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ABSTRACT

The influence of dislocations on the responge of crystalline
materlals to irradiatfon is reviewed. Those dislocation properties
that are essential to our understanding of the evolution of the
microstracture during irradiation are identified and it 1a shown how
the rate theory model can thereby describe the collective behaviour

of the microstructure.
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1. INTRODUCTION
Dislocations have a profound influence on the varioue effecta of
irradiation in crystalline materials, The clustering of {(ntrinsic point-
defects (interstitials snd vacancles) produced by irradiation can lead to
the formation of dimlocations; these new dlalocations and the pre-existing

dislocations can act as sinks for such point~defects and climb;
alternatively the clusters can impede the glissile motion of the
dislocations. 1Irradistion can thus create dielocatlons and have s gross
effect on their individual and collective behaviour. Such technologically
important phenomena as void swelling, irradiation creep and growth all
occur because dislocations are preaent in the microstructure of materfals
and may be quantitatively modelled and understood by exploiting our
knowledge of the fundamental properties of the dislocations. The atm of
the present review 18 thus to identify those dislocation properties that
are essential to our understanding of the evolution of the mlcrostructure
and to show how we may thereby conatruct appropriate models to represent
the collective behaviour of the microstructure. The emphasie of our
discussion will relate to the relatively high temperature behaviour of
Lrradlated aatertale when the intrinate point-def.cte are mobile. To avoid
duplication with the associated reviews of dispersion hardening etc. we
shail deliberately exclude detajled consideration of irradiation hardening
and high stress mechanical properties of irradiated materials.

When a metal is bombarded with particles (by particles we mean
charged particles such as high enecgy electrons, protons or heavy
fona or neutral particles such as fast neutrons) whose energy 1g

sufficiently high to displace host atoms From thefrp equilibrium



lattice sites, these atoms come to rest some distance away as tnterstitiale
leaving vacancies behind at the respective lattice sites, 1If the
tewperature of the material is appropriate, these interstitials and
vacancies (henceforth referred to 88 point-defects unless we wish te
distinguish then) can migrate through the host matrix, In general the
Interatirisls are mich more wobile than the vacancies with typically
respactive migratfon energies of ~0.2 eV and ~! ¢V for common structural
msetals. The fate of these point-defects depends very such on the
microstructural state in which they are generated.

If few dislocations are already present, as in s well annealed
materisl, the point-defects can either be lost by recoahbination vith each
other in the bulk material or they can nucleate and grow Interstitial and
vacancy aggregates. When these aggregates are planar their perimeter
defines & dislocation loop. Some of the conditions for such locp formation
and relevant properties of much loops, together with some of the direct
consequences of such aggregate formation to the overall radiation damage
response of materials sre described in section 2,

If the dislocation density is high then many of the point-defects will
survive for sufficient time to arrive at the dislocations rather than be
lost by bulk recombination or form dislocation loop nuclet. The detxils of
this lces of point—defacts to dislocations are very ilmportant for a
quantitative understanding of irradiation damage and depend on both the
long-range tnteractions between the dislocations and potnt-defects and on

the behaviour of the point-defects when they artive at the cores of the

dislocations; some details of these interactions are presented in seetion 3,

In section 4 we degcribe the concept of an effective medium and show
how the above epecific dislocatton propartles are used to deduce effective
dislocacton sink strengths for use in such a medium, Such a procedure
ensbles many of the other sink types present in the microstructure to be
condistently included in a rate theory description of the evolution of the
nicrostructure during iferadiation., The power of this approach (s
1llustrated tn section $ where we give several exanpleu.of predictions of
swelling, irradiation creep and growth together with Several appropriate
examples of successful correlations with experiment. Finally in section 6,
We present a number of concluding remarks that are Intended to {dentify

some of the outstanding omtsstons in out understanding of radiat{on damage

that could be rectiffed by further research (ato dislocation properties.

2.  DISLOCATION FORMATION BY POINT-DEFECT AGGRECATION

The three polat-defect dggregates vhose formation constityte the

productlun of sxtra dislocations in leradlated materials are the platelet

- of interstitlals - the interstitial dislocation loop, the collapsed

platelet of vacancles -~ the vacancy dislocation loop and the vacancy
tetrahedran. It ig clearly not appropriate to present a comprehensive
Survey of all the matertial, temperature and trradiation conditions ypon
vhich the Formation of such agaregates dopends. The properties snd
behaviour of these aggregates has been largely studied using transaission
electron microscopy and the extenstve literature hes been reviewsd in
several excellent articles 1,2,3.1,5. In the present section it will
nuffice ta tLintify only gome of the general teatures of such aggregate

formation that particularly owe their extstence to the dislocation

3.



properties of the aggregates. 1In addiclon since the vacancy tetrahedron Ls
8 speclal dislocation configuratlon that has evolved from a planar vacancy
dislocation loop we will wainly restrict the discussion to the two kinds of
planar dialocation loops.

2.1 Introductory considerations

The notion that point~defects should cluster to fora dislocatien loops

6 in 1949 who suggested that vacancles in

was firat proposed by Frank
quenched face-ceatred cuble (f.c.c.) metals should tend to arrange
themselves in discs in the (111) planes and then collapse to form a vacancy
dielocation loop, (henceforth, tor reasons of brevity, the word
'‘dialocation’ will be omitted when referring to interstitial or vacancy
dislocation loopa), tn order to sinimize the energy of the aggregate. Such

a vacancy loop with a Burgera vector b= a <111>, has an intrinste stacking
3

fault and {8 frequently referred to as a Prank faulted loop. It can unfault
by the nucleation and propagation of a Shockley partial acrass it to

produce & perfect laop by a reaction such as:

N [
3 ) +3 (2] + 3 (1o} . n
Alternatively the -;- <ll1> dtslization segments surrounding the fault can
dissociate into a so-called stair-rod pure edge dislocation and a Shackley
partial on an intersecting (111) slip plane according to reactions swch

3 (1) +» & {uo} +3{uz} (2)

the Shockley partials then glide acrose the intersecting slip planes, aset
ant react to form a tetrahedron vhose edgea are all stair-crod dislocations
with each face contalning an intrinsic stacking-fault. Direct mechanisas
tor the formation of such tetrahedra from three dimensional vacancy
clusters have also been identified ?. in body-centred cuble (b.c.c.)
metals vacancy loops form by the collapee of a dise of vacancies {n a (110)
plane l. In this case, however, such a vacancy loop, with a Burgers vector

b= -:— <110> can remove {ts stacking fault by two pbsslble unfaulting sheacs

described by the dielocation reactions s:

$ (110} + § foo1] » {111 )

or

3 {110} + 7 (110} + afor0] . (4)

In either case a perfect lovp 18 formed, although the firat reaction (3)
should be usually energetically more favourable than the second (4) and the
product of the first resction (s a glissile loop in contrast to the seagile
loop produced by the second reaction. Such vacancy loops have never been
observed after quenchiag b.c.c, wetals - presumably the relatively low
degree of vacancy Supersaturation achievable by quenching b.c.c. metals
together with the usually very high stacking faulc energies (n such metals
preclude their succeanful micleation. On the other hand they can, under

cartain clecumitances, be formed in bath irradiated f.c.c. and b.c.c,



metals 1

+ The reasons and conditions for such vacancy loop formation 1in
irradiated matertals will be elucidated below.

Interatitial loops are defined by the interstittals arrenging
themselves as a disc of extrs Lattice. The initial crystallographic
orientatfons of thege toops are identtical to the corresponding vacancy
loopa Eor the f.c.c. and b.c.e, lattices and the unfaulting reactions (1),
(3) and (4) also apply; the only significant difference s that in the
f.cec. lattice the extrinsic nature of the stacking fault precludes the
possible transitfon to a tetrahedron configuration. Interstitisl loops are
not ohbserved after quenching; the equilibrium concentration of
fnteratitials is usually quite negligible up to the melting point. They do
form under appropriste circumstances in trradiated metals as will be
discussed below.

Before concluding this introductory section it s appropriste to make
several elementary remarks concerning the physical properties of the
Intrinslc potnt-defects whose aggregation we are considering. The
interstitial 1s in general wuch wore moblle than the vacancy, for typical
structural metals the migration energy of the interstitlal {s ~0,2 oV
compared with ~1,0 eV for the vacancy 9. In f.c.c. and b.c.c. metals the
interstitial has a aplit - dumbell configuration in which the extra atom
shacres s normal Lattice site vith another atom; there ts both theoretical
(atomfc simulation) and experimental (intecrnal friction) evidence that fn
f.e.c. metale the tnterstitial han Lts dusbell axts parallel to a <100>
direction whereas in b.c.c. metals the axis is parallel to a <110>
direction lo. As ve shatl discuss fn section 2.3 these geometrical
features of the tntecstitials are very lmportant in reistion to the
uclestion of Interatltial loops. In contrast to the interstitial, the

vacancy does not adnpt a spllit confipuration and retalna the polnt aymmetry

6.

of the host Llattice. Modulue defect neasurements H and lattice dynanic
studies 12 of theae point-defects indicate that the Lnterst{tial way be
regarded elastically as a small inclusion 'soft in shear' compared with the
matrix and with a rather large positive relaxation volune ~1 Q@ {where Q ia
the atomic volume). The vacancy may be regarded as an effective elastic
{nclusion somewhat softer in compresgion than the matrix but with a
relatively amall negative relsxation volume ~ -0,4 Q; these effective
inclusion consideratlions will be important when we digcuss the effects of
interactions hetween dislocations and point-defects.

2.2 Some relevant properties of loops

The elementary crystallography of the loops tn f.c.c. and b.c.c.
wetals has been outlined tn the previous section. In this sectlon we
present some of the physical properties of loops that will provide further
useful background to subsequent sections when specific effects of
leradtation are discussed, In Particular we present results for the
elastic fields of such locps, thefr energles and thelr interactions with
point-defects and other loops.

2.2.1 The elastic field of a dislocation loop

The displacement field u(x) produced by an arbitrary dislocatton loop

of Burgers vector b in an anisotropic medium is given by the well known

Volterra result l3:

vy (x) f b ©kes Cir,s ' - 2MS D), )

where 3 {s a surface bounded by the dislocation line and the subgcripts

refer to the Cartesian components of the various quantities; are the

S
elastic moduli, G‘J(E' = X) are the cowponents of the elastic Green's



function and the comma notation means partial differentiation. The elastic

distortion
By = uy,g(x) (6)

then follows by differentiating (5) and Hookes Law yields the stress

pij(5)=
plj(£) - { ©4 11 bq € pra ckr,ul (' - E)dsp(!') . €3]

A simple application of Stokes' theorem " shows this stress field cam be

expressed as

Pyyxt = - § “lmp “11k1 % qpre Ckc,s'® x')ax! (8)
r

where the line integral is taken over the dielocation loop T' coincident

with the boundary of the surface 3, x' 1 a point on the loop and £ b ]

jk
the Cactesian permutatfon tensor. The total atrain energy acseciated with

such a loop i3

B =g { By 08, o 9

where V is the volume of the complete body exciuding the eylindrical core
region of radius § Surrounding the dislocation; at closer distances than &
to the dislocation line the distortions exceed the range of validity
inherent in linear elasticity theory. For a planar loop 8 eimple

application of Gauss's theorem and using the fact that the elastic field of

a dialocation 18 body-force free, transforms (9) into the sum of two

surface Integrals 15:

(10)

E~ % | Pyy(x) byn.ds + % J Pyylxd, (x)as,
5 5

]
- Es + !sa .
where S 1s the plane surface {unit normal n) enclosed by the loop, but
terminating a distance § fr&- the dislocation, 86 1s the curved surface of
the core region surrounding the dislocation. The result (10} 1e¢ valid for
either a finite body with gero surface tractions or for an infinite bodyls'l6.
It the point-defect ¢ represented by an elastic incluelon and has an
assaclated relaxation volume 8V, then the size effect interaction energy
between the loop and the point defect is 17,18
Ep = - 56 p,(x) (an
where x defines the location of the point-defect; to obtain this simple
expression we have assumed that the inclusion is spherfcal and so small
that strees variacfons over fts volume can be neglected. We note algo that
when expressed in terms of the actual relaxation volume expression (11) for
the size-effect tateraction energy is alec correct when the elastic
properties of the inclusion ¢iffer from those of the host. Of course In
this situstion a second order inhomogeneity interaction will alss be
present and will be described below when we present results for the
f{sotropic medium.

In obvious notatton the interaction energy between the loops labelled

Aand B 19

9.



-f p”(x') b2 dsw) (12)

Sy

vhere the fntegration ts taken over the plane surface, with normal n;.
surrounded by loop B,

When the long range flelds or interactlons are required it f{a
convenient to use the so-called tnfinitesinal loop approximation, The

stress expression (7) for a plane lonp of area A becomes

oyl = Aey g ®a Saprs ke 012 " (3

and the long-range intersction between two such loops is then, from (12),
A .3 B
!Al - A' pu bl n-1

(14)

l
AAAI cljkl b qpra Gkr ul(')np b J

and the corresponding long-range interaction between & loop and point-
defect {s again given by (11) tut with plj(l) glven by the infinttesimal
loop stresses (13),

Several explicit and detatled calculations of loop dtreases and the
Interactions that loops have with point-defects and with other loops been
nade using these general anisotropic elasticity results. These
applications will bhe referred to below when we discuss the importance of
these loops in the {rradistion environment but for the theoretical and
nunerical details required for the evaluation the Integraly of the Creens

tensor we can usefully refer to the works of Willte '9. Barnett 20.

t7

Meinsner and a recent extensfve review of the theory of dislocations {in

anisotropic elastic wedia by Bacon et al. ZI.

The isotropic Forms of these various flelds and energles assoclated
with leops have been particelarly useful for the understanding of radtation
damage phenowena and 1t is therefore appropriate to glve some explicit
resulte in this section for later reference. 1In an elastically fsotropic

medium the elastic constants my sll be expressed in terms of the shear

wodulus u and Poleson's Ratfo y:

Sk = T3y (2v b1y Bupt(1-2n[8,5,, + Sl sy

and the Greens' tensor has the analytic form

th(') lsuu(l-v) '2(1'“)ﬁkr'x PP ' l ke } (16)

The stress field of a loop ie thus given by & single line integral around
the loop as in (8}; this is essentially the well known Peach—Koehlerzz
result. Explicit results for clreular loops have been derived by Kroupa 3
and by Bullough and Newman 24 and in this case the stresses can be
expressed in terms of elliptic functions 25. The self-energies of both
polygon and ctrcular loops, derivable from (10), for an isoctrople medium
hsve been calculated by Bacon 2€ and the importance of the core surface
traction correction to ensure the energy is unique was First pointed out by
Bullough end Foreman 6 in their analysis of the rhombus loop configuration
observed {n some quenched f.c.c. metala. The elastic energy of a circular

26
loop of radius & and arbitrary Burgers vector b as derived by Bacon is



E - iy (b3 + G o+ b )1n &) - 2)
(17)
2 2.2
+ [263-2v)p5 - (1-2v} (b +by) J/8C1-v)} ,

where the loop iz orlentated with its normal parallel to the Xy direction
and thus (17) with bl - b2 = 0 represents the energy of a pure edge or
Frank loop; when b3 = 0 it represents the energy of a siip or shesr loop.
The only approximation inherent in (17) 18 the assumption that the raclus
of the loop is much greater than the core radins 6; such & reatrlcticn
oust be reasonable since if it were not 8o any even wore accurate loop
euergy derlved using an elantic linear continuum would have little physical

significance,

In an fsotropic medium Bullough and Willis z’have derived a general

A
L

expresslon for the interaction energy between any applied strair field ¢
and a amall elastic inclusion when the latter {s hoth wisfFltting and has
elastic constants that differ from thé host material, When the inclusion
represents an interstitiatl point-defect it is appropriate to set the value
of fta elastic shear modulus to zero and then the iateraction energy takes

the simple form 25

A, A

8 A8V
elj elj

15
EI L Vp{a— ' + 3 e v (18)

where V 1s the atomic volume and for stmplicity Poisson's Ratio has been
set equal to 1/3. The second tera in (18) ia the glze effect interaction
and Ls identical to (11) when the apptied dislocation strain eA arises only

from the loop field. The hydrostatic stress is Pli’3 vhich {s related to

the assoclated dilatation Big W P/ - 2p{l+y) e, =t et (wken v =
. 11 11
I(1-2v) 3
1/3).

12,

The first term in (18) ts the inhomogeneity interactlion and has arisen

hecanse of the modulus difference between the polnt-defect and the host.

Bullough et al, 25have obtained analytic expressions for both these
N interactions for a clrcular {pure edge) loop when ‘:j arises from both an
1nternal loop fteld and an external applied stress. This latter
conalderation 1s of coneiderable importance when we discuss irradiation
creep and the effects of externally applied atress during irradiation. In
view of the relatively small relaxation volume of the vacancy compared to
the interstitial, the long~range interaction between a locp and vacancy can
be safely neglected. The inhomogeneity expressions for a loop subjected to
external stress are very complex 25 and will not be presented here; 1t
will 3uffice to glve only the relatively simple results pertaintng to
straight dislocations when these sinks are discusved in section 3. However
the gize-effect interaction energy, corresponding to the second term in

{18), or to (11) with v = 1/3, has the simple form (23)

r~a

2ubsV aloplg? 2, 204
By = B (kek) + -(——?—;—zfz(k)}l[(ru) +2°) (19)

where B(k), K(k) are complete elliptic integrals with argumentes defined by

k. 4arI[(r+t)2 + :2] . (20)

and (r,z) are the cylindrical coordinates defining the position of the
fnterstitlal, with the coordinate orlgin located at the centre of the

circular loop of vadius a and the z-axis {s normal to the loop plane.

13.



When the long-range interactions between two loops or between a loop
and & point-defect are required, then the infinitesimal loop approximation
is valid and in an Isotropic medium the atress fleld (11) becowes, for s

pure edge infinitestmal interstitial loop {using (15) and (16))
Ab; 1
Pyy(w) = m‘-'—uy e [C1-4v) alj-z(l-z\')sua”]
- is-[n-zv)suxgnv(ans,x 3 04x,) (21)
x I

+ (l—Zv)xixj] + %xixj xg N

whete A 1s the loop area, b=(o0,0,b) and 1%(0,0,1). The {ntersction energy
between this loop and smother infinitesimal loop with arbitrary Burger's
vector and orientation is given directly by (14) with p:j replaced by (21),
Sinllarly the long-tange interaction between the pure edge loop with che
stress fleld (21) and a point~defect with a relaxation volume 5¥ is gieen
by (i1} with pn(_:g) derived from (21) or directly from the limiting form of
the Finite loop result (19), an #/r + 0 and A = ya2, By either procedure
we obtain the sf{mple result for the size-effect interaction energy between

an {nfinitestmal loop and s point-defect 25:

£, - %A &v(1 - koszo)lrz ' (22

14,

when v =1/3 and (r,8) are the spherical polar coordinates centred at the
loop wizh D aeasured from the t-axis that define the locatfon of the paint-
defect,

2.3 loop formation and growth

Interatittal loop formatton usually accurs from two dieensional
iateratitial aggregates on the close-packed planes, 1In t.c.c, wetals the
planar aggregation s on {lll] Planes and the loop ts Faulted with a
Burger's vector b % <kl1>; such lcops can unfault to form a perfect loop
by the paseage of a Shockley partist dtslocation sccording to the reactinn
(1). In b.c.c. metals the initial plenar aggregation occurs on [1l0|
planes and the relatively high stacking fault energy in such metals leads
to unfantting, probably by homogeneous shaxe, following etther of the
reactione (3) and (4) to fore loops with #<1ti> or <100> Burger's vector
respectively.

