulations are m good agreement with eaperimental
data.

2 EXPERIMENTAL OBSLRVATIONS

Hetium bubble latiice was firsg observed!! in hee mohbdenum in 1973, Later,
ardermg of helium bubbles was observed in fec metals Cu. Nio Au, stainless steel and
in hep Tit® The irradianion of Mo and Cu with Ne and H ons respectinely, was
also found 1o result 1n bubble lattice farmations.!

The mun properties of the bubble lattaice that follow from wailable experimental
dats are as follows:

D A random distribution of bubbles is first formed, whic then orders with the
growth of the radistion dose in Jocal regions, subsequently spreading to adjucent
areys

21 The bubble lattice always has the same symmetry anc alignment as the host
matrix 113

3) The average bubhle radius ju trpically 10 A and the Ladice consiant lies 1n 1he
range 40-%0 A1

4y The gas hubble ordering beging a1 room femperature. which ts 100 low for any
signihicint vacanes migration. The upper lemperisture hi it for bubble ordering s

THE THLORY OF GAS BURBLY LAFTICL K7

0.35 T (Ton is the mching point), Bubble lattice parsmeters are essentially tempera-
ture independent A 12-24

5) The bubble lattice is stable against the anncaling a1 lcmperatures up 1o 0.4 T
at higher temperatures bubbles coadesce and produce blisters.!

6) Number density of pas aloms in a bubble is about 2.3 atoms per vacancy A

According to the first two of the above cited features, a close parabie) can be found
burtween bubble luttice formation and the ordering of voids produced in metads and
alleys by newtron or ion bombardment.! Yet there are significant differences between
the void and bubble Ianices in scale, tesmiperature dependence and region of for-
mation, Void density is 10? times smaller and the vend size is ncarly 10 tines preater
than those for bubbles and both show a strong temperatere dependence Voids are
produced only at sufficiently high temperatares when vacancics arg mohxle: Hence,
the growth mechanisms should be different for voids and bubbles, Voids growm
absorbing extra vacancies, whereas bubbles, i overpressured. pam vacancies by
punching out interstitial dislocation loops, .

The loop-punching mechanism proposed by Grecnwood er af. in 19590 recently
received experimental confirmation : loap-punching from growing hebum clusters in
malybdenum was observed i sitv in TEM.* The loops with Burgers vector 12 o
(Ilf) were aligned along plide directions <111 parallel to the close-packed direc-
tions of the bee matrix. A similar effect was observed i tritium-charged vanadiom 5

Thus, the available experimemnial data give cvidence thut bubbles grow at low
lemperatures by punching out interstitial disfocation loops along close-pached
directions of the host matrix.

3 FLASTIC AND DIFFUSIVE INTERACTION MECHANISMS

According to the experimental data, bubbles are initizlly rundomly distributed and,
suhsequently, begin ordering, i.¢. the ordering proceeds with udju_.\lmcnls in bubble
positions. At the present time, there is only ene knaown mechanism of bubble {or
void) motion, namely the diffusne mechanism., Diffusive fluves that control bubble
motion are induced enher by clastic or pureis deffusive interuction,

The elastic interaction of two bubbles {or vaids) in Isotropic materials is attractive
at all distances.® The elastic attractive force beiween two bubbles of radivs R sep-
arated by a distance 2/ » R is given by

2402
-3
3 R
Fe=— -
16 j.l.‘"

where P is the pas pressure in bubbles. s the surface encrgy and u the shear modulus.
For bubbles of the size of inierest, surlface diffusion controls the velocity of motion
under the force F,l4:

1 (n

LU 2)
di 2 nhTRS

where r is the atomic volume, a 1he lattice constant, D), the surface diffusion con-
stant, T the temperature and A the Boltzmann constant,
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Ascan beseen from Fys (Frand () the elinde siterawetion hetween bubbles IS
exponentially with the temperature and docs ot depend on the pomt delect pro-
duction rate. 7 ) ) ) ) i

Another paechanism of bubble interiction is pucly hinetic. .h arises as e resalt ol
compelifon betnaen gehboaring bibhles Tos puant defects, Viwaney Aus el
so that neghbouring bubbles prow meferentially in the appesite duu‘llu\n.\. L.
elfectively tepulse one another. On the othey hand, the sel-interstitial dhifasion and
absorption By the bubhles intradduce an “uttrachion foree.” _

Generally, sarsttion in the distance between two bubbles (or voids) with uine due
10 the diffusive interaciion is given byl

3
N S B ®
dr 4 4xl°

where 75 and 77, are the ol fluses of vacancies and self-interstivials on cach bubble,
respectively:

4=RD,; . l Pr 2 1)
R A T | 4
i ’ (( €O T T KR
, _ d=RD, (Pro In ‘) (5)
o e —Cleap- - — 2L
Fi = - (C'. C ey T |

where D, and D, are the paint defect diffusivities i the latiice, The mean valume
concentrations of point defeets € and €, obey 1he balarce equutionstt.

f‘q'— = G‘:Tl)llpzl((l"(\l"JA r' N.'f.‘—_s, D.(!.(.- (6-’
di \ W I

ac 3
dr

(Z.,1) (%)

B! . WY

l'| [ (—’Z"'l——D:.' C“I ) N (gj

' G

where G is the poim defect production rate, p the "slocation density. A’ the bubble
density. 7, ; the mean point defect fluses on a but de. /. ; the effective radius c_)l' dis-
location influence. L., the effecine radius of the poi it defect capture by dislocation!t;
G and €V are. respectinely. the equilibriom con. ntrations of vacancies and self-
interstitials in a perfect ervstal. £ is the recombi ution constant. ¢ is extremely
Jow in mietals, so that the thermal emission of intersiitialy from dislucations may be
neglected, but the interstitial emission from bubbles is promoted by the gas pressure
and will be shown to play an important role a1 h gh temperatures. :

e em e e L ms m oemr o em—eeEE v amee f W ————
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AL low temperitures, vacaneies are pravtwilly wimioksde (F; o 7 gl sl
interstitial diffusion Jeads 1o the mutwal aitraction of the bubbies.

