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In this article the experimental and theoretical
results on the formation of veid and bubble lattices
by irradiation are reviewed. The experimental
observations are grouped into four categories: void
lattices in metals formed by meutron and jon
irradiation, void ordering by electron irradiation,
bubble lattice formed by low energy light ion
implantation, and void lattices in alkali carth
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SUMMARY fluorides. The article trics to develop a consis;.ent

physical picture for all these cases. The ordering is
viewed mainly as 2 non-equilibrium phase transition
and various mechanisms proposed for the instability
are discussed and related to the observed kinetic
conditions for ordering. The approgch followed is
consistenit with other models based on crystal
anisotropy and superlattice energy. The ordering
therefore arises duc to a combination of kinetic and
energetic processes.
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1 ORDERED STRUCTURES IN SOLIDS

Symmetry manifests itself in a variety of ways when
atoms combine to form solids, Atoms are known
1o arrange into periodic lattice structures and for
near-equilibrium conditions give tise 10 beautiful
shapes of crystals. In other cases, _enwrompem can
influence the solidification process_mtrodmng non-
equilibrium eflects producing dehghtl'l.glfshapes.as
in the case of snowflakes! or the dendritie tree-like
patterns formed during solidification of llloys m?m
their metals,t Symmetric wrrangements’ involving
atoms and defects can also form within the ordered
host matrix of solids. These range from the faceted
shapes of precipitates and voids due to crystal-
lographic anisotropy to superiattice arrangement of

defects. 1n the latter category are the well-known
modulaled structures? consisling, of periodic ar-
rangement of stacking faults, antiphase boundarlnes
and shear planes in alloys and compounds I_1ke
CuaSn, NizMo, TiO: and Re(_);_,; supr:rlattaces
consisting of vacancies and imersuugls 4-%in V_.Ng.
TaesC, VieN and TagaN respectively; penoqlc
concentration fluctuations? due to el_ecirqn ir-
radiation in alloys like: CuNi and lnadlataqn
induced superlattices of vgids® and gas bubbles? in
metals like Mo, Ni and tompounds1® like CaF.
Environmental, equilibridm or non-equilibrium
conditions play an importént role in the emergence
of these symmetric arrangements and the underly-
ing mcchanisms are varied and in some cases not
well understood. This article deals mainly with
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ordering of voids and bubbles in radiation environ-
mits. Howevet, there are parallels which can be
drawn between radiation-induced ordering pheno-
mena and ordering in other systems providing a
useful contact with the different theoretical
approaches, These general approaches are briefy
discussed before dealing with specific questions
regarding the formation of void and bubble lattices
in radiation enviropments.
Most ordering phenomena can be traced to one
or more of the following three mechanisms. (i)
Near-equilibrium processes involving energy or
entropy considerations, (i) manifestation of crys-
tallographic anisotropy cffects, and (i) non-
¢quilibrium processes. The external shapes erystals
acquire and the formation of modulated structures
are near-equilibrium phenomena involving atomic
and elastic interactions where crystallographic
anisotropy plays an imporiant role. Crystals form
layer by laver through local aton additions, the
externzl shapes corresponding to  the slowest
growing atomic planes.’? In modulated structures
lthe <%car planes in T i (or ReOy), electren
Microscopy reveals the e; rly stages of the develop-
ment and it is observed!” thet the shear planes form
in pairs and develep by the co-operative rearranpe-
ment of aloms (calien interstitials in TiO: or
ReQ:) on an active “hairpin” shuped front. The
shear planes form with specific orientations Jike
{132} or {121} in the host matkix, the jatter being
favoured for higher oxy gen-deficient systems. The
array develops by addition of shear planes in pairs
until it extends throughout the erystal. Stoncham
and Durham!® have shown that the regular spacing
berween arrays is one where the long-range clastic
str.fn and a smali electrostatic interaction energy is
a minimum. Similar elastic interaction has been
Proposed' for vacancy and interstitjal lattices in Ta
and V. Here it is impottant 10 observe that Jocal
atomic rearrangements determined by the erystal
anisotropy  interactions are involved in  the
formation of the ordercd defect structure. On the
other hand, we have the ordered palterns in snow-
flakes. These involve a global transformation where
the entire Symmetry patiern evolves spatially,
simultaneousty evolving through different stapes.?
There are no local or internal mechanisms which
operate.  The symmetric pattern arises when an
instability develops due to the variation of some
external parameter such as concentration or
bumidity. Such transformations involve non-
equilibrium conditions and the instability arises due
10 the dynamic processes in the system while the