Such interstitiasl loop formation wilt occur in sty high energy
lrradistion environment when the point-defect generation {s uniform, as tn
the case of electron irradiation, or very inhomogeneous, as In the case of
heavy-ion or fast-neutron ircadiation, when the point~defacts are producedt
in localized regions or cascades. 1In contrast, vacancy loops, which again
torm from two dimensionat (vacancy) aggregates on the close-packad planes
«with similar associated unfault{ng resctions as for the interstitiat
ARgregates, are not, in Benecal, observed in electroa frradlaced uterlalss.
Exceptionslly they have been obaerved {n thin folle of zirconium irradiated
with | Me¥ electrons but the Yeasons are probably due to the generation of
high vacancy Aupersaturations by oxidatton reactions rather than from the

homegeneous frradistion. Their tocrmation requires the very high

15.



Supersaturation prevailling In the central or denuded regions of the
cascades produced by lons or Fast neutrons,

The nucleation of loops 18 Influenced by the presence of otlter loopse
{n the satertal and these aspects together with the affects of external
streases on loop nucleatfon will be diacuesed in this section. The growth
Aspects to be discussed in this section are largely those pertsaining to the
behaviour of a single lonp; the collective behaviour of loops is deferred
to section 4 when we describe the factora {nfluencing the overall evolutioa
of the microstructure, For a detailed review of the experimental
observations of loop Formation and growth in f.e.c., b.c.c and h.z.p.
metals the reader L4 referred to comprehensive reviews by Eyre 1'5’28.

2.3.1 Interstitial loop nucleation

The temperature dependence and impurity sensitlvity of the oyserved
Interstitial loop concentrations have been measured in a wide range of
f.c.c., b.c.c, and h.c.p. metals and it appeary that, excapt for extremely
pure metals, the minimum stable loop nucleus is a di-interstitfal and the
fucleation 15 heterogensous {n nature. Figure | shows such Interstitial
loops 29. faulted and perfect, formed in copper after lrradlation with 57
KeV protons at 200°C, The detalls of the initial stages of such loop
formattun have been studied uslng atomic simulation techaiques, hullough
and Perrin ® thus confirmed the earlier suggestion by Eyre and Bullough 8
that the Lnzacstitials (n a-Lron would prefer to aggregate ag a plateler 1in
a [IIGI plane with all thelr aplit-dumbell axcs parallel to a common <l10>
direction; they demonstrated with the atomic simulation wmodel that such a

planar aggregate of Interstitlals can make the transition to an unfaulted

16.

dislocation loop, with either of the final Burger's vectors, % <lll> or
<tON>, when the number of Luterstitlals [ the AgEregate 13 nlxteen., The
former glisslle loop was then observed to totate on its glide prism towards
the lower waergy pure edge configuration, Ingle et al, 3 have used
slallar atoale simulation methods to examine the atability and morphology
of euch interstitial clusters in a range of metals. In f.c.c. and h.c.p.
aetals the taltial nucleatlon stage consists of a small planar aggregate on
a close-packed and prisestic plane respectively which then usually unfaulte
to form a perfect interattiilal loop. It fs oaly fn the b.c.c. lattice
that there exista the poesibility of unfaulting by two different reactions
vith the posasible formation of dislocation loops with different Burger's
vector. We shall see later la section 4 that the creatlon of two different
dislocation ginks can have a great influence on the overall response of
b.c.c. metals to radiatlon damage 32. To actually calculate the evolution
during irradiation of the Interstitial loop nuwber density-size
distribution function it has been found necessary to adopt rather

sophisticated numerical schemes 33’3‘.

A comparilson of calculated results
with those from an experiment at a single temperature has shown encouraging
agreemeat for the loop number density i nlckel and for thelr subsequent
growth 3‘. It is relevant to remark here that under {readiation conditlons
pectingal ko sach phennmens as void swelling, when the vacancies are also
wobile, tha irradlatlon tlee Ffor completion of the interstltlal loop
nucleation {8 usually very short and studies of collective radiation damage
processes such as vold swelling need oaly include the drowth of such loops
and not their nuclestion.

The presence of stress arisiag from either external or internal

sources caa influsuce the nucleation of loaps. In h.c.c. matals the

17,



stress fleld of an extsting interstitial loop fs believed to be responsiple
for atimulating the nuclestion of additional loops in its vicinity;
siallarly interstitlal loop nucleation Le obaerved in the vicinlty of
existing straight d1slocations, Examples of clusters of loops 33 are shown
In figure 2 which are dark-€leld micrographs of neutron irradtated
mUMmmuGMTlundnafdlmuﬂithm]umalm In (a) g
- [21?] and in (b) g = [211]). ‘the change in image type of the groups of
loope arrowed Indicstes that all the loops in each Broup have the same
Burgers vector. 1tn the same matertal and conditions the loop distributton
near an edge dislocation 3 la shown in Flgure 3a. In 3b we show &
schematic diagram to indicate that the loops are found predominantly tn a
wedge shaped volume on the dilatattonal side of the dislocation.
Calculations of the normal stresses on the six possihle [LI0) planes around
4 loop, using expreasion (13) for the strase field of a loop, indfcate that
preferred nucleatlon does {ndeed occur on those lllO] planes across which
the normal stress 18 tensile and of maximum magnitude; the unfaylting
shear stress disteibution also plays a role in detersining the final
Rurger's vectors of the new loops. The zame conclusion probably applies to
the loop distributtons observed near the straight-dislocations. OF course
in an frradistion sttuation such an argumeat s only valid 1f nne assumes
that the existing dislocation (atraight or loop) has ceased to be a sink
for interstittals, presumably becauwe of early unfaulting of the toop or
contamination of the straight distocations. The early unfaultlng of the
loops in b.c.c. metals probably also sssists the loop colony formatton
hecause 2 smal! pacfect toop le uysually very glisnile. The Pelerls stress

tv mave a glitsatls lcop should decrease with decreasing loop radius and

18,

thus loops formed in high atacking fault energy metals (such as the
refractory b.c.c. metals) should unfault when amall and glide eavily when
subjected to a sultable stress Fleld, The small perfect loop thus can
tespund by glide to the loop-loop interactions (14) to further
‘concentrate’ the colony. Such lonp-loop interactions coupled with glide
4l climb processes are also fnvolved in the Formation of rafts of loops ao
important tn the collective sicroatructural cesponse of b,c.c. .et31112,17,18.
In a slwilar fashion to these {nternsl stress effects an external tensile
stress can enhance the probability of tatecstitial loopa nucleating on the
appropriste crystallographic Planes that are orientated in sympathy (i.e.
orthagonal to the tensile 3stress axis} with the externa! stresa. Such a
preferred nucleatfon of interstittal loops will cause the body to increase
in Length in the direction of the applied tensfon and 18 the basis of the
no-called 'Strese Induced Preferred Mucleatinn® (S.1.P.N.)} mechaniam of
itradiation creep 39. There is evidence for this process in some cubic
metals at relutively low irradlation dnses and further details will be
glven {n section 5 when we discuee frradiation creep.

If o Unterstitials are required before the interstttial aggregate can
Form an tatersticisl loop (n was sixteen 1n the loop simulation atudy of
Bullough and Perrin o for a-iron) then the probability cl of a co-
operative fluctuation of such an aggragite la response to & normal stress

pl. where | Lndicates the lth orientation of LA possible orientations is

i n
p nQ/k T o p.nQ/k T
of = 8/ ] 1 B (23)
J=1

and the nuaber of loops in the lth orientation will be
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N ool (24)

where NL 1a the total number of fnterstitial loops nucleated. Finally if

El ts the excess Fraction of faterstitial loops in the 1th orientation
thaa
"o
1 ] £, .4 -
— -1 YN N o W, 1=l .., n,. (25)
o =
and thue
n
p,nQ/k T o p,nQ/k. T
iU LS IS R b (26)
=1

If the applied stresa s tansile, uniaxial and orthogonal to the {=i

orientatica sad the other two orientation (1=2,3) ace orthogunal (;1-p’-0)

then

Q9/e T Q% T
R A IR e @)

and Ez-f3-0; this simple orthogonal scheme was used by Brailsford and
Bullough 3 a8 their basia of the 5.1.P.N. model of Lrradistion creep. 1In
the Teal b.c.c. situation there sre & possible [110] ortentations

eorresponding to 1=l ... 6 tn (26) and the resolved stress pi normal to
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each must be calculated to obtain the values of al or Ei. Again the
opecific relevance of these nucleatioa considerations to irradiation creep
1s defarred to section S,

Finally double or higher layer lnterstitial loops have been cbserved
in f.c.c, metals auch as copper and an example can be clearly aeen in
figure le. A mechanlsm for the nuclaation of & second loop just above the
Eirat was proposed by Bacon and Bullough 42 for quenched-in vacancy loops;
it involved the notion that an approprlate aggregate could form abave the
fault of the first loop which could then nucleate the loop when the first
loop cliwbed away. Such a mechaniam should be even more appropriate for
interstitial toop nucleation slnce the interstitial supersaturation should
locally be much higher than that for the vacancies,

2,3.2 Vacancy loop nucleation

The presence of mobile interstitials precludes the formatlon of
vacancy loops fo homogeneously (rradlated cublc metals. They form only in
the high vacancy supersaturation ptevailing in the denuded zones of
displacement cascades 5. In figure & we show alcrographs ‘3of otdered
Cu3nu folls that have been Lrradiated to a dose of 5.3 x 102} nl-2 (E > 1
MeV) at 80°C with fisafon neutrons. In (a) the area s imaged in the dark-
fleld superlattice ceflection g"- (011) when the dtsordered zones formed
within cascades are visible by structure factor contrast. (The large black
dreas are anti-phase boundaries), In (b) the area is imaged under bright-
fleld kinematlc condltions using g = (025), when dislocation loops are
vigsible, The arrowed disordered zones contain loops while the circled
diaordered zones do nat, The precise mechanism of the vacancy aggregation
amd collapse to fora the small vacancy loops from the high vacancy
Concentrations present Ln such denuded zones ig not fully understood. The

slze of the vacancy loops upon Formatlon s such that only about one-thircd
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of the available vacancies fn the zone are involved in their formation and
of the cascades that could collapss te Form such loops only about one-thirc
do s0. Such loops form at temperatures below that when lsolated vacancies
are mblle and therefore {f the loop formatfon is thermelly activated the
effective vacancy mobility when their concentration 1e as high as 107 must
be congidered. At such concentrations presusably one can consider the
divacancy an the moblile entity, in which case a much higher wobility than
the single vacancy is to be expected. With such a model it is easy to |hou,s
that a three dimensional cavity could not grow - too nmany divacancies would
diffuse out of the zone rather than inwards towards the Erowing cavity. Om
the other hand, 1f & very small vacancy loop ever forme In the central
region of the zone the tnwards motlon of divacancies would he sahanced hy
the drift flow to the loop artsing from the elastic interaction between
such a loop and a dlvacancy (equation 19). Thus we can see that vacancy
loop growth to an observable size could occur at temperatures well beLow
those required for vacancy migration and also understand why cavities do
not form In such denduded zonew. However, plausihle as thias seens, there
1s now eome growing evidence that vacancy loop formation in such zones may
not be thermally activated; thay apparently form at liquid heltum
tenperaturesas. Further study {s needed to clarify this situation since if
these last ohservatfons are confirmed we are forced to consider a shock
wave or thermal splke model for such loop formation.

In an trradistion environment vacancy loops produced From the collapse
of denuded zones will usuglly have only a Einite lifetine; the high line

tension and the Fact that they are a praferentisl atnk For interatitials
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both conspire to remove thewm, However since they are belng continuously
produced thelr premence can have a signlficant effact on the evolution of
microstructure; the global effects of such loops will be discussed in
section 4. 1In some materlals vacancy loops can grow under irradiation, 1In
nentron Lrradiated zirconium vacancy and intecstitial loops of equal size

are observed 46

+ We believe this growth occurs because the amall vacancy
loops are a weaker sink for fntecatirials than are the Lacger Interstltial
loops; they therefore must recelve a net vacancy flux ‘7. Agaia Further
discussfon of this collective behavicur of loops will be deferred to
section 4, since considerstions of net point-defect fluxes to siqk types
involve considerations of the total population of sink types, including
voida, etrn,, that wake np the total microstructure. Sufflce Lt to remark
that vacancy loops will only grow in frradtated materials if relatively
fewtral stnks aunch as voids are not present and such 1is generally the case

itn zlcconiunm.

2.3.1 Annealing of isolated loops

Although we have deforced the discussion of the collective behaviour
of loops in {rradiated wmaterials to a later section 1t {s appropriate to
explatn how such loops should respond to sanealing conditinns, Such a
discussion enables us to Introduce many of the physical quantities tnvolved
tn the behaviour of point-defects near dislocatlons that will be needed for
the sink strength dertvations required for later dlscussions of the
collective behaviour of dislocation loape.

e this cunaider 8 clrealar faclted loop of radlus a4 that can be of
efthec Interstitiat or vacancy character snd seek to deteraine {ts cate of

sheinkage when subjected to a high temperature snneal, At some distance R
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>> a from the loop we therefore zet the vacaucy concentceation to [ts {4) Probability of a sultable alte being present on the loop to accept the

equilibrium value C: for the annealing temperature. When the collective vacancy; n is concentration of Jogs/unit length,

influence of other microstructure upon the growth behaviour of a particular . . (3) Probabllity of overcomlng the activation energy at tie matrix-core
loop 18 required this vacancy concentration would have to he the self-~ Interface; the activation energy surfsces adjacent to the loop~core are
consistent average concentratlon as used for gink strength calculations ) ) depicted In figure 6. Equation (28) may be written

{sectlon 4), We should alag eaphanise that ao interstirfals are Lnvolved
in this discussion; we are concerned only with annealing considerations. 2§£.n n. D ¢ (29)

To caleulate the net vacancy flux to euch a loop we replace it by an

48,47

effective apherical atnk » also of radius & and ensure that the

where
vacancy flux iato the aphere 1s precisely equal to the actual vacancy flux
into the 1, i the 1 with re x-sectlion core of gide b where
nto the loop core; e loop, a square x-sectlion o, - bznvv expl~ E:/k‘T) (10
b 13 the Burgers vecror of the leop, and its affective sphere are depicted
in figure 5, If the loop 18 of vacancy type then tn detail we have:

Vncancz loop

Number of vacancies entering the loop/second 1is

is the usual vacancy diffusion coefflclent and

: n, = exp{(e, - BN/, T]) . (31)
c g . .
[2uab2 ;%] < [v] = ["v] x [nb] = [exp(- E:T)] , (28) Nusber of vacancles leaving the loop/eecond ie
(1) () (3 (4) (5)

[Ztan]x[v]x[av]x[exp-(zg + i:)/knT]x[exp(yl+Pel)bzlksT] (312)

. ay (@ (&) (35)
vhere each term may be identified as follows:

(1) The number of vacancles available to jump Lnto the loop: c_ 1a the
Jump L where again each term may be identified:
fractional vacancy concunrration Just antaide the loop and for simpliciry
the atonic voluwe {g taken as b3.
(1} The number of slites {Jogs) From which vacancy emission is possible.
(2) Frequency of atomlc vibration plus the entropy factor.
(3) A geometrical Factor deftning the probability of a wacancy Juaping in

the directlon of the lnap. . .
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(2} Prequency of stomle viheation plus entropy Eactor.

(1) An appropriate geosetrical factor.
{2) and (3) are taken equal to the corresponding values in (28),

(4) Probabillty of ewitting the vacancy Into the matrix according to the
activation energies in figure 6.

(5) The energy change of the loop when the vacancy e emitted. Yy is the
intrinate stacking-fault energy and 'e! = (1/2%4)(dE/da) 18 the 1lne
tension force/unit length of dislocation tending to shrink the loop, whera
E is the elastic energy of the loop; For the present puce edge loop (17)

yletds

, ST (1-2v), 33)
el © 3:“-\'51 {tn [ 14 * (

\rlbz 1s thus the fault enecgy lost when the vacancy {s emitted and P.lbz is

the elastic energy lost when the vacancy is emitted. Equation (32) may be

written
2nn -
—bi- LI D' Sy ¢ (34)
where
Sy oS explly, + 7 w2 1) (33)
YL v #RPLITy el [} *
26,

and the mubscript VL indicetes "Vacancy Loop', The net vacancy fldx into

the vacancy loop is thus, from (29) and (34)

2xa -
;2— m‘v nv(cv - CV’L) (36)
which equals
2
d rxa" b 2za da
b ae e o IR (7)

The concentration <, adjacent to the loop in (36) 18 then deduced by
forcing the net vacancy Elux (36) inte the loop to be tdentical to the net

vacency flux

‘uz dcv
T B, 'E']. . (38)

into the effective sphere, as shown in figure 5. The boundary condition on

the sphere then follows by equation (37) and (38):

dcv b -
E_--z—.-nnv(cv-cw‘)atr.l . (39,

With this boundary condition and the condition

cac: a8 T+ e (40}
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the quast steady state vacancy concentration around the aphere 1s

abn

e e b
TS TR T moay (U ) - “4n

Hence the concentration at r = 2 required in {36) then yields, from (36)

and (37), for the rate of change of loop radiue:

2nb n,

where

Dvn vvy °* (43)

fe the self-diffusion coefficient,

Intersticial loop

By following exactly the same effective sphere procedure for the
interstitial loop, recognizing the fact that such a loop shrinks by
absorbing vacancies rather than by emitring them as in the vacancy loop

aituation, we obtain for the annealing rate of change of the interstittal

loop radius

“bm DVS 2
* v n, 3= leml- crger, 62 ng)1) (44)

where A is the extrinsic stacking fault energy.