Since a repulsive imicraction is required 1o stahilize the bubble Lithee, we muny
conclude that formation of the lutter i an isotropic crystal cmnot be explined
within the framcwork of the known imeraction mechinisms,

4 DISLOCATION MECHANISM OF CAVITY INTLRACTION

Following the energy constderations of Greenwood of af % i1 cun be casily showa that

the condition for o bubble of radius R 10 produce an interstitial dislocation loop of

radius ry is

fth Sr,

S, A a0
(l - I‘):rri‘f &y R

where rg 3s the dislocation core radius. Il = R, the condition (10) coincides with
the criterion of Greenwood er al. But. apart from the energy considerations. one
should take jnto account the sheir stresses at the bubble surface. which punch the
loop out. They vanish at the equatorial circle and reach the masimum value 3 4 4 e
the cirele of radius R’y 2. Therefore, R 2 is the most probable rudius of punch-
ing loops.”-* Though the exact salue of The loop radius is of no parteulsr importance,
we shali tike here re= R{y 2, whence the threshold value 7 as given by

b "R 2
Fu = L | 1

. n-—- .
V@RI =)R Uy era ] R

Lt

The punching out of an imerstitial foop feads o 1he hubble prowih, but it grows
preferentially in the direction of punched-ow loop. This s casily shown i the cuse
of a simple cubic Jatiee (Figure 1) but the eflect is quabiatively independent of the
matnx structure.  An equilibrium shape of a sullicientls derge bubble is usually
spherical, and iis restored duc o the surface dibusion, afier punching out a loop.
but around a new “gravity centre” of the bubble. Thus. the bubble. as a whole,
moves in the direction of the punched-out loup.

The increase in bubble radius is given by

3

: 3 h .
AR = /(R:'+—f'R")—R=-.RE‘ h. (n
A/ 5 %

A shifl in bubble position can be estimated afier ¢hoasing the reference point in
the bubble centre before the loop-punching. Then the coordinate of the bubbie
“eravity eentre” just after the loop-punching but before the relexution o # spherical
shape will give us the maximum shift in bubble posimon, A Y (see Figure 1),

1 -
:-‘.'.-R"— -_~R"0 N
L A —— (3
=1 K
Rt - b R2
2

o
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FIGURT 1 lustration of coenscguences of loap-ponching, A number of addimienal vacanoes
i the bubble due to lovp-pon, sing s equal 10 1he sumber of mersunals i the loop. The

of gravny™ of the bubble hias been shilied by the salue senie

=" YR* -0+ =(R \ I. ¥ R 1

A e s o b,

G DR+ wlKk )b s

This mechanism of L abble maotion is somewhat analogous 10 the mechanism of
huhblc {or vond) motion in the inhomogencous diffusion field 1o But :p the case under
comiderabon the fluses of malerial are due to the dislocation loop punc‘h.ing and
ghdmge. but not 10 1he diffusne pracesses. This fuct introduces 1wo mpartant ‘dlf—

ferences between the “dislocation™ and difTusion mechanisms ol cavity motion.

THE THEORY O GAS BUBBIL LABTCE 4l

h,op_punching is the athermal process and, henee. can lead 1o the bubble
en at very low temperatures w hen the vacancey dutfesion m the matni s
sccond, in rea! erystals Joop-punching occurs alony 1he ghde direchions
which depend on the crystullngrnphlc structure nf the host matin Theielore, dis-
Jocation mechanism of bubble motion IS ANISLLIOPIC even in clasticadls and diffusion-
ally isutropic €n stals. The fast point is of parhcular impertinee because i is the
clue to understanding macrodefect ordering processes in crystals.

The dislocation mechanism of bubble interaction 1s based on an clastic repulsion
between loops that are already punched out and on a hack stress excried by the
leops on the bubhle. In consequence, further loop punching is prevented, when local
shear stresses at ~1ic bubble surface fall below the threshold value 34 Py, At a piven
gas pressure, P Po, an equilibrium number of loops at the hne connecling two
neighbouring bubbles is smaller than elsewhere, where the loop ghding 15 hmated
only by the Peierls force. 11 means that neighbouring bubbles grow preferentially in
the opposite directions, i.e. eflectively repulse each other.

Consider two bubbles of initial radii R(0). with centres lying on the same glide
direction and separated by the distance 21(0h before the loop punching. When, al
P> Po » 2v/R, the loop punching is accomplished, two quahtatively differing dis-
tributions of loops are formed with lincar loop densities ), and dy: d; is the loop
density between the bubbles, that act as stoppers for the loops; dy is the loop density
along each of the (n—1) “free™ directions, where n is the total number of loop-
punching direcuons, Let R and 2/ be, respectisely, the equilibrium radius and dis-
lance between bubbles. We shall be interested in the case where /iy smalker than the
distance between a bubble and the first loop punched out from it in a “free” direc-
tion fo. In this case the bubble interaction is considerable and can be described by
introducing an cfective loop stopper between the bubhles at a distance f from any
of them, In this approaimation, the set of equations describing the vquihbrium state
of bubbles and loops is as follows.®?

Equations for equilibrium loop densntics describe the clastic equilibrium of each
loop with the bubbie and other foops in the same row:

' IR !Ilt‘

.um-»rcs.\cd-

hPRI ub? J"v dol ) (4
IR 22(1—+) e X
dflg) = 0, )
bPRY b2 '/
o # }(f) d§ ( 16)

3 [ =2_—.-:(1+r) LeE—X

where PRB/X1 is the repulsive force produced by the bubbie per unit length of a
loap lving at a distance X along the respective glide direction, bog is the Peierls force.
Equation (15} determines the upper boundary of the loop distribution along a free
direction, k: Iy and Ig" are the lower boundaries of loop rows in free and occupied
directions, respectively. ph2'2=(1— )£~ X} iy the repulsive force between two foops
in the same row separated by a distance |A'— £ € R'y'2. This expression has been
chosen for esti nation of resulting force acting upon a loop from its neighbours.?

The loop pt.nching is stopped when the pulling-off force acting wpon the loop at
the bubble surface is compensated by the repubsion from the loops punched out
earler:
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1 ph? ["0 dl £}

o Peb e e [T g (7
| md Pt Selmn) i ESR I3
3 i fodid) )
PP R Ui de (18)
1

Az(l-+) My £-R
The vivntion an bhubble radius is cqual 10 the 1otal number of punching lowps
muliiplicd by the ¢hange due 1w punghing-omt one loup, 5'8:

i u [
R- RO) .- r[[u— 1) [ d £ ¢+ J.J ,d,(f)de]. 19
H Jie I3

Simikaly, the vacation in bubble position is equal to the difference between num-
boers of loops punched an opposite directions multiplied by the shift due to the punch-
mg of cne loop, 365, Duc o the symmetry of the problem, bubbles mosve only
along the glide direetion, which connects their centres, s0 that

ih L% 4
o= [ aase- ) Anere). 20)
L I R

Thus, we Lave derived the complete sct of equations, (14)—(20), that describes the
dependence o equilibrium state of bubbles and loops on the gas pressure P and
il buhble parameters (R(O) and 0. This seq is analogous 10 that derived in
Refs. Tund 17 for vords under stress, where the motion of voids has not been taken inta
aceaunt.