specific symmetry which develops is influenced by
the boundary conditions,
lp many cases it is not possible on the basis of

considerations or involves global characteristics of
non-equilibrium trensitions. it js possibic that the
ordered structure which ¢merges may be jp-
fluenced at different stages of its evolution by both
these mechanisms. This perhaps may be the case
with the ordering of voids and bubbles. 1t is for this
reason that the theoretical models for void ordering
have viewed the problem of void lattice formation
from different points of view.t There are two
striking features in the experimental observations
regarding the ordering of veids and bubbles. Firse-
ly, a5 a function of the radiation dose a random
distribution of voids or bubbles is formed which
only subsequently orders. Secondly, the ordered
Iattice is related or has the same symmetry and
alignment as the host lattice. The first scenerio of a
transformation from a disordered ta an ordered
lattice is very similar {at least superficially} 1o the
sell-organization process’ shown by cevoral non-
equilibrium  dissipative Sy3tems. %17 Here (e
transition appears to have a glubal characrer with
spatial alignments of 1pids appearing  simul-
taneously at several plzces. These finally cevelop
into a three-dimensional array as the sy siem siahil.
izes after undergoing several instabilijes as a fune-
tion of some control parameter. However. in carrying
this analogy funher a basic difficulty appears in
conceiving why the void or the bubble-lattice
always emerges having the same SyMimetry as thay
of the host lattice, The Tale equations used to
model the evolution of the defect strecture in
radiation environments are homogeneous and
hence spatially structureless.  They contain no
information about the erystal anisotropy and by
themselves cannet Provide any explanation about
the void superlanice symmetry. At best, these
equations can give information about the length
scale for the spatial correlations based on the
diffusion and the kinetie conditions for the onset of
ordering but not the specific symmetry of the
lattice, It is evident that this symmetry is pot
related 1o any external boundary conditions and
therefore processes based on the crystallographic
anisotropy must be importan.

TAn excellent discossion on the merits and demerits
of these models iy gvailable in the reviews by A M,
Stoncham 9.4
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1

At this stage it is instructive to look at the
mechanisms involvéd in dendritic formations or
snowflakes. In thif case a characteristic length
parameter is the ratio y/L, where y is the liquid~
solid surface tension and L the latent heat per unit
volume of the solid. The basic pattern emerges
from the free-boundary conditions imposed on the
solid-Jiquid interface which change with time as the
interface progresses.t This gives the general features
of the growih.” However, the inicresting aspect is
that in this case also the crystalline anisotropy of the
solid manifests itselfin several ways; the orientation
dependence of the surface tension y, the ani-
sotrapy in the heat flow and the molecular attach-
ment kinetics at the sotid interface. The iatter in the
case of ice crystals restricts the growth o the basal
plane giving snowflakes the flat feathering features.?
We see, thereforc, that in the process of ordering
there is an imermingling of the basic kinetics involv-
ing a global non-cquilibrium transition with loeal
energy or anisotropy conditions.

From the above peneral introductory comments
it is apparent that a complete understanding of all
aspezts of ordering of voids and bubbles is not vet
avatlable.  However. different aspects like the
kinctics of the Lransition, the emergence of the Enal
structure, its stability and symmetry, can be viewed
with the aid of dilferent models with the hope that
these can be integruted into a single mathematical
structure.  This 1» the approusch which will be
followed in this article. In Section 2 the basic
phenomena and the available experimental results
are reviewed. Section 3 deals with the kinetics of
the transition siewed as a non-equilibrium dissi-
pative system, while Section 4 sopsiders other
models like those involving the interaction between
voids and anisotropy effects. Finally, Section §
concludes with a summary and comments about
some of the outstanding problems.