Resulta analogous to (42) and (44) for the behaviour of a loop under
annealing conditions have been glven previously by Eyre and Maher 38 and
indicate quite different ahrinkage behaviour of the two kinda of loop;

thug we may summarize: both kinds of loop 1f unfaulted and large, should
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shrink very slowly at about equal rates since the magnitude of rel will

then be small. Large faulted loops will ghrink faster at the conatant

tate

2nb D 2
- v (] sy

where y is either Y1 OF Ygi since g Ty the faulted interstitial loop
whould shriok Faster 12 thily aize reglan, As the loop radius decreases a
transttion in shrinkage rate should oecur when E'l 2 ¥. After this
transition the two kinds of loops behave quite differently; the rate of
ahrinkage of the vacancy loop will tncrease exponentially whereas the rate

of shrinkage of the interatitial loop increases to and then remains at the

constant value

b n, ) v- (46)

@ * " T n, .

The two kinds of perfect loop alse ultimately behave in g slmllar fashion
when the magnitude of Fel becomes significant., This predicted behaviour ts
shown gchematically in figure 7 and 1e qualitatively coneistent with

experimental observations of loop annesling kinetica 29’38'59.

3.  NETWORK DISLOCATIONS

The dislocation (loop or straight Segment) has s long-range lnteractlonso’ls
with both fnterstltlals and vacancles. However the lacger relaxation
voluse assoclated with the Lntersticial compared to that of the vacancy

ensures that there is potentially a greatuc Flux of intersticlals than
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vacancing to the dislocattons. Tt follows that under irradistion, when
nqual numbers of fnterstitials and vacancles ars being continuously
uraated, any lnteestlicial loops that have nucleatad should grow and any
vacancy loops should shrink. Such interstitial loops will contfnue to grow
unti{l they evolve lnto a radiatinn produced dlslocatlan network. At this
stage the total dislocation network conalste of the tnltinl *deformatlor
produced’ dislocations plus this radiation produced component. Of course,
1f the material was severely cold-worked prior to (readiation Lt fp likely
that all the radistinn produced point-~defects will be lost at the existing
network and no new Llatacatit{al loop nucleation and growth will occur.
Detalls of these microatructural evolution questions are deferred to later
sections. [t will suffice to comment here that such conttnual loop growth
under irrallation together with network generation snd evolution can only
continue {f 8 suitable relatively neutral siok type exists to recleve a met
vacancy flux. Such a siok-type would be votds or grain-boundariaee etc, 1f
only dislocations (of one type) are present and ao other aink type (s
present then all the irradistion produced point defects would be lost by
mitual reconbination at the dislocations or in the hulk and radiation would
cease to affect the microstructure,

To set the scene for the discussion of these evolutionaty processes we
present In this section some datalls of the long and short-range
Intetactions between 'stratght ' dislocations and point-defectsn.

3.1 The long-tange fnteraction between a dislocation and

point—defects

The long-range iateractinng energy between a dislocatinn and A neachy

point-defect can be estimated by representing the point-defect as a

aisfitting Inhomogeneity 51 of small volume V with 4 bulk and

n.

shear modulus « and u respectively, that may differ from the corrésponding
host woduli x and pi  the misfit is defined by the unifors misfit atrain,
which 1s the strain required to deform the t{nclusion back to the afxe and
shape of the hole in the host into which it was Forced, Since the
inclusion is of atoaic diwensions the spatial variations of stress and
strain within it may be ignored snd for this situation the interaction
energy between such an inclusion ond & general applied atrain field e:j has
the form: 27232,53

Bl - - vlm'!:j te:jqu:c(gA)z-FZpl'e:j ';I_'I + l‘ﬂ!A;' (47)

vhere ¢ = Lk and 'eij - 'lj - %e&ij is the deviatoric part of Tk In
equation (47) we have:
A== w)le-ptu-ny] , (48)
Bew/lu-p-ny] (49)
C=te=xM[x-alx Z¢] , (50)
D=x/lk - atx - )] , 51)
vhere,
= (L4930 -v) (52)

.



B=2(4 - 5v)/15(1 - v) , (53)

and v ia Polsson's ratio for the host medium. It the applied strain Field
e:j aclses €rom a dlslocation strain fleld efj and a strain field efj due

to an external applied atress, such that

A
e

D E
1] - etj + eij (54)

then the intecraction energy between s dislocation and the inclusion, in the

presence of an external stress foliows from equations (47) and (54):
D I WwE ., b
EI -~ V{M[ eu alj + 2 eu e!j] (35)
+5cle®)? + 25" + Zpl'e?j "oy, + kD e},

This expresaton ady be further simplified by dropping the terma second~-
order Ln the dlslocation strala Eield and by assuaing the misfit strain is

the pure dilatation strain e, so that

|
[ ]
(=]

1 (56)

when equation (55) hqco-e027
D E D ED n-
B~ - v[2m 'eu ')y txCe'e +xDee} . (57)

I€ the dislocation lies along the X3 axle of a Cartestan coordinate

J2.

ayatem (xl.xz.x]) with Burgers vectot b = (b,o0,0), then tts strain field

e?j has the deviatoric components

'e?l - - Hab [l-2v + 6c0820] ,
r
D 1n0 2
‘€33 = - L2 [1 - 2v -6con’s)
(58)
‘e, 2L L M
el, = 3L 2% (2conle - 1)
and dflatation
e’ = - SL(1 - 2v) L (59)

where L = b/12x(1 - v), Similarly if the efj strain field is due to the
application of a uniaxial tensile stresas t parallel to the Burgers vector

of this edge dialocatfon (i.e. parallel to the xl-axlu) thea
. E
ey =W,
(60)

E E
'e22 - 'e33 - - g/6p |,
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e o xll - 2oy 4 vy (61)

with obvlous permatations when thas applted tonslle steess Ls rotated
patallel to etther of the other twa axes, When the external stress i3
removed the interaction energy, equation (57), becowes the well known size

effect interaction E{: and for thls disiscatlon has the expliclt form 50:
g([’ -2bp ., 8ing , (62)
n r
where AV {8 the relaxatton volume suffered by the arbitrarily large but
finite host when the point defect is introduced tntg it. We note that AV
is related, for this general miafitting inhowogeneity, to the nisfit stratn
€ of the tncluston by

&V=DVa |,

and to the 'hole strain' (L.e. the strain defined by the displacesent of

the surface of the hole into which the inclusion ta forced) ;o by
AV = V;olu .

The 'hole strain' ;o way be formally ideat(fimd with the celaxation volume

change AV_ when the polnt defect is tntroduced {nto en infinite body:

e, = av /v,

However AV and aot AV, 1s the observable Quantity ususlly referred to as
the relsxatinn volume of the point defect. Finally, for completeness, the
Actual strain within the inclusion, when embedded in the host ta

. -°'e!'§“-°’ .

It foliows, from equation (57) and the above expliclt formilae, that
the long range interaction between the point-defect and the dislocation
depeads crltically on the magnitude of AV and will be senslttve to both the
magnitude and divection of any external applied stress. FPor the stress
free situatinn, defined by equation (62), it ts temedistely clear that as
the Interaction snergy for the interatitiat, AV[ ~ 1.20, ts greater than
that for the vacancy, twv ~ —0.5Q, a blas exists for the capture of an
interstitial by a dislocation. The same baslc conclurlina hatds equally for
edge dislscation loops of viacancy and laterstitlal type.

In the presence of an external tensile stress, the interaction energy
tollows E-om (57) with (50) und the varlents of (60). For the thres
ofthogona’ oclentationg of external atrese shown in figure 8 we may write
the total fnteraction energy between the dislocations and the point-

defect:

] 0 T, ot

By B, + G e (63)
wherve E?_ Us the tateraction eaergy (62) in the absence of the external

stress t and B:’ s the coefficlent of (v/u) in the total interaction

energy, when the untaxial tenston is parallet to the ‘1. axia, Ue find



11 pvh  sind

I = ey T2 {Al(1-2v)+6con?0] + 2c(1-20))

E%z - f!i%%gGT"inB {A[(l—lv)-ﬁcoczo] + 20(1-2v)) (64)
3 Vh sind
B m oy (P = [+ )

The sensitlvity of the interaction energy to the magnitude and

direction of the external applied stress has important consequences in

27,54,55

theories of irradiation creep To demonstrate that this {s so we

conglder the inclusion representatlon of the dumbell [ntevstitial 27. It

is knowm from measurements of the defect modulus In irradiated naterlllall'lz'27

that such interatlals have a charactacistic soft shear mode and therefore
it is appropriate to represent the dumbell laterstitial by a small
{ncluslon that is soft ta shear (j *.0) but highly incompressible (x + =)
with a posltive relaxation volume strata AV/V > L. With this, albeit
rather extreme representatlon,

As 15(1-v) ,

7-5v
B+0 (65)

Co - I(l-v)
1+v
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£,

and (64) becomes

E;l = 3p Vb Bing (1 + By - 5v2)
x {(7-5v)(14+v)

22 2
EI = - 3y Vb sin® (4-3v + 5v°) , (66)
2 r (7-5v)(l+w)

E33 = _ b Vb sind (1-2v)
1 T (-SvOlev)

where, for simplicity, we have replaced couza and |in20 in equation (64) by

their mean value of {.

In this continuum model all these energles must be terminated at some

core 'cut~off' radius, say r =~ b. From equation (66) we see that only EI

1s positive and thus only when the uniaxial tension 7 ig parallel to the
Burgere vector of the edge dislocation (Fig. B(b)) does the presence of
such an external stress increase the total interaction energy. It follows
that more interstitials will migrate to dislocations disposed velative to <
as 1n Fig. B8(b) than to dislocations digposed a8 in Fige. 8{a) or 8(c).
An excess flux of interstitials to such oriented edge dielocations will
cause the body to extend preferentially in the direction of the external
tension; this 1s the fundamental source of the so called Stress Induced
Preferred Absorption (S.1.P.A.) mechaniem of Lrradiation creep 21’5k'25.
In conttast to the dumbell interstitial a vacancy i{s probably
best represented Ln the continuum model by a small inclusion that 1s
soft in compression (x + 0}, with only a small defect modulus in

shear (; = u) and with a negative relaxation volume strain that is
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sxaller tn msgnitude than that of the Interstitial (AV/V ~ -0.5). Witk

this representation
A+ 0

B+1,

I{1-v)
SR T R

and equation (64) then ylelds for the vacancy

AR ¥ sled (61
For the vacancy 1t is clear from equation (67) that the external
stress ylelds s contribution that ts independent of the orfentation of the
edge dislocation and therefore we expect Eittle contribution to a S.1,P.A,
wechantism of irradiation creep from seymmetries in the vacancy fluxes Lo

the dislocations present in the wedtum.
3.2 The shott-range interaction between a dislocation and &

polnt~defect

In section 2.3.3 we discussed the factors controlling the emlasion er

absorption of a vacancy at a dislocation loop and hence determined the
shrinkage rate of such a loop under annealing conditions. 1In this section
we wish to supplement that discussion to include the expected behaviour cf
en interstitial as well as o vacancy in the vicinity of the dislocation
core; we shall then be able to define the appropriate boundary conditions

needed for the subsequent dislocation sink-strength calculations outlined

3s.

in section &, Since we are now dealing with network dislocations the
stacking fault energy and line teﬁsion. to {msportant in the anslysin of
loop annealing, will be velatively unimportant and ve may consfider the
network dizslocations to be long, straight, cylindrical sioks with the long-
ranged intaraction flelds described in section 3.1; the presence of thess
long-range fields was neglected for the vacancy-dislocation loop discusaion
in section 2,3,1,

A3 we discussed in section 2.3.3, wvhen a point-defect arrives at one
of the sites adjacent to the dislocation core ite probabilicy of Juaping
into the core will depend on whether its entry into the core requires the
presence of a jog. There ta considerable evidence 36 that & vecancy can
formally enter a dislocation core and then rapidly 'plpe-diffuse’ to the
Nearest jog. On the other hand 1t has been suggested 36 that if a dumbell-
tnterstitial enters » dislocation core its siubsequent motion in the core
may be slower than it was in the matrix. Such a distinction, fn which the
vacancies are preferentially absorbed into the core, can be considered a
short-ranged bias and has been used 57 to partially mitigate the strong
interstitial blas thaet would follow from coneiderations of the long-range
interactfon alone with the dislocation sn 1desl sink for both intersticiale
and vacancies. Even {f this relative pilpe diffuston wbility 1s not
scceptable, similar short-range aitigation can Follow by cecalling that
there is cormiderable atomtc simulation evidence 58,59 that the attractive
Inhomogeneity {nteractton between & vacancy and a dislocation becomes
dominant over the strongly angular size-effect interaction at sites
adjacent to the dislocation core whereas for the interstitial the stze-
effect intersction alvays domtnstes. This means that the vacancy can

probably enter the core from any site adjacent to the core whereas the
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interstitial will be repelled from certain sites 51'60: intersticials
would not be expected to enter the core from sites on thé compressed sice
of the edge dislocation core. Both or either of theae procesges can be
modelled by the construction of a Quitable rate limitation boundary
condition for interstitial or vacancy capture at the dislocation core 37,60

and some details will be given in section 4.

4.  MICROSTRUCTURAL EVOLUTION AND THE DISLOCATION SINK-STRENGTH

To obtaln a quantitative understanding of the evolution of any sink-
type, such ag the growth of voids (the swelling rate) or the climb-rate of
partfcularly otiented dislocations (to yield the Lrradiation creep rate)
during trradiation, it is nRecesgsary to treat simultaneously the warious
polat-defect lose procesces to all the sinka and by bulk recombimation. A
complete degeription of the evolving microstructure under irradiation 19
thua required. In Figure 9 we show a typical microstructure of ircadisted
steel containing voids, loops and network all of which are clearly visible,
The micrograph, provided by 0. Mazey, is of a PELG alloy after irradiaticn
by 46 MeV Nl+ion. at 523°C to a totel dose of 60 dpa. Such a description
of the microstructure can be provided by replacing the crystalline
waterial, with fts spstially varying intrinsic local point-defect
concentrations associated with the various geometrically defined atcale or
extended defelctl.. vith their assoclated internal streas fields, by an
effective homogeneous continuum ‘8'61-63. In this effective or lesay
continuua the Intrinsie point-defect concentrations are homogeneous and the
actusl sinks are replaced by effective ginks. The values of these sink

strengths for each of the real sink types that make up the total

40,

alcrostructure are obtained by an embedding procedure which is basically
analogous to that first used b} Maxwell 64 in his analysis of electrical
conduction through heterogeneous media. The general form of the rate
theory wodel of the total evolving wicrostructure 1e outlined in section
4.1 and the method for obtaining the various required aink strengths ia
1llustrated particularly for the straight dislocation sink in section 4.2,
Finally in section 4.3, some problens specific to the other sink types will
be briefly mentioned,

4.1 The rate theory model

The theoretical description of irradiation damage by chemical rate
theory hags about a 10 year history 48'65, and has reached the stage where
general purpose codea for calculating void swelling and {rradiation creep
are being made available to an audience wider than Just those workers
involved deeply in the theorerical development 66.

In the following, the rate equatione are preseated for a system under
irradiacion and containing voids, interstitial loops, dislocation network

and grain boundaries ag sinka 62'66. The equations are:

dcv 2
T K- kB, - acge. (68)
de
1
® " K "f"t‘x Ty s (69)
da,
c_ .2 2
ar " kecPyty C kePiey ~ Ke 0)
dq
iN 2 2 e
i kin Doy = Kdoe, ¢ KoL, an
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™" "fu. Dye, - "311. Dy, + Ko (72)
and

Noer 2 2 .

a7 MeaPyty T kgylye, - Ko (733

Here, a is the rate constant for the bulk recombination of interstitials
and vacancies, c, and ¢; are the fractional concentrations of vacancies and
interstitiale in the mediye respectively; LN Y quL and 9,0y 2re the
Fractional number of vacancies in cavities, interstittals fa network and
interstitiai loops and vacanclies in grain boundaries respectively; D' and
Di are the vacancy and interstitial d1ffusion coefficients (aa above);

and, Kv and Kithelr production rates, both through the irradtation and by
thersal eaiasion from the sinks, Hence, {f K 18 the defect production rate

through {rradiation;

‘1-R ’ (7‘)
and
Ps e . e
Kv"‘”‘vc”vu*xm."‘vcn , (75)
where K:c, I:". K:IL and K:GB are the vacancy emission rates from cavities,

network, Interstitial loops and grain boundaries Tespectively; the emact
form of these 1g not presented herein, but can be obtained from Windsor et
al, 66. The terms such as kfcn'c' deacribe the loss tates of point defects
to the various pofnt defect sinks, in this cese vacancies to cevities. The
quant{ties such as k:c are called pink strengths, in this case the eink

strength of cavities for diffusing vacancies. The total sink streagths for
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vacancies, ks. and interatltialu. kf. are written;

2 .2 2 .2 .,
v TRt Ryt kg, ke o (76)
and
2 .2 2, 2
N IRLICR R R e TP an

and the quantities (lr.i)—l and (kv)-l are the mean distances a free
interstitial or vacancy moves in the medium before becoming trapped. The
central prcblem {n the rate theory of microstructural evolution is the
deternination of the various sink strengths for migrating point-defects.
The rate theory equations (68-73) above do not deal with the
effezts of the damage produced by cascade collapse to Form vacancy loops.
The modiftcations required to include this phenomenon involve 67 two
additional rate equattons for the number of vacancy laops per unit volume,

nVL’ and the fractional nusber of vacancies in loope, qvVL' Thus;

Ny, gy W,

S (. (78)
dt j*] T
and
dq
vVL 2 2 -
de T K TRy Dotk D - Ko (7%

In these equations, L ia the fractional concentratfon of vacancy leops

created per second;



ckbz

3 (80)
x rVL(O)

My *

where b 18 the magnitude of the Burgers vector (as above)} and Q, the atomic
volume, has been set equal to b3. €K 18 the fractional rate at which
vacancies are removed frow solution to form vacancy loops, and r.n_(O) is
the initial radfus of newly formed vacancy loops. 1 13 the lifezime of the

vacancy loopa and is given, from a Taylor seriea expansion of r‘n'(t), by,

rw‘(o)

.- —— .
dr,, fde
VL rn(o)

(81)

The loop shrinkage rate, drnldl:. can be expressed in terme of the vacancy
loop sink strengths for interstitials, kf"., and vacancies, k:w.. and the
vacancy emission rate from vacancy loaps, K:VL' To complete the

modifications, equations {75) eo (77) become, respectively;

_ e e e . e e
KV - (1 e)K + ch + KVN + KVIL + KVGB + KVVL' (32)
2_.2 .2 2 2 2
k' ka + ka + kaL + kvcl + kvVL N {83}
and
2 2 2 2 2 2
ky = kye * kg F gyt kg kv, - (84)

Thia formulism to include the formation of vacancy loops from

displacement cascades therefore introduces two new parameters intc
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the rate thecry model: (1) rn(O), the radiug of the vacancy loops
immedistely following their formation, which can be estimated directly from
experiment; and (1i) e, where ¢X {e the fractional rate at which vacancies
are resoved from solution to form vacancy loops. In practice £ is the
adjustable parameter which distinguishes between electron (e = 0) and
cascade damage (O<e<l), and may be derived in the manner outlined by
Bullough snd Quigley 68 and Bullough et al.”. Alternatively, it may be
poasible to gain more direct taformation on from detailed experimental
obeervations of displacement cascades. It is the values of rw_(o) and € in
the theory which chiefly serve to diecinguish fusion and Fast £ission
neutron damage.