One cun e thit the set has an approximate character, but even in this form it
can be redn. od only W a rather complicated set of algebraic transcendental equations
Isee Appeading. Here we consider the most inieresung limits of short and long
distances between the bubbles for £ 3 Py 5 o,

1) In the “short distance™ approvmation, R~y ~1 €y we find that

Ko = S NS Rl P R <
- [ A=y + - 2
8 [(5) B ' A Y ¢ )]‘
In(l= 1) [N RS
I no . ﬁ—[() fP\‘(RIu)—P{I-R)]‘ o
Bu 5 8

23 In the “long distance™ approvimation, R~Ip=~Jy" < | fg, the result is gnen by

K & TP (R RI {
— [ - - 23
( 5 [5] 5 Mt~ Dy (RA)+ 4 (RDY). 3)
P e U0 3)”51’ Rl R 24)
o= ‘Tp—(g i [\ (Rio} =+ (R))] (2

A follows fram Eqe. (211-(24), the dislocation imteraction results 10 repulsion of
bub™.es. singe £ KO) and suppression of bubble growth, since the sadius varistion

»
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AR = R— ROy of a “lice”™ bubble AR, exceeds that of & bubble having 4 neigh-
bours, AR, '

& §(5-J" i~ R

ARy n--k n 5\3 () R ! !
e = e (25)
3Ry n k )

— f—, I'» R

H o

In particular, if &=n (which is the c.sc in bubble lattice}, the bubble prowth s
strongly suppressed and cannot be correctly described without account for the
distocation interaction.

IT P varies with time, the distance betwern two bubbles and their radii also vary
at the rutes connceted by the following equs tion:

df 3 sdR Lo UL ) 2t
—_—— = — dy)
dr n—](dr )' ¢ foll 0
where
f—
MR IR,
5/3)%0
(n—l)g(g) VARl +1- R
F(L L = ‘ [
ny !
———, I » R,
L=+ !
RN Y
SIS
5 1o,

One can see that fy is the range of the dislocation interaction of bubbles, so thai
nteraction of bubbles separated by the distance 2/ = 24, cun be neglected,

Note that the dislocation imteraction occurs not only between pas bubbles, bui
also between vacancy voids in solids un.ier stress. Although above P was associated
with the gas pressure. in the general co-e P is equat 1o the sum of gas pressure and
the hydrostatic part of external stres- s, In the absence of pas, the character of
the external Joad determines the 1ype - I punching loops and the sign of dislocation
interaction between vacancy voids. In harticular, tensile siresses act in the same way
as the gus pressure tn bubbles. But co- pressive stresses result i punching of vacancy

_ loops from voids, which causes a dc rease both in void siz¢ and distance between

them. i.e. the dislocation interaction secomes attractive, The set of equations (14)-
{201 1s valid in this case also afier ¢l .nging signs an the left-hand sides of Eqs. (19)
and (20, :

5 FORMATION AND SYAMMLTRY OF THE BUBBLE LATTICE

In this section we shall show how rermation and symmeiny of bubble lattice can be
explivned wab the belp of the doslocation, diffusive and elasuc interaction mech-
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anespis. For this purpose consider physica! processes that oceur i metals under
readiateon with gas ions insoluble in the eratal mani,

The formation of hobbles a1 low emperatures pencrably starts with the trapping
of girs atons i adintion-indyeed vacincres and s followed by thaeir subseguent
cronth by athermal seltinterstiial atom cmission. Since the emission is INUFRTT
he bubbles at this stage ure non-interactive, and. henge, are rndomly distribured, Ay
mast a short-range isodropic order occurs as i result of competition for Bas #oms,
and the bubble disiribution iy similay 10 that in the “kard-sphere™ pas model, as was
argued by Stoncham.®  The loop-punching from smalt bubbles is unfavourable
beviuse of a high threshold pressure Py~uh'R. As bubble size increases, Py drops
and loop-punching beging at P . p7,, resulting in the distocation repubsion between
neighbourmye bubhtes hing along the same loop-punching directions ut distances
2 2. Moreover, gas pressure falls owing 1o the bubble growth and the inter-
sitial emission fram bubbies s replaced by s absorption, and diffusiy attraclion
bemveen bubbles v thys developed. Thus, the evolution of bubble struciare is deter-
mined ot dow emperatures, by the distocation repudsion and diffusive mutoal altrac-
ton of bubbles. Diffpsive airachion at £ 4y s substantially weaker thun the dis-
lewation repulsion, and s essennial anly for neighbouring bubbles wlhich do net
mteract by dislocation mechanism. Such bubhbles coalesce. At the same tiric, bubbles
are stubiized caudistantly along the loop-punching directions by distocation repul-
sons Inthis was o random drstribution of bubibles hecomes unstable and transforms
to s ordered ane. wherein cach bubble has Its nearest neighbours along 11 ¢ loop-
punching directions.

It 15 hardh posible 10 give a detailed duscription of the transiens state, but it
should be noted 1hat motions ever only small dictances are needed for orderng
beciiuse of some shott-ringe arder already present. Although buhbles cunnot trasel
over distunces esceeding their size, these small adjustments are suflicient for the
Liiee formation,

The mostimporiem propesty of the hubble latiies formed through thic mechanism
is the faen that sy mmerny and slignment of the latiice are determined by loop-punching
dircctions of the host mate, i1 je hnown that, as a rule. these are the mairis close-
Pavked doections, along which the Burpers vector has minimal length. "This eaplaing
why the bubble Lice copies the host mairin, For cvample, in bee srvstals each
atom has § nearest neighboyrs along <111, directions, hich are parallel 10 loop-
punching directions 4 39% Therefpre. cach bubble has, in the stable coafiruration, §
neirest nerehbours alung the same - I, directions, e, the bubble [::iice copies
the host muatris. as shown in Freure 2,

In fec envstals each atom has 12 nearest neighbours along <110 dirc.tions which
comcide wah loup-punching directons, =0.2: Consequently, an fec tubble Jattice
must have the form of an fee crystal.

Naturath, the 1ype of buhble lattice would be different for any othe set of loop-
punching directions, For example, in the cuse of {10 loop-punching lirections the
simple cubic bubble Jattice would arise, wherein each bubble would ave £ nearest
neighbours.

We come 1o the conclusion that observed copying of the host matrr by the bubble
lattiee i due to coincidence of the loop-punching directions wit. close-pached
directions af the nvirs,

Our theors predicts that bubbles in the superlatiice are surrour ded by rows of
nierstiiat loeps whigned ulong the matriy close-packed direction: LUnfortunaiely,
the densiy of muees in merveapies of such structures is 100 high 1o obizin casily

VTHE THEORY OF Gy BURHIE |7 ey

ws

PIGURE 2 Tiemeniar eell of the bubble fatice m hee marerial 7o compare with the hog
latiee. ny dememary ¢l s depivied in the teniral bubble, Hows g loape are abgned along
1 dweciung, w hich caincide wih close-packed dirccuons of 1he hos Ty

detarled informytion on the dislocation arrangement.’ But using o specaul helium
lihng lechnigue, which limijts the nucieation of helium bubbley to fow wyfyes. direct
evidence was obtained (hy bubbles in bee Mo and v dre surtounded by rows of loaps
ahgned along L1, directions. 4.