2 THE PHENOMENA AND
EXPERIMENTAL OBSERVATIONS

2.1 The Phvnomena

The thcory for the growth of voids in metals
random distribulion) is now well established.!#-23
In its simplest form, in this theory, the radiation
continuously produces vacancies and interstitials
due 10 atomic displacements. These point defects
subsequently undergo recombination (in pairs) or
drift to sinks like dislocations, thereby maintaining

a quasi-steady state concentration. The central
concept is a dias effect whose origin can be traced to
the differenice in the strain fields associated with
vacancies and interstitials which leads 1o a difference
in their interaction with dislocations. This bias
results in & slight preferential flow of interstitials to
dislocations. As a consequence of this the vacancy
concentration tends to increase since they atve
continuously produced together with the inter-
stitials. However, the voids act as sinks for these
vacancies and this explains why they grow in size as
the irradiation continues. The two requirements of
this theory are the existence of a biased interaction
and the presence of a biased sink, namely dis-
locations. The model is schematically shown in
Figure 1,

For practical application, the above model is an
over-simplified one and other effzcts introduced by
the radiztion have 1o be 1aken into account.?® The
process of void formation in metals occurs at
approsimately 037, where T, is the melting
pomnt of the metal. This is bocause the radiation-
produced sacaacies huve 1o be mohile. Other defect
structures car also develor as a result of the
radiation, Two impenant eres are the interstitial
dislocution loep: and svacarsy dislocation leops.
The interstinzl leops are formed as a result of
clustening of intersuitisls (deperding on temperature)
and subsequertiy grow in the radiation environ-
ment. AL high concentration: they can interzct
with each ether, piving rise te a network dislocation
structere. On the other hand. vacancy leops are
formed due to an athermal collapse of the vacancy-
ricl: core of cascades and later chrink by preferential
interstitial absorption due to the bias. They
therefore exist by a process of dynamic equilibrium
being continuously produced athermally and
subsequently shrinking in the environment of point
defects. Vacancy loops are formed only by neutron
and charged particle radiati~n and not by electron
radiation, since in the latter case the atomic
dispiacements result in Frenke! pairs and not in
castades.?® There are also other effects which
intraduce additional complications in the detailed
modefs. At high temperatvres (0.3 1,) thermal
emission of vacancies is possible from the extended
defects and in the case of vacancy loop contributes
to a more rapid rate of shrinkage. Ancther variable
involved is the concentration or number density of
voids or interstitial loops. This generally increases
with dose but tends to saturate at higher doses.
These complex processes do not alter the basic
mechanism of void evolution shown in Figure 1 but
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Distributior of the irradiation-produced point defects. The recombination in the matrix and at

extended defect sinks results ja (beir ann'lndason n pairs, while the remaining point defects contribute fo a

build-up of a stead:-siaie Concenl
interstitial wpe sinks resulting in 1

influence the rate of »oid growth at differemt
temperatures.  This js because the addwional
extended defects act as sinks and compete for the
point defects.

Compared to void formation in metals only a
qualitative picture is available® for the formation
of voidsin CaFz. The 100 keV cliectron beam energy
used is insufficient teo directly displace either calcium
or fluorine atoms. It has therefore been proposed?
that the vacancies (or F-centres) are formed by
non-radiative transfer of energy from an excited
state into iopic motion along close packed fluorine
1003 rows. In this case the damage or Frenkel pair
defect production is coafined to the fluorine sub-
lattice only. Te account for void growth, a bias
arising from 1he behavioural difference between
vacancies and fluorine interstitials has been

ton. Ir ihe presence of a hiased sink point defects flow 1o vacancy or
# obsorsed phenartena of void growth.

supgested,®.25 the latter going preferentially 1o
form gas bubbles while the former to wvoids.
Because of the binary nature of the compound and
selective removal of Rusorine into bubbles, calcium
metal crystallites are expected to Le formed. These
crystaliites are coherent with the CzFq matrix and
are in fact the anion voids which are observed.2s
There are, therefore, sigrificant differences both in
the point defect production and the microstructure
which develeps in this case as compared 1o voids in
metals.

The physical processes involved in the formation
of bubbles (random distribution) are different from
those in voids. Bubble growth requires the
agpregation of gas atoms, and to accommodate
them vacancies are normalty required and are either
produced thermally or by irradiation.?®.?* The
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temperatures for this process must be sufficiently
high so that the vacancies are mobile. For this
reason, in some metals helium goes into sohation in
the matrix both interstitially and substitutionally??
and precipitates into bubbles at higher tem.
peratures.?® However, bubble formation has also
been observed at room lemperatures in metals like
Cu, Niand stainless steel where vagancy mobility is
known to be very low.3 In these cases either
radiation-induced vacancy migration® or seme
other mechanistn like the interstitial leop punch-
ing3? due 1o overpressurized bubbles oceurs,
Unlike the case of voids the role of the irradiation
is mainly to implant the desired concentration of
gaseous jons, and the growth of bubbles does not
require any concept like a bias or a biased sink.
However, such an implantation is always accom-
panied by the production of vacancies and self.
interstitials and the damage rates are high% (~10-2
dpa s2¢) and this influences the process of bubble
growgh M