4.2 The dislocation sink-strength

Two approaches have been proven for deriving stnk strengtha for use in
the rate theory of mlcrostructural evolution. One of these is concerned
with spatially periodic sink arrays, and the other with completely random
oick distributions. The fundamental validity of these two approaches has
been discussed at length by Brailsford and Bullough 63. In the present
short summary, only the effective m:dium model for a random distridbution of
sinke is discusseed, since long range order is only raraly observed.

Tn this section we 1llustrate the calculational procedure by
summarizing a recent snalysie for the dislocation siok strength by

Bullough and Quigley 37,69

that leads to an analytical result and
tacorporates aspects of both the long and short-ranged interactions
described in section 1.

The edge dislocation is s line sink with a cylindrical domain of
influence within which 1t interacts with the intrineic point-defects as

described in sectfon 3. The dominant long-ranged interactfon energy stems
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from the intersction between the hydrostatic stress field of the
dislocation and the distortion field of the point-defect and ia glven by
the expression (62), ' The long-ranged and angular form of this interaction
energy makes the averaging process required for the derivation of an
equivalent sink strength for the net-work dislocatfons in the lossy
continuum rather complex. By eabedding the dfalocation with & surrounding
associated sink—free reglon within which the interaction is present, {into
the lossy continuum with no spatislly varying interacFlonl. Brafleford and

Bullough 60,63

have previously given an spproximate preacription for the
derivation of a dislocation sink strength; unfortunately it was not
possible g Justity Eully the chofce of the radius of the sink-free region,
#since the exact embedding problem could not be easily solved. The
essential mathematical difficulty srfses from the presence of the angular
term in the interaction energy and we have thus performed a sequence of
calculations to Justify the dropping of this ters which then permits an
embedding procedure vhich ylelds analytic sink otrengths for the
dislocatione wvhaoge accuracy i{s known. A cellular madel, vith an {eplied
periodic distribution of dtslocations, has been used to Juscify replacing
the angular Interaction potentiat vith a purely radiai one, 1In the
cellular caleulations the presence of o Second efnk type within ecach cell
ie allowed for and furthermore, the direct effects of bulk Tecombination on
the resulting sink strengths is glso tncluded. 1t g found, as night be
expected “, that such & cellular wdel can lead to appreciable error in
the aink strengths and In the consequent awelling when the second sink
types are omltted from within esch cell. However, with the fsecond sfnk
types present ({.e, the actusl voids for example), we conclude that both

the angular variation of the {nteractton and dicect effecte of bulk
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recombination can be safely neglected. Having established that the sngular
form of the interaction energy between the edge dislocation and s nearby
polnt-defect can be safely dropped we can use this purely radial
Lntevaction In the enbedding approach to derive a rigorous dislocation sink
strength.

We consider a long straight edge dislocatign lytng along the z axis of
the cylindrical coordinate system (r,z). If E(r) {n the putely radial
interacttion energy between this dislocatfon end a polnt-defect at r, given
by (62) with the angular term sin® replaced by unity, then in order to
derive an analytical sink strength for such dislocations we foliow the
embedding procedure developed by Brailsford and Bullough 48,63 and define g
sink free reglon r < R surrounding the distocation within which E(r) 1a
present but outside of which the Luteraction vanishes and other ainks are
Present. The dislocetion surrounded by the stnk free region embedded in
the lossy continuus is depicted tn figure i0.

The fleld equations for the steady state point-defect concentration

c(r) are

2 2
d% , (1, dgyde . d% , 14 L3
l_l:r+[F+a.l’_.]F-r»[dr trDe s a0 (85)
!orrc<r<klnd
"2°+l-‘-'3-k2c05-0 (86)
d—rT r dr ]
forr >R
vhere
#(r) = !(r)/knr (87)
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and k‘ ia Boltzmann's constant, T is the absclute temperature, L is the
diglocation core radius, K i{s the point-defect production rate (dpa/aec),
k2 is the total slnk'strength of all the defect types presant (o the
effective wmediun. These equations have been solved with continuity cf
coucentration and point-defect flow at r = R and with the eimple radial

Interaction defined, from (62), by

#(r) = -L/r (s8)

where

L Uub &V
L F(FLEW'T H (89)

i 18 the shear modulus, v is Paigeon's Ratio, b {s the magnitude of tae
Burgera vector of the dislocatlon and AV is the relaxation volume of the
polnt-defect,

The form and approximate magnitude of the radius R of the sink free
zone may be obtulucd, followtng the procedure adupted by Brailsford amd
Bullough 63 when the angular form of E was retained, by equating the

coefficients of ¢ {n (85) and (86) to yield

2
49 . 1 4y 2
ar tra v (%0)
that is, from (88),
R~ L)t (91)

The accuracy of this estimate For R has been checked by detailed numerfcal

solutions of the single field equation with E{r) and tz preaent
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slmultanecusly; 1in this case we were not able to obtain an analytic
solution of the differential equation and hence the resort to separstion of
E(r) and kz embodled in equatfons (85) and (86) with a sink free region.
The results of this numericat study will be commented upon shortly. Befors
doing so some remarks concerning the necessary boundary conditions at the
dislocation core are sppropriate.

The most general core boundary condittons has the rate

18,62

limitation form at r = L

de , d¢ X (92)
ar* 3-1*" € = {nyb)ty c
where
- D ’
K=3 exp[E--E.)/knT} (93)

18 the transfer veloclty into the core ftaelf, E. 13 the normal perfact
crystal defect migration energy and E; allows for the posaibility of &
modified final jump barrier, as discussed in section 2.3.3 for the
dislocation loop; for simplicity we will neglect thia barrfer wodification
and set 8. = E;.

Recalling the discussion on the posaible short-range interactions in
section 3.2, n,b in (92) 1a the jog concentration per atom plane along the

dislocation and the quantity f, given by

£ = uhl!lrc (94)
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defines the fraction of such adjacent sites From whence such a Jusp inte
the core is possible {a I8 the actual number of availshle sites from which
capture is possible). 1In (94) q = 2t /b (f = 1) thus means that capture
ie possible from all such sites. Again from the discuseton In section 3.2
the dosminance of the Inhomogeneity tnteraction over the size effect
Intersction For vacancles near the cote suggests - 1, whereas for
interstitfals the sire-effect interaction remains always dominant and f" <.
The precise values of F and njb are difficult to estimate and ve shall gee
in section 5 that the values of these parameters sust be fitted vhen we
correlate the predictions of the rate theory to swelling in actual
materials.

Pinally to ensure the validtty of the Fleld equations (85) and (86}
the core radii must be chosen to exclude interactton energy gradients that

are too large; in fact we require that

b3t (95)

vhich, with the equality, ylelds the lower bound core radius value
ro-ant | (96)
We note from (89) since l.i > LY that ri > r:.
Subject to the various boundary conditions an analytic solution of

(85) and (86) haa been obtained and used to calculste the loss rate of

point-defects to unit length of the dislocation:

de ~d
2nr D(YS + E%"rc . (97)
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This flow 1s then equated to the corresponding loss rate to o dislocation
in the effective medium (1.e. a large distance from the identified

dislocation) 6:’:
wn? (98)

The Einal result for the bias pareseter Z for the dislocation 1s then

t[[2+kzeLIR(Q-Pr:)]kRRI(kk)+kz(R2-r:)R°(kR)l

- {99)
K (kR) + PeLlikRRl(kl)
where
=L/t
Pel (LM)E(L/r )+, 2o ° 1
1 1V T, injsﬂ T, (100)
W2
Q=3 (B OR) - 2, )
+ H{r(r-Lye” VR rollor Je M%) 4 2 £ e e aon
{

Ko, Kl are modified Bessel functions of the second kind and El is the
exponeatisl imtegral. The bias paraseter when the dislocation core is
assumed to provide an {deal aink for the point-defect (c=0atr= r:)
followe from (99) with the final terms in P and Q omitted (f » = gay).

The sccutacy of this bias pParameter using the sink free region concept
and 8 truscated intersction energy has been checked against a purely
numserical solution of the single fleld equation with no truncation of the

interaction energy and the second sink present everywhere. The egreement is

51,



encellent for a wide range of values of L and kz when R 1s assemed to have
preclsely the value given by the deduced relation (91),

4,1 Summary of brenent sink strength gituation

To use the rate theory, as deacribed in section 4.1, to aralyse the
svelling or Lrradlation creep i{n Lrradiated materials we require reliable
and easlly computable sink strengths for each of the various sink-types
that together define the total wicrostructure. The dislocation sink
strength described in some detail in section 4.2 18 an example of such a
8ink sirength and 1e currently used in rate theory analyses of asteels, Far
completeness, in this section, we merely identify the various slnk-types
that have been studied, together with a brief commentary on each
corresponding sink strength that s currently available for inclusion in
the rate theory. The stage is then set for the next section where we
present some of the results that have been obtained using rate theory
together with an indicatioa of the degree of successful correlation betseen
the predictions and experimental observations in real irradiatec

materials.

4.3.1 The interstitial loop 48,60

In general thia is a growing toroldal sink and to avold the obvious
geometrical complexity of such a diffustion fleld an equivalent spherical
sink, as described in section 2.3,3 18 used. The sphere has the sawe
radius a3 the loop and the rate limitation on the apherical sink is
adjusted to ensure that the flux of point-defects to the sphere 18 equal to
the flux into the torus. The sphere 1a then embedded in the loasy
continuum as described below in section 4.3.3, When the loop 1a an {desl

alnk and velatively tsolated its sink strength can be deduced using a
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#lmple capacitance analogy 63 to a charged metal torue to scale the far
diffusfon fileld.

4.3.2 The vacancy loop

In general this 1s a small shrinking toroidal sink and again an

&7

equivalent spherical aink has been used to obtain ite strength, Because of
otreas field cancellation effects the sink strength of loops should
decrease with loop size. This is why, when voilda are not present, vacancy
loops, in the presence of large interstitial loops and network dislocations
can sctually grow by absorbing vacancies since they are the "most neutral”
sinks present., Such effects are observed in 2irconfum 46 vhere swelling is
not, {n general, observed.

4.3.3 The spherical void or cavity 48,61

The epherical void 1 usually considered to be a relatively neutral
#ink and Lts aink etrength has been obtained using the Fully consistent
enbedding procedure. Its growth can be rate controlled with & low point-
defect transfer velocity at {ts Lnterface or di{ffusion controlled as an
ideal sink. The long-ranged induced interactions between the void and a
nearby point-defect are small but some authors 70 consider these
Interactions have an impartant {afluence on the growth of the votds,
particularly Lf segregation of a 'hardening® element around the voids occur
during irradiattion.

4.3.4 The grain boundary 63,72,73

Theae sinks are usually assumed to have spherical form, although for
strong texture a suitable ellipsoidal form can be adopted. The spherical
shell representing the grain boundary can be a rate limited or ideal sink,
The essential feature of such sinks {s that thelr strength ls dominaced by

the point-defact losses to slnks within the grains as they migrate to the
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grain boundariee; that mesns that they are an example of 9 sink whose
strength 18 'to first order' dominated by loss to other sinks and not to
themselves. The empty grain limtt s not & useful extrewe in practice. Wa
tefer to such sinks ae strongly tntecactive,

4.3.5 The foil surface 7

This is a one dimensfonal liafit of the sbove grain boundary sink and
is important for the interpretation of radiation damage datz from thin foil
experiments such as in the ! MeV High Voltage Electron Microscope (HVEM),
It is also strongly intecactive since the point~defect loss at the foll
surface depende to First order on the total sink content of the foil
interior.

5.3.6 Atom and precipitate traps n

These are traps that are saturasble and do not nucleate growing woide;
if they did they would be victually indistinguishable From the void sinks,
The sink strength of the single atom trape are obtained by defining a
point-defect nccupattion probability at such traps. Thug a vacancy trap
vill efither be unoccupled when it can then accept vacancy or it will be
occupied by & vacancy when it can sccept an interatitfal, Recombination
will then occur and the trap will becowe unoccupied. Finally an occupled
vacancy trep can relesse {ts vacancy by avercoming a speclfied b{ndfng
energy. By time averaging this trapping and release situation over all
such traps we can define the required occupation probability and hence the
sink strength, Sinilarly an intecartetal trap will only sccept an
interastitial when unocupied etc. The saturable precipitate trap 1a simply
4 recombination site and the prohibition of vacancy sccumulstion there ig

achieved by {t automatically adopting an appropriate {nterstitial bias,
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Such behaviour might be expected st the surface of coherent precipitates
where micro-vold nucleation thould be difftcule,

4.3.7 Other Sinks

Several calculations have been made to emphasize specisl features of
the sbove sink types. These tnclude sink strength changes when the stnks
&re spatially ordered, as for the volds that make up 8 void lattice s and
the modifications needed to include transient changes in the position or
sorphology of the sinks. Thus the net flux of interstittals to the
dislocations cause them to climb, This finite climb rate can be self-
consistently tncorporated tnto the sink strength 76 estinate and does yield
modifications that can be iwportant in certain radiation damage regimes.
Similarly, the actusl transient wotion of the void surface can be self-
consistently incorporated into the void eink strength 7 and again ylelds
modificattons with posaible regimes of significance. Some of these aspects
¥ill be ratsed again in the Final section where we discuss some ocutstanding

problems and prospects for future research.

5. SWELLING, CREEP AND CROWTH_OF REACTOR MATERIALS

In this section we present some resulta of actusl attempts to model,
with the rate theory, the radiation damage response of some real reactor
saterials. We begin in sectfon S.1 with the swelling of MII6 stainless
steel under heavy-ion and neutron {rradistion, then in section 5.2 we
decribe the low tempersture irradiation creep correlation in the same
steel. Finally In sectfoa 5.3 we present some results of a study of
irradistion growth in tirconium and the direct messurements of dislocation

climb in HVEM Lreadistion experiments tn that material,
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5.1 The swelling in M316 steel

In this attempt by Bullough and Quigley 68 to understand the cobsecved
swelling behaviour of M3i6 steel the microstructure was assumed to consist
primarily of network dislocations and voids and the various physical
parameters required to define the sink strengths of these two sink-types
were determined by fitting the theoretically predicted swelling under
electron {rradiatfon to relevant HVEM data 78. Thia calibrated rate theory
was thea used, without Fyrther wodification, to predict the swelling
behaviour of the steel under 46.5 MeV N16+ and fast neutron Lrreadtation;
the only further 'parameter’ tequired 1s the cascade collapae efficiency ¢
(described In equation 80) to acceunt for the very different recoil spectra
of heavy fons and fast neutrons compared with the electrona.

Two theoretical curves for the N16+ irradiations are shown {in figure
11 together with the experimental results of Hudson 79 at 40 dpa. The
calculations were started with the experimental swellings at 16 dpa, so
that only the transition from the awelling at 16 dpa te the swelling at 40
dpa was predicted. The dashed cucrve in figure 11 was obtained without
vacancy loops (e=0) and the very good correlation at 40 dpa (the solid
curve)} was obtained with g»1.2Y. The results clearly demonstrate the
importance of cascade collapse processes for the heavy ion irradiation of
thias steel.

With no further adjustment of any parameters, {ncluding e, the dose
tate was reduced to that appropriate for the East resctor and the
predictions given in figure 12 for the swelling transition from 39 dpa to
62.5 dpa were obtafined. The relevant data 80 st these two doses is aleo
shown in the flgure. We now see a much reduced sensitivity to € and a
prediction of the sweliing at 62.5 dpas (the solid line) that s quite cloge

to the observed valuee over the entire temperature range. The lack of
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sensitivity to the recoil spectrym under fast neutron irradiation occurs in
this steel becaute the total sink den.t:léa are rather high at the lower
temperatured and thus the presence of vacancy loop sinks do not make a
significant increase to the total gink atreagth of the microstructure., It
follows that, for thie ateel, recoil effects are not qualitatively
significant and the high energy electron élmulation can itself enable a
ressonable prediction of the swelling under fast neutron irradiations to be

nade.

5.2 Irradiation creep in MI1é steel

Lrradistion creep occurs becsuse the intrineic point-defects can be
selectively absorbed by the evolving microstructure Ln such a fashion that
the body extends in sympathy with sn applied streas. This process of
selective or preferred abeorption can yield either creep strain due to the

net climb of dislocations alone or can lead to the de—stabilization of

‘segments of dislccation which can then glide under the applied stress and

€0 yleld creep strain due to slip. In general it is not yet clear whether
climb or slip is the dominant source of the irradiation creep atrain.
However, various possible mechanisms have been identified and 1t 1s clear
that a judgment concerning the source of the creep straln can only be made
when a rigorous mathematicsl framework is used to interpret and analyse the
available experimentasl data. In this section we ideatify only two of these
mechanisms: The Strese Induced Preferred Muclestion (S.I.P.N.) 21v39:40
and the Stress Induced Preferred Absorption (S.I.P.A.) 34,27,82 wechanigns,
Brief comments concerning each of these will be made and the latter
8.1.P.A, will be shown to provide a good explsnation of the irradiatlon

creep of M316.
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5.2.1 S.1.P.N. - stress Induced preferted nucleation 81,39,40

The streds can enhance the probability of the planar interstitial
aggregates micleating on crystallographtc planes that are orietited in
sympathy (i.e. orthogonal to the stress axis) with the extarnsl stress.
The excess numbers of such interstitial loops in the “aligned” orlentation
thus means that more extra lattice planes have been put down in this
orientation (orthogonal to the stress axis). The body has thus imcreased
its length in the directfon of the stress and irradiation creep has
accurred. Alternatively, the vecancies may sleo aggregate to form vacancy
loops but in this case the stress can enhance the praobability of the loops
lying on suitable planes paraliel to the stress. Again such & process will
enhance the length increase of the body in the direction of the tenufile
stress. This is the basis of the 5.1.P.N, mechanisa of irradiation creep.