¢ REGION OF BUBBLE LATTICE FORMATION

I follows from (he above that bubble ordering starts when tl.¢ range of dislocanon
nicraction fy exceeds o half of the average distance between tubbles [ Ay gip stupe
the gas pressere onhy shehily exceeds Py hecause AL EXCENS PIe-sUre In non-interacine
bubbies is eusily releused by lowp-punching, Then, by Eq (4 6



s i

A1 O BUBINKGY ¢ ol

r 14
Ioh (}_‘.) ) -
R R oy

Supposmg thatall the gas contained in babbles wherein theee ate A pas aems per
vaiedney, we vhtim a smple expression for swellng due fo g buabhles S

R\ Gor
s<{7) - .

where G ts the gas implantation raie per agam.
Al tonstam P~y the pas density in bubble & i also convtant which gines. by

Eqs. (291 and (30), the Tollowing estimate of the threshold dose at which the ordecing
commences:

o A4
G2y ~ A( ) . )
P

Above we hine deseribed buhble ordering at fow temperitures. wheieas itos
observed experimentally up 1o 035 Tine when vacancy wnd nle stiial fluses are
nearh equabzed i ashors e so that the diffusise atraction of babbles disappears
1 oean be showns® that in s case the elastic attruction increasing winh temperaiure
substitutes for the dilfusive one. and resubts in coalescence of “unfay oursble™ bubbles.
Therefere. the aecessary snd suficient condiion for bubble ordering s the loop-
puncling resulting in the dislocinion repulsion beween bubbles.  “he lovp-punching
accurs if the incroise in P due o absorprion of gas swoms escecd: the decrease i F
due 1o dillusine bobble srostl A1 lagh wemperatares. (he Jatter domiates, so that
P dogs not reach the eritical ordering vabue £7 and distoibution of bubbles remiony
random.

A has heen shown in Ref. 25,10 is not the absorption of viancies, but the thermal
emtission of selCmiersitials that determines the upper temprature lomit of bubble
ordening Tu, which is pren by

L= Ef=Prr

Ty = oo e (32)
I[A=Z s NRD Y GHZ i~ 2N R))

where 7 and LS are respectivedy the mugraton and form siion of self-interstinial
envrgics. The value Py will be estimated below.

7 STABILITY CRITERIA AND PARAMITERS OF BUBBLL LATTICE

According to our scheme. 1he ordesing is a fesull of bath he distocmion repulvon
snd dufusion (or clastic) avraction between bubbles. « serating simultaneausly.
Subsequently. howerver, the dislocation repulsion becams . dominant, because the
difusing sttraction weahens with tme dug 1o a steady mrease in the poind defect
recombination rite which dimimishes self-interstitial flus 1o bubbles. In @15 wrn.
the clushic atrachion between nearest bubbles i 1the seperlattice i< much weaker
than the repulsion from loop rows. Thus, the guesiien ar ses whether the dislocation

o P

!
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[ consnler the anperlec
f jone <an stabilize bubble lattice. To answer kb vom 'Il:]rql::( \‘nh‘;‘nmc“
repatsion 2 herein gach bubble has n nearest poghbours at Qe e
superla Be® “)“.* 3R An absence of “free” loop-punching diections I3 o
- ¢ . ! _— H -0
2= l{al --i:cr;‘asc in the gas pressurc. Conseyuently. the Jplprl‘;,:-]n:,_.,:::_-,l[.u,w
el Y mathematical description © . .
may be wsed for 3 : . ‘ supertatis:
P FPo h“-cﬂ"hc j)mtia! bubble radivs R(0) small compared h|‘|:R J-’-lch .
Funhcn:;orA.nd what is mare, Fa. (21) was denved Tor two bobbles, k{h b
: e ' e
ncgllt'v:[l::c. directions (the first term in brackets) and nn; uccu;pu:ll t.\)s‘:n‘\‘tmmun ihole
(i ack For the superiattice, obyious y. the i
second 1erm 0 brackets). . - !
(tl::liakcn over all n direclions oaccupicd by acighbournng bubb

L]
(34
R = M z P(-R)
Sp 1=1

After iniroducing the following notations

L]
8p 1 )
et 15D
afl—¥)n n i

the expression (33) 1akes the simple form:

pl 03%)

= e

R

The change ul prope onal i€ the d {crence belween numbers o Laops punche
L} is propoeTt } oty of ns P d

oul In OppOSIEE directions j and j', and is given by

3 136)
- = =1
I - in0) rI

tion. It follows from \his espression that bubble devialion

I e any opposile neighbours, 8 = =1

from the posilion, symmeine with respect 1o

decreuses With an mmcrease 1o gas pressurc within the bubble:
(N
& = -—ﬂ—, 5(0) = L0 —I40).
. 6F
4 —
npP*

[ i ‘ hen P increasss
In other words, the bubble lattice is stable in the coordinale space, wWhe

i . | 1 sicall
“EIt"h::m::;iimion stabiliny of the superlatiice in the bubble size space is physically

is higher than tn
obvious owing o the fact that the gas pressure in smaller bubbles is hig
larger ones:

G 38
= P( anNRR )

i by 4

s ———

ey

-
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where P s the Menoloionnly fng reasing funelion of e s odenviiy £ The
pubble <izeom s turn, s Menotonsly g L e of (he 1-;l~'|n .-‘\am'c
Fa 0382 This Jeads g doggenme M the buhhle o diperian wal Lo '
Thus, ihe d-~ln_c.:h.ln HIvaction atong gy sellicicnl (o stalilize (he bbb
Littice vnder won madintion,
Iy o OG5 the 1R ratie (here 200 (e st e between e on e Inihbles

FHE THLORY o0 6o BRED vy wi

le Swe- . where

dn - ‘(1?4 for ee lantjce,

mothe superlitiicey iy e whdent the p : o ! . - :
pvstetial only. Perdent on the pu, Presae and L vesbants of (), " 3 063 for bee Lanice,
! P The superlitiice constant g, is relarea to /by
i [ S
R r {19) ' {2\’(.").', for fee lattice, “
a5 = (44)
4/i4/3, for bee lanice.