AtZrstit would be natural to think thas the basic
techenism for the growth of yoids and the bubbles
shewld 2o be linked with the process of ordering.
40l af qhic connection s difficult to foresee.
thoug'. it has been suggested by Chadderton er o/ 28
thai e behavioural diflerence of the vacancy and

erstiticl which leuds to random void arravs

culc also be responsivle for the formation of the
sipetl tices. The physical rrocesses invelved are
st 2 matter of debate and it has not been possible
o resolve these from the available exXperimental
ob-eriations.  Broadly. four stages have been
sugge-ted® far wvoid ordering. (1) The initial
formation of randomly distributed smahl voids, (2)
the prowih of large voids at the expense of smaller
voids, (3) the appearance of small ‘ocal regions
where voids starg having spatially ordered cor-
relations, and (4) the spread of these regions to
adjacent areas. In the case of bubble lattice, in
addition to these four stages a fifth stage has been
observed where () the small bubbles afe inter-
connected forming pipe-like passages within the
implanted layer 33

It is convenient to group the experimental results
into four broad categories;

i in

I Void lattices formed by neutrons and charged-
particles in metals and atloys.

1l Ordering of voids by electrons in stainless
steel containing nitrogen. :

1IT Bubble lattice formed by light gaseous jons in
metals and alloys,

IV Void lattices by electron irradiation in alkali
earth halides,

In each of these four categories, the irradiation
conditions for which the ordering occurs are differ-
ent.  Despite this, the general features of the
superlattice which emerges are remarkably similar.
The first observation of void ordering in metals was
by Evans?5.34 in 1971 in Mo using nitrogen ions.
This was followed by similar observations using
newtrons or ion irradiations in metals like Mo3b-az,
Np3#.4-42, T3, waz.as ChI7dh, Mgy, Nj19.50,
Al%) and alloys Mo-5%Tis.52, Nb- 15,2547,
TZM3® and Ni-2%A14 In these experiments,
which are clubbed together as Group, nevtrons or
charged particles have been employed at elevated
lemperatures of about 0.3 T, to induce ordering.
Also in these cases, ordering has not been prodyced
by electrons thongh they are sery effective in
forming voids. The only case of ordering in metals
induced by electrons {Group 11} has been reported
by Fischer and Williams®® for stainless stecl, In
this expcriment the rresense of a high concen-
tration of nitrogen in the saimple was found to be an
HNpOTiant prerequisite. On the other hand, in
Group 111 the bubble-lartices o re formed generally
al form temperatures. Lrihe seod-lattices in
metals which form roere rezdii in be than fee
metals. these have boen obseryedt- 3554 i foe Cu
Niand stainless stecl, but have been formed al<o in
boy®s.28 W g apd hep® Tio Finaliv.in Group 1V are
the non-metallic compounds!: 2.2 Jike CaF; and
SrF:. These also imvolve room  temperature
irradiation using an cleciron beam. The irradiation
conditions and the parameters wkhich are involved
in the ordering process are discussed below for these
experiments.

2.2 Experimental Observations on Void Ordering in
Merals—Group |

2.2.1 Relation between roid lattice and host lartice
Sympterry  The void lattice symmetry in bee metals
Mo, Nb, Ta, W, Cb and fee metals Al Ni is the
same as that of the host matrix. The crystalto-
graphic orientation has also been found to cotncide
with that of the hest matrix.® There have been no
observed exeeptions 1o this rule in metals (though in
compounds like CaF: a simple cubic lattice js
observed presumably related to the fluorine atom
sublattice though CaF; has a fee type structure??),
This, therefore, is 2 fundamental property and is not
influenced by impurities or irradiation conditions.
The superlattice forms more casily in bee metals
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then in foc metals, 5081 apd partial ordering has
been observed in hep Mg?? (a bubble lattice forms?3
in hep Ti). The perfection of the superlattice
depends on temperature and is best at temperature
slightly less  than  the peak swelling  value,
Deviations by about 19% from perfect lattice sites,
edge dislocations®? and multiple site occupancy and
vacant sites™ are often observed. The superiattice
in fee metals is fess perfect than in bee metals.