As discussed in section 2.3.1 1f ¢ is the excess fraction of aligned

39

interstitial loops then the concentration of auch sligned loops, "AL' is

My = (=N, + 08, (102)
and the concentration of non-aligned loops, "NL is
My, = 3 G-ON, (103)
vhere N, is the total loop concentration and ¢ has the 'Boltzmann’ forn n

[ exy[tﬂnlkl'l') - l]l[exp(tﬂmfknl') +2]. (104)
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In equation (104), t Ly the applied tensile stress, Q {s the atomic volume,
n i the number of interstitials in the critical nuclel of the loop, ks is
Boltzmann’s constant and T ia the absolute tesperature, The resulting
creep otrain arising from this asymmetry in the loop population ts
2 2
2 1
E= 5'['rbb "AL g arb N,

) (105)

2 2
“xwbf N {106}

wvhere b iz the lettice spacing (or magnitude of the Burger's vector of the
interstitial loops) and £, is the average radius of the loops. If "
erLRL s the density of dislocations assoclated with the loop population

then, by differentiating (106), the strain rate may be written

‘; Pt - (107)

-

e-2

)

Flnally, 1f the microstructure éonalst- of a total dislocation densatry p
(network plus loops) snd voids then thig creep rate ¢ is related to the

swelling rate S by

. P .
e~ 1}‘;': s . (108)

59.



The relation (108) ia only valld at temperatures well below the peak
swelling temperature for the material and, of courae, when no other creep
mechanisms are active,

Several aspects of this mechanism and its consequences are worthy of

comment :

a) The magnitude of this creep rate can be in reasonable agreement with
observations in solution treated steel at low temperature; however this
agreement involves chooaing a rather large value of o for the initfal
interstitial aggregate. It 1s also a linear fuanction of the stress L
again in agreement with observation; however the inexorable increase {n
Py implied by (107), is unreasonable at high doses and some tecovery
processes should eventually occur after loop-loop interference effects take
place. Such limitations on the dislocation density will inevitably lead to

2 non-linear stress dependence 83.

b)  This mechanism is really a kind of stress induced growth and once the
loop nucleation regime {e over the ‘ereep rate' ought to be independent of
any subgsequent stress change; there ia evidence that such independence of
creep rate on streds does not occur. We must therefore conclude that this

mechaniem cannot be appropriate at high doses.

c} The creep rate should be directly proportional to the awelling rate;

there is some evidence for such a correlation 84.

d} There ts also some direct T.E.M. evidence for asyometries in the loop

population that could be qualitatively consistent with this mechanisnm,
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However, such asymmetries can algn arise from the 5.1.P.A. mechanism to be
discussed below.

5.2.2 S.I,P.A. - stress induced preferred lbcorption“'”'az

It wes shown in section 3.! (equation 66} that the presence of an
external tensfle strese t can lead to a small perturbation in the amplitude
of the usual Ffiret-order interaction between & dislocation and a nearby
interstitial. This perturbation is seneltive to the orientation of the
disiocation relative to the external stress and leads to an enhanced flux
of imterstitials to those dislocations orientated with their extra planes
orthogonal te the direction of the external stress axis. 1In addition,
since the effect is a simple wodification of the amplitude of the long
range interaction between dislocations and point~defects, it can easily be
incorporated into the rate theory formalism. This means that questions
regarding the effects of other damage processes, such as avwelling, can also
be studied, Thus for example, the creep strain rate in the preaence of a
volume concentration cc of growing voids of average radius r, can be shown

c
to have the relatively simple form 85,86

2
. pZ
€= -3-;-2? K[ ol o} . (109)
(bwreCe + 2,,p) pe|

In this equation, K {s the damage rate, t is the applied tensile atress, ,
is the shear modulus, e: 1s the relaxation volume strain sssoclated with an
isolated duabell interstitial which is modelled by an effective inclusion

with zero shear modulus and Zotp is the sink strength of the dislocatfon
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network, vhere p 1{s the total distocatton density. Z,y 1s the streea-frea
bias paraseter defining the firat-order preference that dislocations have
28 sinks for interstitials compared to vacancies.

The simple relation (109) suggests the following:
a) The creep rate ts proportional to dasage rate K and to the stress T,
as obaerved “.
b}  The magnitude of the predicted creep rate 83 is in quite good
agreement with experimental datas; particularly at low temperatures, as
shown in figure 13, At high tewperstures, thermal eaission processas will
become important and expression (109) is not applicable.
€) If the dislocation network is the dominant sink, equation (109)

becomes

. rsx:zol
£ — (110)
384:921

This ie consistent with the observed independence of creep rate on the
degree of cold work.

d) The direct dependence of the creep rate on the ewelling 1s evident
through the term hrccc te the denominator of (109). 1In general,
therefore, the $.1.P.A. sechanism leads te an inverse coupling betwees
svelling and creep rate such that the onset of void swellfing should lead to
a reduction In creep rate. There is, unfortunately, lictle direct svidence
for such a dependenca. However, the simplistic nsture of (109) should be
emphasized and a study of the coupling using the more sophisticated
temperature and dose dependent bias parameter 68 could well yield the kind

of direct coupling that is usually observed (or inferred). Purther study
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of this question is tn progress.

5.3 The frradiation growth in zirconiua

The nature of irradiation damage i{n eirconfum and ita alloys has been
investigated in detail for some time 46,47,88 due to their important role
48 core cosponent materials in several designs of thermal reactor systems.
It has been established that under neutron irradigtion such hexagonal
naterfald undergo irrsdiation growth sad that the microstructure evolves
into a complicated combination of both vacancy and interstitial loops and
other less well defined mtcrostructural features. tt 1s clear however that
the dominant resson for such Erowth stems from the preferrential nucleation
and growth of interstitisl loops on the prismatic planes; the vacancies
are then lost at such sinks as grain boundaries, existing network
dislocatians or aggregate to form vacancy loops on the basal planes. 1In
alloys the vacancies are also trapped at impurity atow traps (e.g. tin
atoms {n Zircaloy are appacently effictent vacancy traps 89'90).

To circumvent the obvious complexity of the damage In bulk material
under meutron Lrradiation, experiments have made In the HVEM in which the
actual climb rate of the interstitiat loops have been measured 90. Such
accurate and relatively direct measurements provide a stringent test of the
tate theory. 1In this section we therefore outline the interpretive study
of such climb in pure zirconium foils. In this work the only sinks present
are the climbing interstitial dislocation loops, all located on the six
peismatic planes, and the two fofl surfaces. Only very occasfonally were
volds obaerved to fora and thely presence had little effect on the average
growth kineties, 1In pure zirconium the growth strain was observed to

increase linearly with dose as indicated in Figure 14 with no sign of any

63,



saturation process. In contrast the alloy mateclals were all obeerved to
Saturate but all showed the same growth rates at low ddses. The reasons
for such saturation effects are now reagonably well understood 89,90 and we
believe they occur becauae of vacancy trapping on appropriate solute atoms.
These features are however rather detailed and will not be discussed
further; the interested reader is teferred to reference (89) for s
reasonably complete interpretstive account of growth in zirconium and ite
alloys. 1In figure 14 we show also the theoretical growth rate curve for
pure zlrconium; the excellent agreement between theory and the
experiaental points was only achieved by adopting a vacancy migration
energy of 0.65 eV. At the time of publication of the interpretacion this
predicted low migration energy was severely criticised and cast some doubt
upon the overall validity of the interpretation. However, subsequent
diffusion studies 1 have now completely substantiated the predicted 'low’
value, The rate theory approach wust therefore be regarded as further

vindicated.

6. CONCLUDING REMARKS

In this brief review of the significance of dislocattons to tadlation
damage processes we have restricted the discussion to those dislocation
properties that seem to us to dominate the situation. Much of oyr
understanding is ss yet very imprecise and grest reliance has to be put on
calibration procedures when we attempt to predict the behaviour of real
materials, The calibration of the rate theory parametears for a given
mater{sl is usually made using simulation data and we have had SOBE Success
In then using auch calibrated wcdels to predict the material response under
neutron irradiation. However, because of the large number of matertal

variablea that are tnvolved 1q such representations of real alloys 12 is
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cbvicus that our parameterlzation cannot be regarded as unique. Por thisg
reason it is essential to reduée the number of such unknown parameters by
appropriate theoretical or experimental effort. OF particular relevance to
the dielocation components of tha microstructure we may identify the
following, where more information or understanding would be valuable,

(1)} The dislocation sink strength contains several physical
parametery which, for a given material, should be known. Thus, the long-
range interaction between the dislocatlion and a point-defect requires a
knowledge of the relaxation velumes of the point-defects; the ghort-range
behaviour of the polnt-defects near and within the dielocation core could
be carefully gtudied using atomic afwulation methods and with the recent
construction of more physically based interatomic potentials for the
transition metals 92 such a study would be particularly timely.

{ii) The self-consistent influence of the dislocation climb and
the motion of the vold surface during awelling needs to be fully
understood. Such "dynamic' effects may well he important during pulse
irradiation 33 conditions such as may be expected in a fusion reactor
envirenment.

(i11) The mechaniam of helium trapping on dislocations and any
resolution processes need further study, posaibly using atomic simulation
procedures a9 for the Intrinsic point-defect fateractions in ({) above. I[a
sddition, other impurity elemente may be expacted to segregate at the
dislocations and other sinks during irradiation. We need to know whether
such segregation would be expected to radically change the strength of such

sinks for subsequent intrinfsic polnt-defect absorption or emission.
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(1v) The effect of external stress on the long-range interacttion
between a diglocation and a point-defect should be calculated with & better
model than the elastic fnclusion representation of the potnt-defect. The
significance of the Interactions at the point-defect saddle-point alao
neede clariftcation when estimating the averall $.1.P.A. mechanisa of
irradiation creep,

(v) The mechanism of dislocation loop ordering or void lattice
forwation needs to be understood. One of the sost beautiful examples of
such a void lattice {s shown in flgure 15, This was found by Evans % in
high purity molybdenum after frradistion with Mev !f+ fons at a temperature
of 870°C. 1Its particular relevance to this teview stems from the
dislocation in the lattice indicated by the arrow! Similarly, the
collective response of dislocation networks to irradiation iz slso only
poorly understood. Radiation will often stimulate recovery and
recrystallization processes with premature formation of domailn structures
in streased materfals, end only recently have we begun to study the
question of inherent stability of such dislocatiocn distributions to
irradiation, The tndications are that irradiation can indeed have a
significant effect on such phenowena ss high temperature thermal cteep”'u;
4 notion that raises obvious interpretive problems.

(v1) The rate theory currently developed describes only the growth or
development of existing microstructures, It is not designed to deal with
the fwportant question of nuclestion of the various sfnk-types, Although
some useful studies have been made on various aspects of the nucleatton
Problem, a comprehensive treatment that inciudes 11 the contributory

tnfluences 19 not yet available, 1n thia connection, although there

66.

is considerable underatanding of the factors thet influence the nucleation
of interstit{al loops, there 13 1ittle or no real understanding as to vhy
vacancy loops can form so relative esnily and spparently athermally within

the denuded zones of displacemeat cascades.
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Diatribution of faulted, perfect and double tnterati:iaiqloopl
in proton irradiated copper at a range of temperatures .

Datrk-field mlcrograph of neutron irradiated malybdenua 35 at

600°C. In (a) g = [211], (b) g = [211]. The loops in the
groups arrowed have all got the same Burger's vector.

(a) Micrograph of neutron Lrradiated nolybdenu.36 at 600°C
showing enhanced loop density adjacent to an edge dislocation,

(b) Schematic diagram indicating the wedge shaped volume on
the dilatation side of the dislocation in which the loops were
found.

Micrographs of neutron irradiated ordered CujAu foils. (a)
Dark~field showilng disordered zones by structure factor
contrast. (b) Bright-field showing zones with loops (arrowed)
and zones where collapse has not occurred (ckscled). Further
details of this work by English and Jenkins are given in the
text.

The circular dislocation loop and its effective sphere,
Vacancy activation energy surfaces adjacent to the loop core.

Schematic 1llustration of the shrinkage rates of (a) an
intersticlal loop and (b) a vacancy loop when subject to
annealing conditions.

The three orthogonal orientaticns of externally applied tensile
stress t, In relation to a etraight edge dislocatlon lying along
the xq-axis with b = (b,0,0).

The wicrostructure in a PElé alloy after irradiation by 46 MeV
N: lons at 525°C for a total dose of 60 dpa. (D. Mazey,
Harwell).

A long strafght edge dislocation embedded in the lossy
continuum.

The teaperature degendence of the swelling {n M1i6 steel
irradiated with_Ni™ fons. The x and o indicate experimental
uuelltnﬁsvaluesrqat 16 and 40 dpa respectively. The theoretical
curves at 40 dpa have been obtalned by predicting the
svelling development from the 16 dpa state. The dashed curve (e
= 0) indlcates the result of neglecting vacancy loop formatlon,
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12. The temperature dependence of the swelllng In M3L6 steel
Lrradiated with East neutron!o The x and o tndicate
experimentsl swelling ve ues™" at 39 and 62.5 dpa respectively.
The theoretical curves at 62.5 dpa have been obtained by
predicting the swelling development From the 39 dpa atate. The
dashed curve (¢ = 0) indicates the result of neglecting vacancy
loop formation, whereas the solid cucrve has been obtained with
the same vacancy loop parameter as used for the correspending
curve in Figure 11.

13. The theoretical trradlntlan creep strain 85’ €, versus dose ané
the relevant exper{mental®ata on solution treated snd cold
worked M316 steels,

14, The gwth strain versus dose in pure zirconium fotls In the
HVEM "“. The experimental data points are indicated by e and
the continuous curve is the result of & rate theory analysis.

15 A void lattlce containing & dislocation 9 tn high purity
wolybdenum after irradiation with 2 Me¥ N' fons at 870°C.
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1. Introduction

In this chapter the theory of microstructural evolution in pure metals and
alloys during irradiation is reviewed. It is the microstructural development
which must be understood before adequate modelling of void swelling and
irradiation creep can be undertaken. Microchemical effects are also included
in the review.

Some important fundamental notions are introduced in section 2, and this
is followed by a presentation of the mathematical rate theory representation
of radiation damage in section 3. Theoretical problems inherent in the use of
simulation for neutron damage predictions are discussed in seclion 4 together
with an example of a recent successful prediction. In the final section our
conclusions regarding the present and future role and status of theory are
presented, -

2. Fundamental considerations

The topics covered in this section are: {a) a discussion of the microstructural
stale prior to irradiation, including definitions of sinks, defects, dislocations,
etc; (b) the displacement defects, where some important properties of the
point defects are reviewed and the cascade collapse process to vacancy loops
is alluded to; (c} interactions between the displacement defects and the
microstructure, which are fundamental to the macroscopic phenomena of void
swelling and irradiation creep ; (d) extended defect nucleation, where attention
is focussed on the problem of the nucleation of voids; and, (¢) microchemical
concepts, wpon which much atiention has been focussed recently.

2.1. The pre-irradiation microstructural state

The overall microstructutat state of a metal prior 1o irradiation naturally
influences its response to subsequent irradiation. l is conveniently defined by

[L]]
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192 R. Bullough and M.H . Wood

identifying 1he various defect types that together comstitute the initial
microstructure. These defect types can act as sinks for any migrating point
defect. However, in this section, the sink aspects of the microstructure are
only briefly alluded to and then considerably amplified in the subsequent
discussion of the evolution of the microstructure during irradiation,

A bulk specimen is normally polycrystalline and the grain boundaries
constitule an important “surface” defect that can act as a sink for migra:ing
point defects. In this review the term “point” defect is used 10 describe all
such defects including self-interstitials, racancies and solute atoms cither
occupying interstitial or substitutional sites; “displacement™ defects refer cnly
o self-interstitiuls or pacancies and if these require distinction they are
referred to simply as either interstitials or vacancies. The grain boundaries
are usually non-saturable sinks for the displacement defects but very often, in
practical materials, the grain size is sulliciently large that their boundaries are
not an important sink during irradiation. The external surface of the
specimen may also be regarded as a similar sink type to the grain boundaries
but again, in practice, the point defect losses to the surface are not usuaily
important, Of course, an important exception to this is when the specimes is
a thin foil as required for studies of high energy electron irradiation eflects in
the High Voltage Electron Microscope (HVEM), In 1his case the foil surfaces
can be significant sinks for migrating point defects and should be considered
as a component of the overall microstructural state,

A more important pre-irradiation defect than the grain boundaries is the
dislocation network present within each grain. A dislocation is a “line” defect
that may be defined, in general, as the line that divides arcas of slip planes
where glide has occurred from those where no glide has occurred. In solution
anncaled material the initial, pre-irradiation, dislocation density is low, 1¢12
to 10"*m™2 in 316 steel, whereas in cold-worked material the initial density
is high, 10'* t0 10" m-2 in 316 sieel, When distocation networks are
generated by deformation processes they consist of roughly equal
proportions of edge and screw types. Both these kinds of dislocations can act
as sinks for migrating point defects but, as we shall see below, the edze
dislocations play a predominant role in the irradiated materials. In fact, it is
clear that their presence is essential to the macroscopic phenomena known as
void swelling and irradiation creep.

In general, a metal contains at least one impurity species prior 1o
irradiation; such impurities may be either atomically dispersed or be
precipitated inlo a second phase. The atomically dispersed solute may trap
displacement defects, cither interstitials or vacancies depending upon the
nature of the solute. These solute atom fraps are regarded as saturable, in
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that they may trap only a single point defect al a4 time, and are characterised
by the energy with which they bind a point defect. Precipitaes may also be
sinks for migrating species: a consideration of their role is deferred 10 §2.5.

It is possible 10 define a pre-irradiation thermal equilibrium siate which is
the state a metal achieves if it js aged for a sufficiently long time, al
iemperature, prior to irradiation. The equilibrium point defect concentrations
{Iractional} are given by expressions of the form c* = exp( — E'/k,T), where ¢*
is the equilibrium concentration of interstitials, cf, or vacancies, o5 E is the
interstitial, Ef, or vacancy, EY, formation encrgy, kg is Boltzmann's constant
and T is the absolule temperature. In fact, E{ is sufficiently large that, ai all
temperatures of interest, cf ~ 0. In face centred cubic (fcc) transition metals
and alloys, such as 316 steel, E} is of the order of an eleciron volt.

In general co-existing with the thermal equilibrium concentration of
vacancies is a network of dislocations ; although such dislocations have very
high formation energies (~ 7eV per atom plane) it is difficult to remove
them by ordinary annealing procedures and a polygonised network is often
the only recovered state that is achievable by a combination of glide and
climb processes (Buliough et al. 1981). Thus a metal, afier ageing at
temperatures sufficiently high for appreciable seif-diffusion to occur, that js
2 600°C for 316 steel, retains a density of dislocations of at feast 1012 m -2,
Finally it should be recalled thai the equilibrium phase diagrams, for muli.
phase alloys, show a marked sensitivity to temperature.

2.2. The displacement defects

A comprehensive review of the displacement damage processes, for neutron
and various simulation damage, is presented in chapler 2 in Part L In this
section the discussion is confined to some points relevant to modelling the
overall microstructural evolution.