The number of loops punched out from g single bubhble 4 equal 1o &R A o thai

the mean cquinibrium distance between reiphbouring Jaaps is piven by Comparison of ratios 0./R  erived from experiments and crleadited fram [ s,

(43) and (44) is shown in Table I. Parametcrs of Eq. (33 are tolen from relerences

- h_’h" B h" , I indicated in Ta_blc L The value o for 30 heV He- jon-irradiated mohy Bdenum hirs non
’ KR h( + P ) (40 _h{'cn reporied in Ref. 14 and thus was chasen 1o be cqual o tha for Wokey He
lon-irradiated Cu. The paramcter B bas been reporied to be within the range from

005 up 10 0 55, In Ref, 20, 8 bas been assuined 1o vary wath dese o order 10 abtam

an apreement with expurimental dita. But the didlonution IMCEITIN suppresang

the bubble growth bas nog been taken into account in Ref. 200 We choose the inzer.

8 COMPARISON WITH xpL RIMENT
: APL NTAL DAT ;i
A mediate value =025 for all doses, remperatures and materals consdered N ocan
Above we have explained the experimentally obuerved character of the bubhle (11):1:“:052‘;!?; :altl)llell:;llthfarlJ:nurR(c‘?'ch‘gaImns e good apreement wi S
» 1 . .,

::“:,01“’1; and two niin Properties of the bykhle lartice, namely 5 Symimetry apgd
Mabulny. Tocalevlite e ! Rrang, we need an equation of state for the £ Gl hu'hhlck.

::::i H,N;Ihs cqtljam-n dernved by Faang® for belium because it jg suibcienly simple TABLE |
Proves to he iy rood ALTCCMent with experimenial daty ) Experimental and theoretical values of ar /R References are mdican Jon hiickers
T e T e
X i 4 ] Latnce Dose, Faporinental Theopetiesl
I n C'\PI " l‘ an Material type T °C He'.¢m? o. nm a o R w R
1 T T e e e — Ce— oL .
Ni 0 510 IR 108 OF KRG [0) 7oTs
where Py <4308 L2 T . - T T T e
Tike the v “i‘: ;;lé\[rlc fm” »hhT 1.d94 mﬁi Ni 0 2401 18 0806  fa.51[0] 45y
' A cen abe heliom Crsuy & and the implantazcepy dese £ 1 : - e T B
Rel. 20 P o direm ‘ Ni ) 100 18 006-002 53.72000) s sg
(lS}»Vf, r. D Ni 20 4.]017 56 | 6.1-71 110 K
T 42 ; "'E.f_‘ﬂ}léf_—*?u_mfﬁéﬁ_—k;_‘ﬁ S T
50Ny s : T e e Gtk .
< 3 Msieel  fec 20 41007 36 | 5.9-6912) sk
i - . . ™ _“77_uh?-_“i“z_ki_—;;:—miswg—“_-lui __44,5. TRy
r“:'l:;e.a 15 the fange Strageling and fthe f; cuen of the imnlanlaainn dose b precipi- . k_'lc_) _____ V_G_L___ﬁ___‘_} ____________________ T lr ! L
a.c No visible bubbles, S=af with & ¢ helium retention coeflicient and g the Mo bee 300 2-10:% 56 I 1743 114) 4.3
P‘;“t:”a?f of helium asom, Precipitated 1 1o visible bubbles ; e T T e T .
uostiution of (41) and (43} inga 39 pives th e . ! Mo bee 200 2000 56 t 3844(14) 41
mplantation dose- £ ¢ dependence of /& 1ano on the ) -
! i afid ¢ f ! A good approsimation far the IR ratio according 1o both calculated and experimicn-
S= g i i rp ) c
XK ‘T, N Bl . 3 i tal data, s £ R=2 which giees, through Eq. (40). 1he following estimate of A 1he
! fovki \ RS (% ’ mean distance between foops 1n a row:
;
; {3h. for Tec lanice, .
A= 1%

b25 Tor hee latnice

ey, o —— — e e e——
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R . ] LORY Q1 (;ay HUBBIE 1a) 150y
- . . . ot allice . . [
cSubeatunng LR -2 inte Eq. (39) we obin P P* o the superlattice. Thus, the ! / dm-'f' 5 due to e coincidence of the tag: ) L] .
Al vrdening pas pressure Py lies swatin she range Po < Prs PPLowhich i ) tinens of the nuseriy, op-putehing directivg, with clowe k
consivient with an estimate of Py from Fgo 30 Substituting in Eyq. (32) the 6) The dislocation Chestepuched

Heraction hepy g

experimental salues Tup G35 Fm, and G#- 10 1 Heje, ed and proviy
a ides

ordening iy accomphsh
. HCTCases Wit L.
V”mR : 7} Our calculatio

\(2]3 B lattice Tormation

en bubbles become

stabilily of the buht $ hominang

! whea th
e f.lllu.'c, ¢

I gas pressure

e

ns of the g,
e an good

|
! In mncl_usmn. we should lik
l Processes involy,

AR - O em T <€ p e ‘R rali
-'ng'ccm; I-,llm"dmc and Il egion of

PEwith the experimenty] dutiy avi h(; bubble
D=1, Em+ ES=135cV {in nickel®), 2.9 ¢V (in copper®), we obtain Pr=0.75 P* 4hle.

in nickel and Pr=P* in . opper. : Our aim was r; Mation of hybbl, PLion of variogs ph
: _— : . : r e lan Physscal
By Eq. (43) a1 P=P* helium density in bubbles & is between L and 2 helium atoms . attracy a"mtio: :‘C’TILOC ‘d",ollvc & consistent ph!s'cajl“};il::z notfb(;._-n attvmpied here
.. \ P T . ; c [l i P N ' ; . 1siocat h ¢ of the . ) )
per vacancy, which 1sn go?d agrecmenl with experimental data; 2-3 helium atoms ; Plays an importyn role in the mlﬂn Interaction mechanism, which ordering and 1o

, N our upinion

or Vi (R} oluti ;
per vacancy, ; uhen of microstrueture in sopids

The thicshold dose Goig a1 which the ordering commences, according o Eq. (303,
is piven by

Aok f o\ N He-
Gro= -0 (4) = 1210138 1008 — {46)
o \ Py cm*

for o, lying within the range 1074 << g, < 10-% .
The experimental value Grp=1-4-1017 He- jom?, confirms the calculations.