2.2.2 Role of radiation enviromment Tables I
and TII list the metals and the nature of the ir-
radiations which have been used to induce ordering.
Any special condition like impurity gases which
were found necessary are also mentioned in the last
column.,  Several interesting  features emerge.
Electrons which are very effective in producing
voids in metals are not effective in producing void
lattizes. From the tables we see that there are only
tro reported observations of ordering by electrons
n stuindess steel®® and CaFp.® In the case of
staiviess steel a high concentration of nitrogen
atoms was found to be essential for ordering, while
in CaFs gaseous fluorine atoms are produced. The
resissance 10 void ordering by electrons in a large
rumber of metals suggests that the nature of the
radi tion influences the ability of the wvoids to
order. One of the well known differences between
newtzon or heavy ior jrradiation, and electron
irradiation. is that in the former cascades are
formed which collapse to give vacancy lcops. The
influence of the radiation may indirectly arise from
the extended defect structures produced and i
courling with point defects.d” I is interesting to
observe that in all cases where the radiation does
not produce cascade dam ige the presence of gas
atoms is a prerequisite for ordering. This suggests
that there may be different factors involved which
influence the ordering kinetics.

2.2.3 Dose rate effect Experimental results show
that irradiation dose rate i not an important
parameter for ordering. Several elements and
alloys like Cb3, Nb#t-2%,. Np-] %o Zritaiae
Mo35-3% and TZMse (Mo-5% Ti-0.1%, Zr) have
been irradiated both by neutrons®?-39.18 54 approxi-
mately 10-¢ dpajsec and heavy ions 2-37.44.46,47,58
(see Table I) in the range 10-® 1o )2 dpa/sec. In
all these cases voig ordering with generally similar
features has been observed. However, for a direct
comparison of the results at different dose rates care
has 10 be waken for the dose rate dependent shift in

the peak swelling temperatures and the differences
in the concentration of voids and other micro-
structural features. A detailed comparison has
been made by Eyre and Evans®® for Mo irradiated
at 650°C by neutrons at a dose rate of )08 dpafsec
and also irradiated at §70°C by 2 McV nitrogen
ions at a dose rate of 710~ dpa/sec. For these
irradiations the superlattice spacing was 340 A and
220 A and the average void radius 19 A and 20 A
for neutrons and ions respectively. Considering
that the eyclotron irradiation temperature of 870°C
is equivalent to » reactor irradiation temperature of
680°C the superlattice parameters for vastly
different dose rates are in reasonable agreement.