When a metal is bombarded with high energy particles, atoms are
displaced from their equilibrium lattice sites; the atoms come 1o rest some
distance away in interstitial, non-attice-site, positions. The holes left in the
lattice are termed vacancies.* From the previous section it is already clear
that the interstitials and vacancies thus formed can, at sufficiently high
temperatures, migrate through the matrix and accumulate at suitable point

*The isradiation is characterised by the rate at which interstitials and vacancies are formed,
K. K is expressed in the units of displacements per atom ger second (dpas™'). The unit of time
muenally employed in irradiation damage studies i3 the time for one displacement per atom
[pa), that is K ~*. K is often referred 1o a3 the dose rate, and K1, with t in seconds, as the dose.

a3 -



194 R. Bullough and M.H. Wood

defect sinks, such as dislocations. During irradiation at typical reacter
opcrating temperatures vacancies are found 10 cluster into 3-dimensio=al
cavities known as voids; it is the nucleation and growth of these thal gives wse
dircctly 1o the macroscopic phenomenon of void swelling. In material with a
fairly low pre-irradiation dislocation density,  irradiation-produced
interstitials are also observed to aggregate, into planar dislocation loows.
These rapidly assume the overall appearance of the as fabricated dislocation
network as irradiation proceeds.

It has been shown by computational atomic simulation studies of the
interstitial defect (Gehlen and Beeler 1972) that the interstitial shares a
normal lattice sitc with another atom by forming a split, or dumb-bel,
configuration. This has been found in both fec and body centred cubic {ber)
materials. In fcc nickel for example, the €100> dumb-bell configucation hes
been calculated to be the stable configuration for the single interstitial, and in
bee iron the (1103 dumb-bell has been shown to be the most stahds
configuration. This geometrical feature of the interstitial is understood 1o
have important consequences for the plane of nucleation of the interstitial
dislocation foops, and is believed to influence the ease of acceplance of
interstitials at distocation sinks, as is discussed in §2.3, Calculations of the
mobility of the dumb-bell interstitial have yielded a low migration energy
and consequent high mobility at reactor opcrating {emperatures. A typical
calculated value of the migration energy is of the order of 0.2eV for an fee
metal, which is in good agreement with experiment.

Vacangcies are considerably less mobile than interstitials, a typical value far
the monovacancy migration energy for an fec metal being of the order of an
clectron volt (Ballufli 1978), Experiments have shown that vacancies can
bind together and thai these small vacancy clusters can also migrate through
the crystal lattice. Generally, reliable information from such annealing studies
is resiricted to the divacancy. The limited available information about even
divacancies in fcc metals indicates that they possess binding encrgies around
02eV, and migrate with slightly lower migration encrgics than the
corresponding monovacancies, In calculations of microstructural evolution
during irradiation it is generally considered adequate to ascribe an effective
tigration energy to the monovacancy and to ignore formally possible cluster
maobility.

A further basic property of the point defects, important to studies of void
swelling and irradiation creep, are their relaxation volumes, AV and 4V,
These volumes, which are rather poorly known, represent the volumea
changes associated with the introduction of each defect type into the lattice
in place of a lattice atom, They are most conveniently expressed in terms of

W
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the average crystal atomic volume, ©, and reasonable vafues in foc metals are
believed 10 be, 4%, ~ 1.20 and 4V, ~ -05G. A discussion of the role of
these relaxation volumes is given in §2.3.

When damage is created by particles carrying high momentum, such as
high energy neutrons or charged particles, cascades of displaced fattice atoms
are created rather than single atom disptacements. Many of the interstitials
and vacancies recombine within the cascade region but, becausc of their very
high mobility, the remaining interstitials rapidly migrate from this damage
zone. Most of the remaining vacancies created by the damage also escape
into the body of the crystal, but experiments show that a significant fraction
of the cascades collapse to form dislocation loops, which are platelets of
vacancies rather than interstitials as discussed above, To distinguish between
the two types of dislocation loops the terms racancy loops and interstitiyl
loops are employed. Because of the high, 14 MeV, energy of fusion neutrons
compared with the vast majority of those emanating from fission, cascade
fealures are expecled to assume greater significance in the fusion
environment than in a thermal or fast fission redactor. At present the exact
mechanism of cascade collapse to form vacancy loops is nol understood,
although investigations, including large molecular dynamic simulation
studies, are underway. Suffice it to remark that the inner zone (the so-called
denuded or Seeger zone) of the cascade often contains a sufficiently high
concentration of vacancies for supersaturation conditions appropriate for the
nuclcation of a vacancy aggregate; the high vacancy concentration also
means that many of the as created vacancies are near neighbour to other
vacancies and thus the apparent high mobility of the vacancics could well be
duee to a propensily of di-vacancies. In general, the vacancy aggregates
formed by this rapid collapse process are loops and somelimes vacancy
tetrahedra but never voids,

During reactor operation the point defects produced migrate through the
crystal lattice. Many of these evemually find their way to the various peint
defect sinks. However, depending upon the density of such sinks and the
operating temperature, a significant fraction of opposite types, that is
iterstitials and vacancies, meet in the matrix and mutually annihilate
through spontancous recombination, This process, which must be
oconsidered in numerical studies of microstructural evolution, is termed bulk
recombination.

Another important defect produced during both fission and fusion reactor
operalion is the transmutation gas. This consists of helium, by (n,q)
reactions, and hydrogen, by (n, P) reaclions, in various proportions
depending on the ncutron encrgy spectrum. This gas, particularly the helium,
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plays an important role in the nucleation of voids, as discussed in §24, and,
also, in grain boundary embrittlement,

2.3. Interactions between displucement defects and the microstructure

The presence in a metal of sinks for migrating point defects is not i itsell
sufficient to cause void swelling and irradiation creep. An addit.onal
requirement is that a bias should exist in the system of sinks such that 1here
is a net flow of vacancies to voids. In fact it has been shown that disloca- ions
(network and both loop types) have a small bias for interstitials which alows
the dislocations to climb by a net influx of interstitials and, hence, the voids
to grow by a nel influx of vacancies.

The interaction energy between a dislocation and & nearby point defict can
be estimated by representing the point defect as a mishitting inhomogeneity
of small volume V with a bulk and shear modulus i and ji respectivel y, that
may differ from the corresponding host moduli, x and p: the misfit is cef.ned
by the uniform misfit sirain, which is the strain required to deform the
inclusion back to the size and shape of the hole in the host into which it was
forced. Since the inclusion is of atomic dimensions the spatial variations of
stress and strain within it may be ignored and for this situation the
interaction energy between such an inclusion and a general applied st-ain
field ('3 has the form {Bullough and Willis 1975, Nabarro et al. 1982):

E=- V[pA‘e,f}'e;j+ ; Cle*) +2 uBele, +xDeAE]. @n

where ¢ = ¢, and e, ;= e;;~1ed,; is the deviatoric part of ¢;. In equaion
{2.1) we have:

A= u—agV[u-Blp - ),
C = (x — &Y[x - a(x - &), +2)
D = &ffx —alx - &),

where,

a={l +v)3(l —v)
B = 204 - 5u)/15(1 - v), (23)
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and v is Poisson's ratio for the host medium. If the applicd strain field 2
arises from a dislocation strain ficld ¢l} and a strain field el, due 1o an
external applied stress, such that

e = el +ef; (24)

then the interaction energy between a dislocation and the inclusion, in the
presence of an external siress follows from equations (2.1) and (2.4):

E%= —¥{ud [eied + Zeflel)
+ ; CLE®Y + 26% ] + 2uBelre, + kD eV}, (25)
This expression may be further simplified by dropping the terms of second

order in the dislocation strain field and by assuming the misfit strain is the
pure dilalation strain é, so that

¢, =0, (2.6)
whence equation (2.5} becomes (Bullough and Willis 1975):
2= _y [2udel/ef] + xCe¥e® 4 kDePs). (2.7)

If the dislocation lies along the xy-axis of a Cartesian coordinate system
{x1:x;, x,) with Burgers veclor b = (h,0,0), then its strain field ¢’ has the
deviatoric components

inf)
o = _lerj_ (1 - 2v + 6eos? @),
‘e, = _L.s'.f.qu —2v —6costpl),

int (28)
‘el = 2L s':‘i (1 -2v),

sl)
o = 3L cost0-1), J
and dilatation
sing
e® = —6L(1 —2v} “;'(-. (29)

q
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where L = b/12n(1 —v). Similarly il the ej; strain field is due to the
application of o uniaxial iensile stress o paralicl 10 the Burgers vector of this
edge dislocation {i.c. parallcl (o the X,-uxis) then

e = o/
. ok N
32 ="}y = —os6p, 210
and

e = all ~ 2v)2(1 + v, (2.11)

with obvious permutations when the applied tensile stress is rotated paraliel
to cither of the other Iwo axes. When the externz| stress is removed the
interaction energy, equation (2.7), becomes the well know size-effect
interaction EY and for this dislocation has the explicit form (Cottrell and
Bilby 1949):

ahy s 212

EP =
ST or r

where AV is the relaxation volume® suffered by the arbitrarily large but Jinite
host when the point defect is introduced into it.

*We note that 4V is related, for this gencral mishitting inhomogencity, 10 the misht strain & of
the inclusion by

AV =D Vg,

and 10 1he “hole strain™ fie. the sitain defined by the displacement of the surface of the hole into
which the inclusion is forced} é, by

4V = Viyja

The “hole sirain” 7, may be formally identificd with the relaxation volume change 4V, when
the point defect it introduced into an infinite body :

iy = AV V.

However AV and not 4V, is the observable quantity usually referred 1o as the refaxation rofume
of the point defect. Finally, for completencss, the sctual strain within 1he inclusion, when
embedded in the host js

iee JVN‘" ,
GQmé—bym - (] —al
! ¢ V&

R
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1t foltows, from equation (2.7) and the ahove eaplicit formulae, that the
long-range interuction between the paint defect and the dislocation depends
itically on the magnitude of 4V and will be sensitive (o both the magnitude
and direction of any external applied stress. For the stress frce situation,
Jefined by equation (2.12), it is immediately clear that as the intcraction
encrgy for the interstitial, 4V, ~ 1.202, is greater than that for the vacancy,
2¥, ~ ~0.50. a bias exists for the capture of an interstitial by a dislocation.
The same basic conclusion holds cqually for edge dislocation loops of
vacancy and interstitial type, although the magnitude of the bias in this case
depends upon the loop size and has been shown (Bullough ct al. 1950) to
d=crease with decreasing loop radius.

The sensitivity of the interaction cnergy to the magnitude and direction of
the external applied stress has important consequences in theories of
ivadiation crecp (Heald and Speight 1974, BuHough and Willis 1975), It can
bc shown that the dumb-bell configuration of the interstitial leads to its
selative focal softness in shear (Dederichs and Lehman 1973, Holder ¢t al.
1974) compared to the vacancy. This behaviour can be represented in the
above elastic inclusion model by assuming that the shear modulus #i, of the
inclusion representing the interstitial is much less than the shear modulus 4 of
the host. When this assumption is put into the various teems in equation
(L7} it is found that edge dislocations with their Burgers vectors aligned
Farallel 1o the stress axis have a preferred bias for interstitials compared to
sach dislocations in other orientations relative to 1he stress axis; this causes
the body to undergo climb creep. The phenomenon is generally referred Lo as
Siress induced Preferred Absorption, or SIPA, creep.

The dislocation is not the only sink in the microstructure for which a sink-
peint defect interaction exists, The interaction between the spherical void and
a nearby point defect is induced by the distortion field of the point defect
axd is thus much shorter ranged (Bullough and Willis 1969) than that
between the dislocation and a point defect which arises from the direct
ireraction between the dislocation stress field and the point defect field. The
induced interaction energy, Ec, between a spherical void and a cenire of
diltation (10 represent the point defect), at a radial distance r, has the series
faem (Bullough and Willis 1969):

_G ¢ «_r!_(yl‘:_l)(_‘l_{:* -1 re) 2
re .‘.23 eI =2n+ (- (;) ' {2.13)
where,
#lt +v)? .
€ = 3on(i vy 4V , (2.14)

aq
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re is the cavity* rudius, y is the shear modulus (as above), v is Poisson's
ratio, and AV is the relaxation volume of an interstitial or vacancy (defined
as above). Caleulations taking account of this interaction {Quigley ¢t al
1981) show that a lower void swelling results than when the interaction is
ignored. However, this effect can be subsumed, to a pood approximation,
into the dislocation bias and the inleraction neglected explicitly, thus
simplilying models of void swelling,

The above discussion has indicated that, because of the long-range
dislocation—point defect interaction ficld, 4 bias exists for the caplure of
interstitials relative to vacancies at the dislocation sinks. However, an effect
which could have similar importance is the efliciency with which point
defects are absorbed through the crystal matrix-sink interfuce. This has been
recognized for sometime, and has been considered by Mansur (1978} for the
void sink. Recent work (Bullough and Quigley 1981, 1983) has concentrated
on the boundury conditions at the dislocation core where i1 is necessary o
consider the formation of Jogs, the activation cnergy required to enler the
core, and the fraction of sites adjacent to the core available for entry into the
core. Comparison of experimental measurements of void swelling in electron
irradiated 316 steel with those from model calcutations employing
appropriale core boundary conditions and the interaction field eficcts
(Bullough and Quigley 1981, Bullough et al. 1983a),shows that a very good
agreement is achieved between the two sets of results if entry into the core is
made more difficult for interstitials than for vacancies,

24. Extended defect nucleation

As discussed in §2.2., during irradiation new types of extended defect can
appear. The three most importam examples are probably vacancy loops,
interstitial loops and voids. Of these, the vacancy loops appear as a direct
consequence of the cascade nature of the dumage, whereas the interstitial
loops and the voids result from the subsequent agglomeration of point
defects. 1t is the nucieation of these latter defects that is the subject of the
following discussion,

*The term cavity is often employed in the theory of radiation damage. It implies more
generality than the term void, and includes gas bubbles. Hence, a void is a cavity in which the
internal gas pressure is significanily lower than the surface tension forces, whereas a gas bubble
is a4 cavity in which the 43 pressure and surface tension forces are in equilibrium. This
distinction hetween voids and gas bubbles is imporiamt in some cases, especially in the 1heory of
void nucleation, discussed in §2.4.
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The initial stages of interstitinl loop aucleation have been studied by
atomic simulation (Ingle et al. 1981). These calculations provide information
on the stability of clusters of a few interstitials, and on their morphology. It
is not possible to model accurately the formation of sizeable interstitial loops
without a sufficient appreciation of (he carly stages of clustering. In certain
cases it is likely that the behaviour of the small interstitiak loop embryo is
crucial 10 the overall performance of the material during irradiation : this
miy be the case for the ferritic steels {Little et al, 1980). To caleulate the
evolulion during irradiation of the interstitial toop number density-size
distribution function it has been found necessary to adopt a sophisticated
numerical scheme (Hayns 1980a). A compurison of caleulated results with
those from an experiment at a single temperature has shown cncouraging
agreement for the loop number density in nickel and for their subsequent
growth (Hayns 1980a). Ope important feature of interstitial loop nucleation
to emerge from such calculations is that it is completed in only a very short
ircadiation time, of the order of 10~ *dpa. This suggests strongly that only
their growth nced be considered in calculations of void swelling and
irradiation creep, greatly simplifying such studies,

Following the initial aggregation of interstitials into interstitial loops,
andjor flow of interstitials to the preexisting dislocation network, the
(slower) vacancies may also aggregale. In practice, i is belicved that » three-
dimensional vacancy aggregate (void) can only nucleate in the simultancous
presence of an adequate number of gas atoms, surface active impurities, or at
cerlain other structural defects, such as incoherent precipitates. It has been
shown by Bullough and Perrin (1969) tha, for a pure metal, if no gas atoms
are present in the vacancy aggregate, il should always energetically collapse
to form a small vacancy foop; in fact it has_been shown that the void-like
embryo must contain several thousand vacancies before the threc-
dimensional morphology is energetically favoured. Furthermore, even if the
energy argument is ignored, it is clear that, although such three-dimensional
vacincy aggregates could possibly nucleate homogencously from the
background vacancy supersaturation, they would be far too small to Erow
and would rapidly disappear because of the large surface tension force
present in the term defining the probability of vacancy emission from the
void. For these reasons, it is generally accepted that the presence of gas
atoms is essential to the nucleation of voids homogeneously in pure metals,
although it is known that voids often nucleate heterogeneously in complex
alloys.

Theories of nucieation have a long history and, recently, the principles of
homogeneous nucleation theory relevant to the nucleation of voids in metals

104
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have been reviewed by Clement and Wood (1980). The problem can he
presented formally as a system of discrete non-lincar coupled rate equalions
describing the time evolution of the defects in an idealised metal containing
only vacancies, interstitials, gas atoms and vacancy-pas alom aggregates of
various sizes. However, apart from the fact that certain of the rate constants
are not well known, this hierarchy of equaltions presents 2 formidable
computing probiem (Hayns 1980b). The classical nucleation approach has
been developed formally for the void nucleation problem without gas, where
i single nucteation path over an effective nucleation barricr exists; Lhis gives
# simple expression for the steady state nucleation raie. Unfortunately, the
approach can enly he applied to the void nucleation casc proper if some
assumplion is made about the gas; such as no gas is present, or the voids are
assumed to contain a constant amount of gas. Moreover, there appears 1o be
no rigorous nucleation theory which can treat fluctuations in two-
dimensional, vacancy and gis alom, space,

The most uselul approach to the nucleation of voids with continuous gas
generdlion, as exists in nuclear reuclors and in continuous gas injection
simulation studies, is probably 1o consider nucleation as two separate, but
linked problems. The first problem concerns the formation of very small
clusiers consisting of just a few vacancies and gas atoms. It is possible 1o
consider these explicitly within a hierarchical approach, For larger clusters
and small voids the deterministic continvily equation may be used to
describe the second problem of the transition from essentially gas bubble 10
void growth kinetics, This approach has been adopted by Hayns (1980b) to
produce a tractuble computational scheme. In a theory of growth as
discussed in section 3, it is possible lo adopt a semi-empirical approach und
to treat only the second of these nucleation problems explicitly : that is the
void concentration is assumed known, from experiment say, and the time-
scale for void nucleation is calculated using the deterministic approach. This
inroduces the important concept of incubation dose naturally into the void
swelling problem, The incubation dose is the critical dose required for the
cavities 10 make the Isansition from gas bubble 10 void growth kinetics. Both
the incubation dose and associated critical cavity radius have been
calculated, and found, to he exiremely temperature dependent, Hence, above
a cerlain temperature void swelling is not observed within the lifetime of
reactor components. Analytic cxpressions have been derived for both the
incubation dose and critical cavity radius (Clement and Wood 1980).