Appendix

Equations (14)-
. : (14)-16) are of the Cauchy type and have eXact solutions?.17 k
ons’ A7,

yo——

The following is worth noting about the bubble lattice behaviour in the absence . ;
of further gas deposition. Johnson and Mazey™! found that the average bubble ; | &
radius increased from 10 A 1o 14 A and the spacing from 70 A to 90 A during sub- I dolx) = - i) e dnt Pl P,
scquent clectron irradiaticn of Cu. The increase in spacing without disordering i h:#;-— J(“) f \/(ji:_f_ & g
suggests that the superlainize expands as 2 whole, which is consistent with our con- 1 i h—x LA WS ‘E:;_-—fdf. (AD) .
clusion that the dislocation repulsion between bubbles in the superlattice is dominam. avlly) = 0,
Tiw loss of order during post-irradiation heating is also easy to explun. At high
temperatures the gas pressure in bubbles falts due to diffusion growth. which, by (A2)
Eq. (37), tesulls in an increase in bubble deviations from the perfect superlatuee R
sites. dix) = - -0 ( - ) J.a ¢ PE-.—- -
. - —_—
o SUMMARY g xS ‘/(f#a')_ﬁ;_“ (A3)
; Condition dy(f,) =
ulfe) =0, as was shown in Ref. 17, is identicaj
1) A new mechanisy, of interaction of cavities is proposed, which is based on dis- f PRzt ’ 1l 10 the integrat condition
location toop-punching induced by either internal or exiernal pressure. ) f‘ g_h_'f_j"_'h_ df =
2) The main pecu! arity of the dislocation imeraction 1s its nigid relation 10 1he ' A Mo-Eg-1y) " T o
crystallographic strus ure of material, namely, it arises only belween cavities Iving which . h
along the same loop punching direclions, which are determined by the 1ype of host p #th is necessary for the eyist .
: fee boundar: ) stence of the soluti ¥
matrix. 3. Physically, (42 On to the Cauchy .
. . . ‘ which determines - +AL) means that foop densiy equation with »
3) Tensile stresse and gas pressure in cavities result in the dislocation repulsion integral oy % Jo. the free path lengih of 1he f Y atihe free boundary vanishes,
between growing ¢ ilies. whereas compressive stresses cause shrinkape and attraction et { one obuuins 4, ang d, and cond € irst punched loop Evaluating the
between cavities by the disiocation mechanism. ] 1ion (A2} in the form: ;
4) Bubble order.ng commences as a result of dislocation repulsion and diflusion dylx) = :1{,_‘ ¥ [éd s fo g x~Ip
atiraction between bubbles operating simultaneously. . 2 ol ”«/(’ )
5) Symmetry ad alignment of the bubble lattice arc determined by oricntitions BU 1) = emx (A4)
of loop-punching directions. Observed copying of the host latice by the bubble L= e
’ (AS)
+ T e e
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Il — ) ) X iy
) = T e s, :,;)-o.k/( =) (6)
pb I—x
with 1he following notations:

Bl iy = 1 E° (’"1'1"')3(1 3 )
ARy = T + —
RRSEVTRS ST 23, 1)

o+ in

Yo Ir) = —— |
oflo, Iy oin
fo fo=xf 20500y 140.50-2 fo—x ¢ 2glpy? 1
bty o b 2o bx(hiey
X x? o+l /141502 x3 Io+ Iy 14 15a2
n'.n——.l'( 2l ln )3 1
a Norde) T4 15

Substituting &y 2nd d, inta Egs. (17)-(20) and using Eq. (A%). reduces the sei of
integral equations 1o the sel of transcendental ones, which describes the equibbrizm
state of bubbles and loops afler the loop-punching is over.

2 Po) = Bls, i), Ip)— 00| 1 J ’""R_m)] (A7)
T = B I Tl ) e 1~ f[-—Z— ),
g 0= A il e dp [ (fu(fu—R) '
3 Iv'lli' = R)
S(P=Ic = BULATU i)~ 0|1 = _,7,“)]‘ AN
{ T ;Jo[ ‘/( W R (AK)
() - - 1) oIy
R-R0y= 220000 D, ey 208
10) i 95[ (fo, Ir) p ]
{1 =) -1y
+ Z [BU, I, R = o —e ] (A9)
Ap
In(l-w) .
1y = ——41[30... YKo, Tuy= BU, 1K, ')
m
Ta
+ “;ﬁ{"-i--'l:—flr'—n’u)]. (ALQ)
I'hta) = o, (Al
g 1
fn',.f}:f[[_ b —
A lt iy 141 5a2
I 4+ u=—
. [(|+ _ )( otdn ])+ e _"f_]l (AlD)
a7 2y thiny 2y g+ a1
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o ) fo ‘[] A/(l-—i?."d',.-)J Uitlp 140502
A Y O 7| Rt
R R R ol I
o 0 T
| U 2y A o il bt el (1150 R
[ . : R R) R -1 | R)( R
y fr-——_Tj_su-n ~ Zafv 2
l\ 'l( 2y 2y 16057 'y \/[( fo I\ fu )“
Uyl 9 o R R
S e
o+ 1 ( +I.50.":)R* 215 2y
Rl -2 R R R R }
SEIED D
16ly\ 7y Iy In h hi/ll

In
ylle, In) = —. (AlH
fo

This set determines lo, /x, R, and /. 1t is rather complicated but takes the simpl:
form in the limits of interest (see the text).

Here we write down the general expression for the velocity of the relative motion
of two bubbles if P varies slowly with time:

d! 3 dRr {_Fi
?r_ﬁu_:l-(—)[ = F(, 1)),

dt
BULIgY LY~ ad =1y 2
Fi 1oy n{8( !r ’( 1)~ ¥ ]"*}_T?"' (AiS)
(= 1Yo, [xm. ln)~ = "] +BU LW Ay - -,
W 52 pr
() (_) —R P3P,
5 16/ o,
I x (216)
Py 1i
(——) R, ot R P-Py< Py
T
I, 10,
F( i
( 0)“’{0. I >R (A17)
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DISLOCATION ¥ECHEANISM OF THE VOID ORGEHING AXKD-

SATURATION OF TRRADIATICON EFTCLLING CF METLLS -
V.I.Dubinko
(fbarkov Inatitute of Payaica & Tectzolegs )

Frevious pspers by Dubinke et el.[1-3] heve propoced that the
——etion of vold esd tubble latticee 1n {rradinted -etzla im & cox-
coerce of the dislezetion cechenien of interactizcn tetweez covitieg

L
W

i

t 1. Introductien : '
|

'

s
. wnich is beeed upcn thelr sbsorpiion (ycicds) or enission (buttles) of
self-interstitiel dislocaticn loops {5It-lccpe). The void lattioe
forzs a% elevetel te:.'peraturea meiniy in bee metele, walle the wubble
lettice forme &3 low gas irplentaticn terperatures irrespectively of
the cryatal structure. In the present peper a brie! sumary of the
diplocation model of cavity orderizg will be given and bamides,
tutbles will be shown to punch out perfect $IA-loops even at elevated
tempera‘tures due to their blas for SI4 evsorption. At euch conditions
vacency voids, 1f present, sbsorbd Slhi-locps ctreated et butblew szich
resulis in satursticn of swelling, observed in et. steel conteining
relium{4,5]. '