2.24 Dose dependence It is observed that voids
(and bubbles) initially form randomly and sub-
sequently start ordering.? The dose at which the
ordering commences is difficult to determine and
most experiments, therefore, repont the final dose at
which the ordered siructure is observed. However,
in some cases there appears to be a threshold dose
before the onset of ordering. In the case of fon-
irradiated Ni this threshold is reportedi®38 (o he in
the range of 350 or 400 dpa. Similarly. & high
critical dose of 40 1o 80 dpa is required for ALM
There are no reported values for eritical dose for bee
refractory metals but comparatively the value is
lower. Kulcinski ¢r af.% Lave irradiated Nh. Mo
and TZM 10 5 dpa in the temperature range 600 10
1000°C using 5 MeV' Nt ions. O:dering was only
observed in Nb at §00°C. indicating that the critical
dose is less than Sdpa. a result corroborated by
Loomis er al.ii In the case of other clements the
critical dose is higher but less than 36 dpa since
ordering has been observed at this value. Loomis
et al 3147 ohserve that no ordering occurs in Nb
containing less than 60 ppm of oxygen and in
Nb-1% Zr containing less than 400 ppm oxygen
regardless of the irradiation temperature (650
1010°C) or irmadiation dose 2-140 dpa, but at
higher oxygen concentrations ordering has been
observed. There seems to be no dependence of the
critical dose on the oxygen concentration but a
threshold - oxygen concentration is required to
induce ordering. Also the reported dose values
where ordering has been observed by heavy ion
irradiation is much higher than by neutron ir-
radiation (with a few exceptions like Nb). These
experimental results (see Table ) suggest that the
critical dose may not be an explicit parameter for
the onset of ordering but may be implicitly relatsd
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. TABLE It
TABLE I ' 4 Compilation of irradiation conditions and bubble lattice paramcters in metals—Gropp 111
(bmnimion;nf the irradiation conditions &nd void lattice parameters in elements and olleys—Group | s 7 O
i lameter R
Frry Temr e ok ok Remark Refy ' C atersl ooy ot T e A R emarks Refereaces
Material  Projectite  MeV *C dpa {2, emarks eferences . )
Ta -~ n >0.1 585 b} 208 &1 I8 Mo He ;g ;{cz. ;x :g:: g:
w " >0.1 150 15 193 30 42 x
n >0.1 380 13 250 40 48 36 400 2x m:; 30
Mo n >0.1 585 6 265 64 33 36 500 2= [0 6 ~24
n >0.1 790 6 328 72 33 kL] T00 2x 10:; is ;
n >0.1 £50 30-60 340 38 39 33 ggg 4.2: :g" ;g ‘ 55,36
: . 280 54
" R 328 57 g a0 400 Ix10r 36
8380 370 60 61 1 60 400 2x 1017 45
S00 358 58 M 40 500 5x 1017 38
920 390 56 [r Mo Ne 160 550 1x jQ17 35 No details gvailable 56
N 2 870 . 100 120 40 Influenced by gaseous impurities, 40 Cu He 30 RT 4% 1017 77 20 . 9,30, 1
Ta 7.5 900 130 230 &0 Sec Ref. 72 31 . H 16 RT 3= 1010 Ll‘l’lige pdarimclcrs not weil &5
Cb Ta 7.5 860 140 340 125 37 ¢ . efine
Ta 7.5 BOO 290 380 1o a7 . Ni He 30 RT 4x|0v 66 20 9,30,33
Ta 7.5 900 300 750 250 . 37 - AISI A2 He 0 RT 410V 64 20 - 9,30, 33
: >0.1 750 34 665 186 38 } Steel .
e : =0.1 800 685 45 ’ 316 S8 He 30 RT 4% 1017 65 20 ) 33
Ni 5 800 5 350 45 49 Ti He k] RT 1.5= 10" 90 ki Typical estimales 507 morc 13
Ny iz 630 3o 100 20 Threshold Oy 60-400 prm than Cu
505 5 100 20 requited—see Ref for complete
803 10 230 50 dala and Figures. 2and 1 *RT—room temperature,
5OD3 40-140 360 135 44,47
25 30 450 200
215 - 20 80 218 TABLE 111
525 40- 140 620 cio J Compilation of irradiatian verditions for ordering induced by electrons an siainless siee! 2nd zlkali canh
1018 0 1450 750 compounds—Groups 31 and IV
Ny Xi 5 528 60 620 230 NoeSect ef 3 ppm He 49
Sc £ 525 200 663 180 0+N+H200ppm 0. Electran Temperature  Dose Spacing D Diameter
Al Al (£ 50 40 609 100 He doping imiprosed al:pnment M| MMaterial beam energy C dpa A A ReTerences
75 20 600-800 140 —
\g " >0.1 55 3-6 :mr_\cr:’eu umdimensichal 29 30,25 stainless I MeV 200 20 250 80 33
atlice ree!
Wi-I2%, At bt [eX) 500 10 BR7 173 Posuible formation of Al 1 éaF: 100 keV RT. 192-281 -~ 10, 25
0 459 136 depleted regions around voids SrFy 100 keV &T — — 25
40 438 110
400 .IND) ;:g :?? *RT—room temperaturs.
Ni-2%, Al N 04
20 513 111
40 485 117 )
o ‘ o 452 19 43 to the development of some appropriate micro- parameters as a function of dose is an important
Ni-6% Al N 04 200 ;g ";3% }8; structural or other conditions which determing the characteristic of the ordered structure which is
40 360 63 : onset of ordering. ] chearly brought out by these results.
0 492 116 ] The dose dependence of the superlattice spacing
Ni-8%, Al N a4 200 10 1343 106 : has been studied®*-47 for Nb with 5200 ppm 2.2.5 Effect of alloying components and gas atoms
) ﬁ igg 'gg J oxygen and Nb-1% Zr with 3500 ppm oxygen. The Tt has now been established that small quantities of
by 443 100 , results are reproduced in Figure 2. At §05°C the alloying elements influence the swelling character-
Mo-5%; Ti " >0.1 585 16 215 69 kL void lattice parameter increases from about 100 A istics of metals.3®-¢0 Tt is difficult to isolate these
. n >0.1 790 36 315 72 38 to 375 A and void radius from 10A to 67A effects from those which may specifically be in-
A >0t 580 220 0 52 i between 2 and 30 dpa respectively. After 30 dpa volved in the ordering of voids. Wiffin®® has studied
Nb-1%Zr  Ni/V 32 650-1C10  2-140  100-1450  20-750 Seetable for Nb Ref. 44,47 44,47 the superlattice parameters reach a saturation and the effect of alloying in elements and alloys namely,
Ordering only il O,>>4000 ppm pe P L. oy b b
TZM N 2 870 400 220 60 ’ ' therefore are independent of dose. Similar features Mo, MOTO.S o Ti, Nb, and Nb-1%, Zr after
" >0.1 600 276 52 B have been reported at a higher temperature, 925°C, reutron irradiation. There was no significant
713 300 52 i and the void spacing and diameter increase with difference in 1he void superlatiice in Mo and its,
;gg ;;9, ;g &1 ’ temperature. The saturation of the superlattice altoy though the void concentration was higher in
920 k131 51
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the latter. Ordering has been observed in Nb but
not its zlloy, though ordered void lattice has been
observed by others both by newtron and ion
irradiation in Nb-1°, Zr. Similar results have also
been reported for Mo and TZM under neutron
irradizticn.® A detailed study of the effect of
alioying in Ni-x°, Al (x=0. 10} has been made by
Chen and Ardell®3 at 500°C using 400 keV nitrogen
ions (Table I). They find that for 23] Al alloy the
best results are obtained whilz for higher con-
centration the degree of alignment becomes poor
and no ordering is observed in pure Ni till 70 dpa.
Void lattice parameters are only weekly sensitive to
alloy composition. .