The ideas developed for homogeneous void nucleation may be carried over
in principle 1o the problem of heterogeneous void nucleation, that is 10
nuclealion at particular sites within the crystal matrix. Extra leatures must be
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considered in this latter case: for cxample the number density of such sites
and the encrgies with which they bind the migrating vacancy and gas atom
defects. Some progress towards o combined homogencous—heterogencous
model kas been reported (Hayns and Wood 1979),

2.5. Microchemical conceprs

As discissed in §2.i., a complex, multi-phase, alloy, such as 316 sicel,
coniains solute dissolved within the crystal matrix and incorporates various
precipitztes within its basic, unirradiated, structure, During trradiation this
phase struclure may be unstable, and the partitioning of solutes between
precipitates and the matrix be changed (Marwick 1981) as & result of recoil
mixing and solute segregation. The relative importance of these effects
depends on the irradiation conditions and the nature of the alloy. Such
changes in the alloy can modify the material propertics, und the void swelling
and creep response,

In an irradiated metal local gradients of vacancy or  interstitial
concentralion exist around the various point defect sinks. Such gradicnis
imply a Jow of defects, with un accompanying flow of atoms. In an alloy, -if
solute atoms do not participate in this fow strictly in proportion to their
local concentration, a net drift of solute atoms relative to the lattice planes
occurs. Now, consider a binary alloy A-B whose components are at
fractional concentrations ¢, and ¢y In 2 dilure alloy, with A being solute in
B, intersitials and/or vacancics can combine with A atoms to ferm mobile
complexes. iA and vA, with binding cnergics Ef, and E%, and migration
energics EX and EX,. The defect—solulc complexes can diffuse to sinks and/or
dissociate thermally. The total fluxes of vacancies, interstitials, and A-alor-ns
are set equal to the sum of the controlling Nuxes of individual mobile specics
(Lam et al 1979):

1, = —{1 + 0,00, V¢, - D, Vc,,.

u' = -(l + ﬂﬁau)'vl" - Duv('u. ‘2.]5)

Ja= =DV~ D,\Ve,\ ~ 7 DVe, + o 0, Ve,
Here, D,. D, D, and D,, are the diffusion coeflicients of the vacancies,
interstitials, interstitialsotute and viicancy-solute  complexes rcspcctwely.
and ¢, ¢, ¢, and c,, are their corresponding fractional concentrations. The

constants a, and o, arc the capture fuctors for viicancy-—solule and
interstitia—solute encounters. The total fluxes of defects consist of two
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contributions euch, that is those of the free defect Muxes and those of the
defeci—solute complexes. The total solute flux is the sum of the Mluxes of
complexes and of free solutes driven 10 sinks by coupling with the kee
interstitial und vacancy fluxes.

For concemrated alloys, the concept of migrating defect—solute complexes
becomes ill-defined since most of the time & defect has as nearest neighbours
several atoms of the component A which are likely to change their identity as
the defect migrates. I diffusive motions of A and B type atoms in a non-
dilute A-B alloy are assumed (o occur only by vacancy and by interstigal
Jumps, the fluxes of defects and atoms are related to their concentration
gradicats by (Lam et al. 1979):

Jy =y~ dyJac, Ve, — DV,
Ji = (da; = dyJac Ve, — DVe, (2.16)
Ji=-Dave, - Cald Ve, — d, Ve,

In these equations, a is the thermodynamic faclor to account for the
difference between the concentration and chemical potential gradients ; 4,,,
duw do; and dy; are the diffusion cocfficients of the elemenis A and B va
viacancies  and imerstitials, respectively:  and D, =d,cp +dycy
Dy =dye, +dyeg and Dy =dyw, +dye, are the average tocal diffusion
coeflicients of vacancies, interstitials and A-atoms respectively.  Equation
(2.16) predicts that, in an irradiated solid, the solutes that are slow vacancy
diffusers (small d,,) become enriched on point defect sinks, while the faster
thermal  diffusers  are depleted  there.  Such behaviour is observed
experimentally in irradiated steels and Fe-Cr—Ni alloys: for example, nickel
{slow diffuser) has been shown (Marwick et al. 1978) to be enriched, relative
to iron (last diffuser), in the neighbourhood of voids in ion-bombarded PEls
steel. *

It is clear from the above discussion that solute can segregate towards, or
away from, a point defect sink, such as 4 void, depending upon the particular
alloy and irradiation conditions. This in turn can direcily influence the delect
loss at the various sinks. If 4 precipitate is itself u sink then this process of
segregation can lead to a re-distribution of solute between the precipitate and
the matrix, with important conscquences for void swelling and creep. The
sink efficiency of precipitates js obviously important in this context. The most

*It should be noled that this data can ulso be accounted for by the hypothesis that nickel
atoms ase enriched a1 the voul by preferentisl enrichment of the interstitial Nux,

A0k

Theory of microstructural erolution 205

important factor considered 10 determine the sink efliciency of a precipitate is
whether or not it is coherent with its matrix phase. The surface of an
incaherent precipitate, or any disordered interface, is expected to be a sink,
beciuse the disorder allows Icmporary rearrangements necessitaled by the
abscrption of a defect 10 be readily accommodated. At 4 coherent interface
whe-e the atomic lattice is carried through from one phase to another with
minina! disturbance the interface would not be expecied to be a sink, but
might be a trapping site at which defects could be immobilised. Annihilation
of trapped defects by recombination could then lead to loss of defects at the
intedface.

A second process which can contribute 10 a re-distribution of solute is
termed irradiation induced re-solution. This is a process whereby irradiation
tends lo return precipitating phases to solution in the matrix (Marwick
1981). The simplest possible process that can be envisaged is a direct recoil
comribution to the solute outflow from a precipitate {Nelson et al. 1972). An
altermative description of the recoil dissolution process is as a manifestation
of the athermal (radiation enhanced) diffusion process which accompanies
atomic displacements (Marwick 1981). This latter approach is favoured by
expenmental evidence.

In summary, theory has indicated that point defect gradienis existing
around sinks during irradiation can results in solute flow towards, or away
from the various point defect sinks. The first possible, direct, consequence of
such solute segregation is on the defect flow to the sinks, Hence, for example,
the bas of a dislocation for an interstitial relative 10 a vacancy could be
negatzd, at least partially, by a build-up of solute close to the dislocation
core. If a precipitate is itself a sink then it is immediately clear that the solute

. segregation process can lead to a re-distribution of solute between the

preciritate and the matrix. The extent to which this is possible depends upon

" the eficiency of the precipitate as a sink, and it has been indicated that the
. most important factor determining the sink efficiency is expected to be the

degree of coherency the precipitate has with its matrix phase. Another
process, irradiation induced re-solution, is also important in re-distributing
solute between precipitates and (he matrix; this process is one of dissolution
by atemic recoil. In a real, multi-phase, alloy a dynamic equilibrium is
established during irradiation between the various precipitate phases and the
solute in the matrix. All of the processes discussed in this section can huve
imporiant conscquences for the microstructural evolution and, hence, void
swelling and creep during irradiation.
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3. Mathematical rate theory

The approach most widely adopted to describe mathematically the
microstructural evolution in a metal during irradiation is that of chemical
rate theory. This basic approach is used in many branches of the physical
and natural sciences 10 model time dependent  processes. Although the
formalism is sufliciently powerful 10 handle both nucleation and growth
processes during irradiation damage, it has been applied most successfully to
growth studies. This is because of both the general difficulty of defining rate
conslants, which is especially marked in the aucleation regime, and the
computational effort required 10 describe adequately the two phenomena
simultancously, However, as discussed in §24. above, some preliminary
numerical studies of interstitial loop and void nucleation have been
undertaken. Moreover, in that section it has been noted that in the rate
theory approach to void growth, void nucleation is handled in semi-
empirical manner. Also neglected in  the general rate theory of
microstructural cvolution, at least until very recently, is any treatment of
microchemical effects, such as solute segregation and the evolution of the
phase structure, as discussed in §2.5. This area is especially difficult 1o treat,
although some preliminary studies are underway,

The follawing topics are discussed in this section : {a) the lossy continuum,
which includes a short discussion of the basic philosophy of the rate theory
approach as applied 10 microstructural evolution; (b) the general rate
equations, where the mathematical structure of the rate theory equations is
clucidated briefly; (c} the sink strengths, where the approach 1o the
derivation of the rate constants appearing in the rate equations s outlined ;
(d) recoil effects, where those modifications to the general rate equations, as
given in §3.2., required to treat the cascade nature of (he damage are
presented; and, (c} other topics, which includes brief discussions on void
nucleation, microchemical, stress and gas effects.

d.1. The lossy continmum

The most detailed and successful model for representing 2 complex
irradiation situation, which incorporates the sensitivity of the void growth o
the presence of the other sinks in the microstructure and the various physical
parameters, is based on a chemical rate theory description of the intrinsic
point defect population {Brailsford and Bullough 1972). The basic rate

theoty approach can be adopted for both a tegular array (lattice), and
random distribution, of point defect sinks,
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For the most important case of a random distribution of sinks, the point

defect diffusion im the rea) material with discrete sinks is described in some

average sense by diffusion in a lossy continuum containing a homogeneous
distmbution 0" these same sinks, with strengths delermined from separate
detailed treatments of defect transport to one sink of each type.

The fundarental ides of this effective medium approach for (wo phase
systems which arc random on a macroscopic scale appears 10 have been
visualized first by Maxwell (£892) in a theory of the elcctrical resistivity of a
com>dosite comprised of spheres of one material embedded in a conlinuous
secod phase of a different resistivity. On a microscopic scale an equivalent
concept finds application in several branches of modern physics (Elliott et al,
1974). The cemtral theme of Maxwell's approach is as follows. For one type
of inhomogencity only, for cxample spherical inclusions of radius o,
distr buted randomly, an equivalent homogencous resistive medium is
assumed 10 exist. This must be such that if spherical volume of radius R is
excavated from it, and replaced by an equal volume comprised of a spherical
shell of the real continuous phase surrounding just one inclusion, then the
macroscopic propettics of the composite thus formed must be the same as
those of the medium itself, provided the radius R is chosen to give the correct
volume Fraction, S, of the discrete phase: R* = rd/S. This furnishes a self-
consistent scheme for finding the properties of the medium,

3.2. The rate eyuarions

The theoretical description of irradiation damage by chemical rate theory has
abou a 10 yeur history (Harkness and Li 1971, Brailsford and Buliough
19721 and has reached the stage where generat purpose codes for calculating
void swelling and irradiation creep are being made available to an audience
wider than just those workers involved deeply in the theoretical development
(Windsor et al. 1979, 1981, 1982).

In the following, the rate equations are presented for a system under
irradiation and containing voids, interstitial loops, dislocation network and
grain boundaries as sinks (Bullough and Hayns 1978, Windsor et al. 1979).
The eguations are:

5'% = K, — kD¢, — ace,, 3.0
d, R 3
it K\~ kiDc,~ arc,, 3.2)
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d:i' = kleD, ~ kLD, - K, (3
i

U 2D~ KD, + Ko (4
d:;.:l' =k Dy, - kDo, + Ko (d3)
W 2Dt~ KaDi~ K, 36)

Here, o is the rate constant for the bulk recombination of interstitials and
vacancies, ¢, and ¢, are the fraclional concentrations of vacancies aad
interstitials in the medium respectively: g, g, dir. and g,y are the
fractional number of vacancies in cavities, interstitials in network and
interstitial loops, and vacancies in grain boundaries respectively; D, and D,
are the vacancy and interstitial diffusion coeflicients (as abcve); and K, and
K, their production rates, both through the irradiation angd by thermml
emission from the sinks. Hence, if K is the defect Production rate through
irradiation:

K, =K, 3.7)
and
K, = K+K§C+K:N+K:“_+K:m. (3.8)

where Kio, K&y, Kf, and Klun are the vacancy emission rates from cavities,
network, interstitial loops and grain boundaries respectively ; the exact form
of these is nol presented herein, but can be obtained from Windsor et al.
(1979). The terms such as kicD.e, describe the loss rates of point defects to
the various point defect sinks, in this case vacancies to cavities. The
quantities such as k2. are called sink strengths, in this case (he sink strength
of cavities for diffusing vacancies, The total sink strengths fcr vicancies, k2,
and interstitials, k?, are written:

ki = ki + ki, + ki + kie. (3.9)
and

A L T (3.10)

and the quantities (k,) ' and (k,)"" are the mean distances a free interstitial
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Or vacancy moves in the medium before becoming trapped. The central
problem in the rate theory of microstructural evolulion is the determination
of the various sink strengths for migrating point defects.

3.3. The sink strengths

Two approaches have been proven for deriving sink strengths for use in the
tate theory of microstructural evolution, One of these is concerned with
spatially periodic sink arrays, and the other with completely random sink
distributions. The fundamental validity of these two approaches has been
discussed at length recently by Brailsford and Bullough (1981). In the present
short summary, only the effective medium model for a random distribution
of sinks is discussed, since long-range order is only rarely observed.
Nevertheless, it is noted that Ham's eigen-function method (Ham 1958) for a
void lattice is useful in answering several questions of principle ; for example,
to what extent can sink strengths derived from steady state be generally
applicable (Brailsford and Bullough 1981),

The case of the void sink is chosen 1o illustrate the effective medium
method for obtaining sink strengths. As is usual, an initial simplification is
invoked ; namely, the concept of so-called steady state growth, which enables
lime to be removed explicitly from the point defect continuity equations. The
only alternative to this would be 1o confront partial differential equations
with moving boundary conditions in a finite domain, A second
approximation is to neglect bulk recombination in the sink strength
derivation. This is also generally adopted although in some cases, including
that of the void sink (Rauh et al. 1981}, sink strengths including
recombination are available. Nevertheless, the approximation is a good one
(Rauh ct al. 1981).

Following the philosophy outlined in §3.1,, the void should be surrounded
by a sink free region before being placed in the effeclive medium containing
all the sink types in the microstructure, and extending to infinity. For
simplicity, and because it has been shown that the void sink strength is only
slightly sensitive to the thickness of the matrix shell that is considered to
surround each void, such a sink free region is omitted entirely. The void, of
radius re, is thus imagined to be embedded directly in the effective medium.
The problem then is to find the defect Mux to the centrat cavity embedded in
the medium. The defect concentration, now wrillen simply® as ¢, is the

*The swbacripts i and v have been dropped since the cquations for interstitials and vacancies
are of identical form and uncoupled when bulk recombination is ignored.
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sofution of,

Dd ,de 2 . .

r'zdr" (ir—D’((+h+K =0, (3.“'
where k2 and K*° include the contributions from the void sinks. The defext
flow boundary condition at the medium—sink interface s,

de .
D i . = \’[('(”(-' —ée). (3.12}
where v is the transfer velacity from the matrix 1o the sink and vé, the
thermal emission rate from the cavity. The solution of this problem is,

(€7 = ehore/D re

c=c"® o
t+kre+vre/D r

where ¢ = (K + KyDk2, Hence, the surface integral of the flux into the
cavity, J, is given by

o R = e 4 ki)

T Y koA wgp (3,14

!t is evident that this must equal the net flux o0 a cavily in the medium that
IS,

Jo = (Dki&® ~ K2)/C,, (3.15)

where C is the volyme concentration of cavities, Hence, the cavily sink
strength, k¢ is given by,

2 | [Cc 4n{c™ - qul_ﬂfg)vrgjb + K_;]

] 1+krc+vre/D D (3.16)

Applying the low temperature limit when, by definition, K&/D vanishes, and
€ tends to zero, equation (3.16) yields;

k= drreColl 4k y /D
= drcCell )00 a7

Furthermore, since cquation ({3.t6) must hold at all temperatures, it follows

MO

e-tir —r,l' (3[3 .
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that,
Ke = Dk, (3.18)

with kZ given by equation (3.17). These are the general results of this model
for the most general form of boundary condition. For the case of dilfusion-
conirolled transfer through the matrix—sink intcrface, v is of the order of
Dflattice spacing. So, for voids of any significant size, w /D 3 |, and
2quation (3.17} becomes

ki = drreCo(l + kre). {3.19)

Thus, it is scen that the void sink strength, k&, depends upon ull 1he sinks in
the medium, through the term kre.

The above discussion has demonstrated the power of the effective medium
approach for determining sink strengths, at least for ncutral sinks of simple
geomelry. For the dislocation sinks, the geometry is complex and the
dislocation—point defect interaction must be included (Brailsford and
Bullough 1981). Much atiention has been paid 1o this t1opic and, recently
@ullough and Quigley 1981), a new sink strength has been derived
rigorously for a long straight dislocation, and applied successfully to the
dectron, heavy ion and neutron irradiation of 316 steel (Bullough and
Quigley 1983). Sink strengths have been derived also for saturable solute
atom fraps (Brailford and Bullough 1976, Bullough and Hayns 1978), as
discussed in §2.1. For such a trap which binds only vacancies. the probability
of trapping a vacancy is propottional to the number of unoccupied sites at
thke trap, that is 10 the probability that the trap is not fully occupied. On the
other hand, such a trap can only trap an interstitial if it aslrcady has trapped
a vacancy with which the interstitial can recombine: the probability of
tsapping an interstitial is thus proportional to the occupation probability of
the trap. The sink strengths of 4 vacancy trap for migrating interstitials and
vacancies thus depend on the occupation probabifity of the teap : this is given
by ensuring that it remains stationery at the trap. It is found that these sinks,
a1 which only enbhanced recombination occurs, have sink strengths that are
sansilive o the slightest presence of bulk recombination elsewhere in the
system. As a result of this sensitivity, some theoretical problems remain in
this area,

A study, following a procedure suggested by Brailsford and Bullough
(1381), has also been made of the theory of dynamic sink strengths for both
puIsing and arbitrary darl.lage rate conditions, Such pulsing conditions might
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be expected 1o prevail, Tor example, in certain proposed fusion reactors. THs
recent work (Rauh et al, 1982, 1983) has shown that for pulsing conditions it
is not meccssary ender most conditions to use complex dynamic s rk
strengths and the corresponding steady-state forms can continue (Ghonen
and Kulcinski 1978) 10 be used, However, dynamic sink strengths are
nceessary if the sink densities are very high (Rauh et al. 1982, 1983),

34. Recil effects

The rate theory equations reviewed in §3.2. do not deal with the effects of ihe
damage cascade collapse o form vicancy loops. Here, those modificaticns
required 1o treat this phenomenon are outlined {Bullough et al. 1975). Two
additional rate equations describe the number of vacancy loops per uit
volume, Ny, and the fractional number of vacancies in vacancy loops, 9.0
Thus:

AN _mv N (3.X)
dr 2 T
and
F!fév‘\_‘_l: =K~ klz\'LDici + kf\'LDrcv ~ K- (3.2

In these equations, n,, is the fractional concentration of vacancy loops
created per second ;

eKb? -
" wroy o2
where b is the magnitude of he Burgers vector (as above) and £, the atomi:
volume, has been set equal 10 b°, ¢K is the fractional rate a1 which vacancies
are removed from solution to form vacancy loops, and ry, {0} is the initiad
tadius of newly formed vacancy loops. 1 is the lifetime of the vacancy loopz
and is given, from a Taylor series expansion of ry, (1), by,

Sy
(dry, /di b

320

The loop shrinkage raie, dry, /d¢t, can be expressed in terms of the vacancy
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loop sink strengths for interstitials, k%, . and vacancics, k2, , and the vacancy
emission rate from vacancy loops, K:,,. To complete the modifications,
equations (3.8) to (3.10) of §3.2. become, respectively :

K,=({l-gK +K:C+K§N+K:.._+K:GB+K:“, (3.24)
Sk RN KR ki + K2y, (3.25)

and
k= kb + k3 + k2 + kiGe +k3,,. {3.26)

This formalism to include the formation of vacancy loops from
displacement cascades therefore introduces two new parameters into the rate
theory model: (i) rvi(0), the radius of the vacancy loops immediately
following their “athermal” formation, which can be estimated directly from
experiment ; and {ii) ¢, where ¢k is the fractional rale at which vacancies ate
removed from solution to form vacancy loops, In practice ¢ is the adjustable
darameter which distinguishes between clectron (¢ = 0) and cascade damage
0 < e < 1), and may be derived in the manner outlined by Bullough and
Quigley (1983) and Bullough et al. (1975), Alternatively, it may be possible (o
£ain more direct information on & from detailed experimenta) observations of
displacement cascades. It is the values of ry, (0) and ¢ in the theory which
chiefly serve 10 distinguish fusion and fast fission neutron damage.