R

2. Lifrusicn and diglocetion mecheniams of cavity growth and inter—
sction
Generelly, a cevity can emit or abaorb point defecte (FD} end disloca=~
tion loops depesding on itm blas factor, ges pressure znd irrediation
conditions. Variastion of the cavity size and poaition in the matrix
is determined by the totsl balance of ¥D and loop fluxes, The growth
rate of @ cavity of radius R can be expresssd as:

aR adR R

. ) (1)
#-(E0, - G,

where indexes D and L designate the diffusicn and the loop-induced
consatituenta, respectively. In the aiffugion-limited cpproximation
with eccount of the imege end modulus interaction of D with e cavity

(9R[at), 1e glven by [6,7]:
R - s ~%Ye 2% A -CF (2)
dt )ﬁ h Zu%v(cu Cu) 2,9,(C Ci)’
149

; j

Aby, chta 1920, V.2, Kharkov-1390, '54

; - A e - e et . . P Ll
P Nt U -s.b‘t‘{;shn.—m

P = et

o m

Pt A, o st B Ao
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€ w *
C o-C exe (t = £*)  pt.p 2T, (&)
vhere D.n ig tke FD diffusivity (index. nev decignetes vacencies,
¥hile n=1-514}, C',f the equilibrium concentraticn of PD inp e per-
Tect cryetel, Cn the meen Pp coﬁoentmtion under irredistion, Qn .
Of.:‘ &re the FD relexation volume end sheer polarizebility, re-
Bpectively, w im the etomic volume, b the interstomic spacing,
the shear medulus, I the surface energy, p is the gas pressure
within & cavity, & the temperature,
The loop-induced part (dk/dt),_ is detem:'l.ned by the type, eize
T esd flux J  of loops ebsorbed or emitted by a cavity. Over-
pregssurized ges bubblea ( O™ '—"'jug/f? > 23‘/4‘? } punch out
SlA-loops while voids ( O* =~ - 2r /R ) ebsord SIA-loops from
the matrix, Acoordingly we have
, (dp - r. b
at— L - L 4 Ea . (5)
A cavity produces the force F fx) per unit length of & SIA-loop lying
8t a distance ..r from its centre in the direction parallel to the
loop Burgers vector, where

.2 ErnRix s S pio"
FL(I)“E(rf,xa)S/apm»Q 2T x4 ) (6}

The condition £ (fp) =6G,  determines maxium distance of
sbsorption or emission of & loop, whers" 6, 1ip the Peierls stress.
Obviocusly, nelghbouring ceavitiss lying slong the same loop-gliding
direction et a distance 2£< 2€, punch out or ebsord a Bmaller
number of loops than imolated cavities ( € » CP ) do, Thim disloca-
tion-inducegd interection influences both the Elze end position of

cavities end ney lead undes specific conditions to ordering of the
cavitien,

3. The void ordering [2],
The inayiimum dietance of the loop-void snnihilation f,, /’_ e -
= (Ja‘/ﬁ;) R% determines the length of the Joop-supply-cylinders
(L3Cs5) wkich gre extended from the void aleng loop gliding directione
IL0D

S e S T RIS v T o

A9 long as voids are small lhey ere re.nd%-nly distributed untill the
Tange of dielocation interaction €, ~ R % {8 less then Xglf the
rean void specing 1. At this stage the mean void size H grows along
with EP rt?-) « At Ep?-f LsSCe overlep meening thet no perfect SIA-
loop can escepe getting into the voids., If all Clk-ioops ere perfect
end their coclescence ia the meln eource of new crystsl rlenes end
stroight diclocetions, then st &, 2 £ the void ewelling ehould
seturate. The mean vold eize Es cérrespond:l;ns to the swelling
eeturstion is given by the condition €, (Rg) = £ |

Rs (Tb%)é(é.ﬁ‘?ﬁ{;g; :_57%8‘3‘ @

4% this glege the fate of emch void depends on its size mnd
locetion of the void's immediate nelghboure. Voide thet heve neipgh-
btours eleng glicding directions (locelly ordered .cics [2] ) ebsord
less S1A-loope aE compared to locelly rendom voids which keve im-
nediete neighbours outside glidé directions, On the other hand,
larger voide ( R >R ) ebaord more extrs vacencliea than smaller
ones { R< R ) due to the diffusion-induced coersening [7] . at
Y NP the diffueion coersening mas shomn to dominate resulting
in the growth of larger voidm &t the expence of ahrinkege of
smaller ones, where ’ :

h 27w

___ F«.Sd : . -
P F L A BT Rt L, s (8)

e Sdfy =0, 6:.*95 Ss ’ qb*amuc:+m£c£°, A" 2, -C7),
Cy 1is the mean cbncgfxl;:jgtipp of thermsl FD, 5., B, ure the b:{.aa
factore of loope and stmig};t dislocations, respéctively, while L T

©s are their 'denutties,' '@dl =9, 0.

At N<Wp the diffupion coarsening is too week to mele the
7oids shrink, end & random stetieniry stete 1s established, wherc
veirs of different sizes and positions neither grow nor shrink.

At N=N§> only locdlly rendom voids shrink, while loceily or-
Cered ones form stable lattice with close-packed directions lying
elong leop gliding directions, In cubie erystels, where the loops
flide zlong the matrix close-packed directionm, the veoid lattice
¢op:es the kosi lattice, In bep erystels a planar or linear veid
ordcring teves place depending on whether S5IA-1oopa glide within Lhe
tasel plene or along the c—dircction [3). Tue void lettice
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_: 2 and A= ',\r(ﬁ .
jeraseiore Bfe fally debtérmined B the;ﬁ:;‘, ’iingaenr.: octuration of
T ition of the voi 2erin ;

ni.e necoBERIY coadition o e e

i ‘ro 1hkis the zuclention of perfect SIA-lcops whi N
! ol W s : ]
t.lc_‘tfc of bce metels vhere the stacking fzult enerfy Fe s e
worig c d : ., =
I Ifcc retels SIA -loops ere ususlly fmulted cue o io -_,j:f.ices °r
'-'-~‘v n fee retgls voidés grow lerger end de not ig;ﬂ;iw PN
hosioy 1 g there is & poEs :
r¢etily €3 in btecc metels. Honever, . o e
reet i 1 formetion et the geo bubbles which coes not psecthﬂ
r Cl/.-1lou b T . o s g
e inl ztmcture It will be discussed in 1he folloving
the crysto . X

Zirod i 1igtributicn of cevities o
4. Birpde]l size dietrd dfr‘/ S e be erpresse with moe
ke diffusion growth rete { dt Je e
coant 37 the ropte eguetlons [7] in the felloving :

3 Dy ze_cR).Bifc? 8 ()

(i"tgﬁ=_,%*(8_8c(p))f-?’z(g_:.—cu)* 2 IC': £
G .