4.5. Other topics

In this section, certain other topics are discussed briefly in terms of their
treatment within the rate theory representation of microstructural evolution
effects.

As intimated in §2.4., void nucleation is treated in a semi-empirical manner
ir: the rate theory of void swelling and ircadiation creep. The calculations are
started with an assumed concentration of small, ~ | nm, cquilibrium gas
bubbles, the concentration being taken from experimental observations of
vaid densities. Hence, the initjal nucleation phase is not treated explicitly. As
the caiculation proceeds, gas is fed into the cavities according to the chosen
Bas generation rate; for numetical simulation of a particular experiment this
rale would be that pertaining during the experiment. In virtually all the
calculations performed to date the 1o1al quantity of generated gas has been
allocated to the cavities. The increasing cavity gas pressure tends to reduce
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strongly the vacancy thermal emission from the cavitics, which grow by the
irradiation-induccd net flux of vacancies to them, When the cavities reach a
certain critical size they are able to grow without the further addition of gas;
that is they can grow as voids rather than as gas bubbles (Clement ani
Wood 1980). This treatment aflows the incubation dose before the onset cf
substantial void swelling, as observed in experimental void swelling studies,
to be modelied physically, The incubation dose is found to be particulatly
sensitive to the irradiation temperature and the gas gencration rate, and as
such is important in fusion material studies, Recent investigations of void
swelling in 316 stecl (Bullough et al. 1983a,b) have indicated that it is more
appropriate to partition the gas between all the sink types in the micro-
structure (Yoo and Mansur 1979), rather than simply allocate it all to the
cavities; further work is required in this area.

The problem of introducing microchemical concepls into the general rate
theory of swelling is indeed a diflicult one. To model rigorously the re.
distribution of solute between the matrix and the various precipitates
together with any associated phase changes during irradiation, would require
sink strength derivations for the intimately coupled system of point defects
and various solute atoms migrating 1o a general precipitate sink. So far this
has not been attempted, However, it is possible to make some progress in
modelling the consequences of the microchemistry. Sink strengths have been
derived, as discussed in the previous section, for solute atoms acting as
saturable traps for migrating point defects. Also, the effect of restricted poinl
defect access to their various sinks, such as voids and dislocations, through
solute build-up close to them, can be modelled through a judicious choice of
the matrix-sink transfer velocities {Mansur 1978). Recently, a mechanism of
precipitate-enhanced cavity swelling during itradiation has been investigated
by Mansur (1981). It is often observed experimentally in complex alloys that
the largest cavities produced during irradiation are aitached to second phase
precipitate particles. One hypothesis that such observations suggest i that
the precipitate-matrix interface may assist in the collection of point defects,
which are channelled to the attached cavities, Mansur's analysis suggests that
those cavities attached to precipitates may grow scveral times larger than
cavilies isolated in the matrix. This effect is relatively easily incorporated into
the rate theory through the introduction of an extra rate equation describing
the net flow of vacancies 10 a second population of voids with an increased
“capture radius™. It is likely that the acquisition of gas is also enhanced by
the nearby presence of a precipitate sink; hence, the void incubation dose
should be lowered significantly for such cavitics,

If a metal sample is irradiated whilst being subjected 10 a uniaxial tensile
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stress, its dimensions can change without a change in its volume. OFf coursc,
in the void swelling regime it is necessary to substract out the void swelling
contribution to get the volume conserving dimensional changes. This
phenomenon is known as creep and, in general, is made up of two, not
necessarily additive, components: these are termed thermal creep, which is a
high-temperature phenomenon, and irradiation Creep, which is found a1
temperatures below those at which thermal creep is possible,

Several mechanisms have been proposed for irradiation creep, based on
climb, glide or combined climb-glide processes (Mansur 1979, Bullough and
Wood 1980, Nabarro et al. 982). However, the SIPA climb creep
mechanism, the basis of which has been discussed in §2.3., is the most well
developed and widely applied model, Its incorporation into the rate theory
framework is well documented, and it is the mechanism included in a recent
computer program to model simultaneously void swelling and ireadiation
crecp (Windsor et al. 1981). Because of the concern that the existing rate
theory does not embody any represemtation of the dynamics of the
distocation evolution a climb creep model is currently being developed
(Bullough et al. 1981) The model simuftaneously describes void sweiling,
SIPA creep, and thermal creep of the type discussed by Naburro (1964). The
processes turn out to be inextricably coupled via the evolving dislocation
distribution, for which rale ecquations have been derived from simple
microscopic models of dislocation generation and annihilation, It is believed
that these developments will greatly extend the range of applicability of the
rate theory of microstructural evolution. For power law creep at high
temperatures further development is surcly required.

4. Simulation of neutron damage

in developing materiais for future application in fusion reactor devices, it is
feoessary 10 make recourse to simulation of the actual fusion environment
owing to the lack of a prototype 14 MeV neutron source, Those 14 MeV
heutron sources which do exist are limited by low neutron fluses and small
sample volumes. The simulation tools which might be employed are: the
HVEM, heavy ion damage sources, proton accelerators and both thermal
and fast fission neutron sources, In this section the discussion is centred
around those issues seen as particularly important to the use of simulation,
The topics considered are: {a) the philosophy of simulation, (b) the
temperature shift, {c) gas effects and (d) microchemical and recoil elfects.
Finally, in §4.5. we illustrate the present state of the art by outlining a recent
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successful prediction of the swelling in neutron irradiated 316 stee! based on
a correlation with simulation data.

4.1. The philosophy of simulation

Already, a great deal of research has gone into investigating the damage
behaviour of a wide range of pure metals and alloys. Parallel efferts have
been made to develop methods for analyzing and extrapolating :he data,
particularly 10 higher doses. These data analyses have proceeded along two
main lines. The more widely accepted approach, which is being used to
develop rules for predicting high-dose reactor void swelling and cresp
behaviour, is to subject the existing data to statistical analysis and thus
obtain comparatively simple empirical relationships. Such am approach
requires the input of only the void swelling (for example) as a l’umior! of
dose, dose rate, stress and temperature, and does not require any detailed
knowledge or understanding of the damage structure. The second appro.ach
has been to construct the theoretical rate theory model based on physical
understanding which provides a framework for describing the evolution pf
the damage structure as a whole. Whilst this model has been successful in
identifying the important physical processes involved it is not, as can‘ be
judged from the discussion of the previous sections, an ab initio theoretical
model and, hence, requires quantitative calibration using input based cn
accurate experimental observations of the damage structure, particalarly at
low doses. Unfortunately, much of the experimental work on reacter
materials has involved obtaining void swelling data without detailed
structural observations. Thus, it has not been possible 10 develop the
physical models to the siage where they could be used to predict
quantitatively the swelling behaviour of reactor components. .

It is clear thai the second of the two approaches oullined above, that is the
use of the physically based rate theory model, is very preferable to the
statistical approach, particularly when extrapolating well outside of the
available data base, which is inevitable if simulation is employed to construct
that data base. Hence, in the case of reactor malterial development, an
important aspect of the overall programme should be the [urther
development of the theoretical model together with a program.me of dala
collection relevant to the model requirements. Overall, a systematic approaci
is recommended (Bullough e1 al. 1977).
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4.2. The temperature shift

Many technigues for the simulation of fusion reactor materiais, such as the
HVEM and the Variable Energy Cyclotron (VEC), were originally adopied
for simulating the damage in fast breeder reactors. The aim there was
primarily 10 shorten the timescale of the dumage, that is to reach high
displacement damage doses in short times. This is not the sole aim in ihe
simulation of fusion damage where, because of the fack of any protolypic
irradiation facility, it is desirable to simulate as closcly as possible the
characteristics, for example the nature of the cascades, of the 14 MeV
neutron damage. Nevertheless, techniques giving a high displacement damage
dose rale, often about three orders of magnitude higher than in the reacior
situation, are found useful in fusion reactor maierials development, even
though the damage characteristics are not as desirable as they might be.

A major problem in the use of high-dose rate simulation of neutron
damage, which vequires substantial (heoretical interpretation, is the resultant
shift in void sweiling to higher temperatures (Brailsford and Buliough 1972),
This phenomenon is explained as follows: typical void swelling versus
temperature profile shows a maximum al some lemperature. The reduction
in swelling at low temperatures is due to the presence of bulk recombination
of the point defects, whereas the reduction in swelling at high temperatures is
caused by the eventual dominance of the selfdiffusion term D.ei. Au higher
dose rates the steady-state concentrations of vacancies am inlerstitials at a
particular temperatyre Tise, with a consequent increase in the propartionale
loss of defects by recombination. This shifts the low-temperature “cut-off” 1o
higher temperatures at higher dose rates. The high-temperature “cut-off” s
similarly shified because the eventual dominance of the sell-dilfusion term is
moved to higher temperatures. Temperature shifts of over a 100°C are
commonly found., Such temperature shifts are particularly difficult 10
interpret when two sweiling peaks are observed under neutron irradiation,
for exampie in solution anncated 316 steel. In these circumslances, the
simulation might show only a single peak, with perhaps a shoulder. Then it
is necessary to relate the single simulation peak to one of the two neutron
peaks,

To further confound the situation it must also be recognized that the sink
densities vary with temperature and dose rate ; thus the reduction of swelling
at low temperatures is akso dependent on the recombination losses at the
sinks as well as in the bulk and therefore changes in this loss will also affect
the precise shift ; clearly a physically based theory is indispensible for such
correlations since all such contributions are simultaneously included.
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4.3 Gas effects

In neutron-irradiation environments helium and hydrogen are produced in
structural metals through (n,a) and (n, p) reactions respectively, The exac
quantities produced depends upon the composition of the material and the
ncutron energy spectrum. In the fusion environment, the high gas productior
rates in steel are sure to influence the microstructural response of the
material, particularly at higher temperatures. The importance of helivm as a
nucleating agent for cavitics has been discussed in earlier sections ; the role, il
any. ol hydrogen (a fast diffuser) is not unambiguously determined.

In high-cnergy proton simulation of neutron damage gas is generated in
situ, but for other simulation technigues, such as the HVEM and VEC, gas is
not generated by the source of damage. Several approaches have been
adopted 1o circumvent this problem. The carliest of these was the
development of the technique of pre-implanting materials with helium prior
to the damage simulation. This procedure docs not, however, reproduce the
conditions pertaining under neutron irradiation of a continuous injection of
gas into the material. Hence, more recently, experimental facilities have been
developed to allow the simuliancous injection of helium, from an a-particle
beam, and displacement damage, by heavy ions. Mcusured void swelling
shows a marked sensitivity to the method of gas implantation (Packan and
Farrell 1979), as would be expected from the theory of void nucleation. An
adequate theoretical understanding of gas behaviour is, therefore, considered
essential 10 the success of these simutation techniques.

Even if, as in the case of proton simulation, gas is generated in situ during
irradiation, variations in the ratio of the gas production rate to dose rate cun
lead to misleading conclusions. This is especially true of information
collected at low doses, where the measured swelling at high temperatures is
particutarly sensitive to the void incubation dose. A general theoretical
analysis of the expected sensitivity of the high-temperature swetling to
variations in dose rate and gas generation has been published {(Hayns et al.
1978),

4.4. Microchemistry and recoil effects

It is now well established that during the simulution of neutron damage at
high dose rates, the microchemistry is ahered relative 1o that found during
actual neutron irradiation. New phases are often ohserved and phases found
under neutron irradiation disappear a higher damage rates. At present there
is no real understanding of this behaviour and, therefore, theoretical effort is
required in this area,
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As discussed earlicr, one of the major differences found between the 14
MeV fusion neutron damage and other nevtron and simulation damage is in
the displicement cascade structure, An interplay is required here between the
theory, where cascade effects are modelled  through the Fo ) and ¢
peramcters, and detailed experimental observations, such as those of English
ard Jenkins (1981). Molecular dyramics studies should aiso be helpful in
explaining the refationships between the different sources of dumage.

4.5 The correlation for 316 steel

In rhis section we outline a recent attempt to predict the swelling behaviour
of 316 steel under heavy ion and ncutron irradiation (Bullough and Quigley
19%3). In that study the microstructure was assumed to consist primarily of
neiwork dislocations and voids and the various physical parameters required
to zefine the sink strengths of these two sink types were delermined by fitting
the theoretically predicted swelling under clectron irradiation to relevant
HVEM data (Makin et al. 1980). This calibrated rate theory was then used,
without Turther modification, 1o predict the swelling behaviour of the sleel
undar 465 MeV Ni** and fast neutron irradiation; the only further
“paameter” required is the cascade collapse efficiency « (described in §34.)
to account for the very diflerent recoil specira of heavy jons and fast
newrons compared with the elecirons.

Two theoretical curves for the Ni** irradiation are shown in figure |
toge:her with the experimental results of Hudson (1976) a1 40dpa. The
caloulations were started with (he experimental swellings a1 16dpa, so that
onlx the transition from the swelling at 16dpa 1o the swelling a1 40dpa was
predicied. The dashed curve in fig. I was obtained without vacancy loops
£ =0) and the very good correlation at 40dpa (the solid curve) was
obtzined with £ = (.2 Vs The results clearly demonstrate the importance of
cascade collapse processes for the heavy ion irradiation of this steel,

With no further adjustement of any parameters, including r, the dose rate
was seduced to that appropriate for the fast reactor and the predictions given
in fim. 2 for the swelling transition from 39dpa to 62.5dpa were obtaincd,
The relevant data (Kenfield et al, 1978) at these two doses is also shown in
the figure. We now see 4 much reduced sensitivity to ¢ and a prediction of
the swelling at 62.5dpa (the solid line) that is quite close to the obscrved
vaiues over the entire temperature range. The lack of sensilivity 1o the recoil
spectium under fast neutron irradiation occurs in this steel because the 1otal
sink densities are rather high at the lower lemperatures ind thus the
preseace of vacancy loop sinks do not make » significant increase to the total
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Fig. 1. The temperature dependence of the swelling in 316 steel irradiated with Ni** joas.

(x} and (0): experimental swelling values (Hudson 1976) at 16 and 4)dpa respectively. Tae

theoretical curves at 4ddpa have been obtained by considering the swelling development fram

the 16dpa state for the data given by Bullough and Quigicy (1983). The dashed curve (¢ = D)

indicates the result of neglecting vacancy loop formation, whercas the solid curve has been
obtained with the vacancy loop parameter ¢ = 0012,

sink strength of the microstructure, It follows that, for this steel, recoil eflec:s
are not qualitatively significant and the high energy electron simulation can
itsell enuble a reasonable prediction of the swelling under fast neutron
irradiations to be made.
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Fig. 2. The temperature dependence of the swelling in 316 steel irradiuted with fast neulrons.

(x} and (0): experimentul swelling values (Kenficld o1 al. 1975) at 39 and 62.5dpa respectively.

The theoretical curves at 62.5dpa have been obtained by considering the swelling development

frpm the 39dpa state for the data given by Bullough and Quigley (1983} The dushed curve

(e = ) indicates the result of neglecting vacancy loop lormation, whereas the solid curve has

been obtained with the same vacurxy loop parameter as used for the cotrespomding curve in
figure 1.

5. Conclusions

In this chapter the present and future role and status of the theory of
microstructural evolution during irradiation damage has been reviewed, Here
the conclusions of the review are drawn together.
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The role of theory is basically fourfold ;

{1) To increase our fundamental understanding of the important processes
poverning void swelling and irradiation creep in metals and alloys,

(2} To build compitational models of the microstructural evolution so
that reliable predictions of void swelling and irradiation creep can be Pade
under a wide runge of irradiation conditions,

{3) To enuble the link between reactor and simulation conditions te be
made convincingly.

4) To help in the design and analysis of reactor and simulaion
cxperiments, '

Al of these roles are applicable ar present and will remain so in the futyre,

The present status of the theory shows some arcas to be well dewlosed,
and other much less so. Overall, o good lundamental understanding of the
microstructural  evolution during irradiation exists. However, a notable
exceplion to this encouraging picture is that the microchemicat effects are rot
worked out in detail; for cxample, the cffect, if any, of solute segregation an
the dislocation bias has not been investigated. Also our knowledge of the
cuscade collapse  process s inadequate. The mathematical rate theory
representation of the damage processes is widely accepled, and the cenual
problem of the delermination of the sink strengths within the effec ive
medium approximation is well understood in principle, and essentially sol ved
for many of the sinks in the microstructure. Some examples of outstanding
problems here are: {i) a minimal representation of microchemical effects, §i)
4 less than adequate treatment of void nucleation, {iii) the lack of a fuily
consistent treatment of dislocation generation and recovery, and (iv) onlv a
preliminary  trestiment  of puised irradiation. All of these particular
inadequacics are currently being investigated. The theoretical understand:rg
of the complex relationships  between reactor and various simulation
techniques is penerally well advanced but, of course, it can only be us
complete as is our overall appreciation of the damage processes. For the
Tuture, five pressing areas are identified ;

(1) The fundamental understanding of the nature of 1he cascade damage
and the cascade collapse to Jorm vacancy loops should be improved.

(2} The rate theory treatment of void nucleation and gas effects in genersl
should be developed further.

(3) The theoretical nature of the evolution of the dislocation structur=
during irradiation should be investigated further, and fully consistent rate
equations formulated.

{4) The current rale theory treatment of puised irradiation should e
further developed.
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(5) Microchemical cffcets should be investigated  forther from  the
fundamental standpoint, and a rate theory treatment should be developed,
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