. x2 s 5 f‘_d'/“')z,o, (10)
GRS T e )7,
[ < 7 e e P c r[‘)
2 0qbyvax [FRIRE AR C—._._cnpd,”{f.pm,,a G
oD s :

[-)
) n vagfriR)dR
O * 4 X[ FR)AR O ' 4X[7
=]
7 ity the size
5. (R):2°- 2% is the bies facter of e cavity, F(R) th
rebas £ " i 5 is the mean bles facter cf the
gdistribution function of cevities, is tl o b e pnes
dislocetion end cavity ensemble, The {irat term in tq; ) o
to tht; radiation-induced PD Iluxgs. while the lasat nthat T e
PD fluxes, which are directed so
thermally activated ’ (A" - o)(da‘?/dt )m--o
he over-or-underpressure p*, Without irradietion . et
ttc ‘: o end thie equilibrium ie stable. However, under 11‘1*: —
. - ee
thepeouilibrium ges bubbles lose atabllity which cen be s .

eqs. (3)-(11) at p*=o (SK Flg.o -

ooz o & '
' ' p 2 R2Re Np /N (12)
dR) Aty /1 1) p - 4 ,
dt e R 2 R P)' € L+ Ne/r?
; o Yo
$a%  p%p = (13)
L 3 - - s - . .
/VP = Il\fPIﬁlzo. 1’1*9(_‘:6 . e /N [e] Sd

bl with ‘?> ‘? th with Q( Q to
) c start to grow whereas o8e Wl c
bub €8 wWl

* .
NN rzlio. 1f
ehrink, The critical radiue R, is determined by the / ©

isi int
5 meaning thet dJdivision of bubbles i:nto

/J/NP 32/ , then I?C':-P
T2

L

/G
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Erovirng end enrinking ores is ineviteble, The rormer convert inte
Notés ( p" ., . 20‘/»? ) xhile the iatter becenc cverpreseirized,
end heoce their preference tosards S14 icereesee, which in its turn
enhances the bubble shrinkege. Ag e result of thia redistion-induceq
collepse p* increeses us to the linit P*m.s Getermined by sireas
relief rechcnisme guch ed the ejection of &es etons, Slh'e er SIi-
loops [E}. In the cape of helium bubblee the first mechenien can be
reglected, the second one requiree p‘ ~ /2 end the lest cne
cperates et ,O"'«,u&’/@ » The steble bubdle gize ‘?s ie determined
by the number of Zas atoma for g bubble n v the goe low pr’n . P‘)
end the loop-puncing condition ‘,ﬂ"(’??) ﬁ}-fg/ﬁ?s <A4/2 |, vhence
the minimum loop-punching bubble size R‘mm =26 ., On the other
hand, the R‘ma:r is determined by the equalit); of biea fa:tors of

bubbles and loopas &% (R M) - &, e, /6 [+} whence
ma -~
Re ™= (%o fol; Wl =r2g e LAt O R
oeé [7]. ’

The manimum cencentration of gas atome in ratriz €, which ia
necessory for the gcneraiion of SI4 loops by bubbles can be cstimeted
taking into gecount that: 1) &~ = N;\ ~ 10%7 .. 0%, :
2) ng > n (R."*")~10% wherce Cog>Nng jw> 1074,

A8 the irrsdiation temperature :.ncreesee, thermally &ctiveted
PL fluxes became importrnt in atebilization of bubbles egainset the
radictien-induced shrinkage and growti, This gtabilizetion ia the
ccre-of the tonventional approech to the bubble-void tméition (Bee,
€.g.,ref. [9] } whieh, however, does not take into account the size
and pressure depeadence of the cavity bias for SIA, The thermal gta-
bllization may be neglected below 7, which is determined by the
€emparieon of meximum thermsally activated Pp fluzes (at p:“«f.fs/k‘)
¥ith rediaticn-induced FD fluxea.into a cavity: - ™

- . S ‘o
a5, *R, 00+ 2, C; e"?-”(‘e?_‘).

min oLz, max  of iy £ Y2 (4)
< “.‘?E- : 81.: - ,,?‘ +°<'ju (‘pg—)

rhere R:is the size of an equilibrium bubble a0}, See Fi 2.

Lt '?g Ly ‘""mg 26 p*e =pw/f12 = E;/G [8) Since Ef
the STA formation energy is Substentially kizher than ihe gelf-dif-
Tasion energy £, thermal SIA may be neglected, Taking £5 = 2 zsev
(es in nickel) we cbtain T & 560°C - 630° for Teaclor irradietion
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(dose rate ~ (0 dpass) end re74c°€-850"C for icn irredimtion
(IG'%ioa/s ). Eclow this tempersture overpressurized bubkles become
i{he sources of periect 51t-loops irrespectively of the cryetel girac-
tyre. Vecency veide, if present, sbsorb Sli-locps which ccmpensete
for their diffusive growth resulting in e seturelion of swelling, us
ree been cboerved crperimentally [MSJ(F’:,_S).
£. The tublle ordering [1].

£t lov tempersture {mplentetion ef gas jore voids oo rot form
vhile the butble number denaity reeches ¢s high a8 107°m ™3, Cense-
cuently, £lA-ioop pwiched out by the tubblies interact londing to the
repulelion between neigkbourirg tubtles lying elong the seme loop
griding directions. 48 B Tesult of the dislocation repulsion and an
isotropic diffusive attrection {due tc ebsorption ¢f SIA) & random
distribution of butbles become unstable end trensforms into & lattice
which coples theshost jattice in cubic crystels. The dgislocetion
interection resultsalse in the incresse of the loop-punching pressure
up to P:“ =8,u/}i‘(i-s’}2. , where z is the coordinntion number, )/
the Poisson ratio. This }D:A‘ is close to the pressure for LIA
emission,/ujz[g] , which limite the upper temperature of b?hble
ordering 7:{P'-6135 T+ where T is the pelting point.

6. Conclusions

e most important prediction of the present theory is thet per-
fect SIi-loops musi form uncer irrgdietion in order to induce the
cavity crdering end swelling aaturstion. Apert from the explenntion
of higher swelling resigtance of bec BB compered to fec metale,
this offers & recomendntion'for improvement of fce metels by edding
icpurities stimulating the formation of perfect SIA-Joops. This po-
pexr has® connidered the effect of gae impurities end proposed & nech-
enism of SIA-loop generstion by the btubbles due to thelr biss for
SIA's, which can operate at elevated temperatures irrespectively of
the crystal struciure. This pechenism mey induce ewelling sctura-
tion ir such fcc metals as et. steel[4,5], where Sli-loops are
faulted without gaa and swelling rete is high. At ithe seme time, the
large ties of bubtbles for SIA's &, enhences the diffusive gtabili-
ty of veoids incressing the critica%_vcid density pr , MECEESSBYY
for the ordering by the velue /¥g Rg g'-‘ [ oy T 10N - Here Neg
is the bubble density which 18 usually higher then the void
density. Thus, B poasibility of the gee-induced vold ordering needs
futher experimental investigaticns.
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