On the other hand, specific results have been
reporied on the effect of implanted gases on super-
lattice formation by Loomis er al. 7 They have
studied the influence of oxygen on Nb and Nb-1 %
Zr irradisted by 3.2 Mev Ni* and:¥* jons. They

find that a threshold oxygen tion is
required to induce ordering. This hold value
is reported to be between 60 and 400 inNband

between 400 and 2700 ppm in Nb-1#¢ Zr, depend-
ing ‘on temperature (650-1010°C). 2 3¢ is perhaps
significant that the low oxygen jconcentration
completely suppresses void superisftice formation

h axygen inirarity (fram Refl
atlow dases.

rather than influencing the critical dose for the
onset of ordering. Once the oxygan threshold
concentration is available the superiattice para-
meters are independent of the oxygen concentration,
The presence of 3 high concentration of nitrogen
225 has also been reported 1o be a prerequisite for
ordering in stainless steet by electrons.® In Wi,
however, no such threshold effects due to He have
been observeds® though the void density increases
because of the higher number of nucleation sites
available.

2.2.6 Temperature dependence of roid lattice para-
meters and stability Very few sysiematic investi-
gations on the temperature dependence of the void
lattice  parameters Mitve been reported in the
literature, Wherevery; measurements have been
made at two differént irradiation temperatures
results indicate that bdth the void spacing and the
void diameter incretie with temperature. A
detniled study has done by Loomis er gf.a4.47
in Nb and Nb-1% Zr$n the temperature range 650
10 1010°C. The resu i arc reproduced in Figure 3
and show & strong tetperature dependence. The
average void radius #¢ increases from about 10A
10 375 A and the lartice spacing D from 100 A to
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temperaiure,

1450 A over the temperature range. A small peak is
observed at 825°C whose origin is not ¢lear but is
attributed to the diffusion of the axygen impurity to
the void surface. The teteperature dependence is
uot linear and rises rather sharply after $00°C, In
the case of random void &rrays, it has also been
observed the' the void deénsity decreases sharply
and average void diameter increases with increasing
temperature 2 Though anxact correlation cannot
be established, the tempeffure dependence of the
void lattice parameters miay be related {o the
kinetics of void formatidn rather than to any
considerations based on the stability of the void
lattice. A similar observation has also been made
by Motefl er al.4* The ratlo of the void spacing to

average void radius r, has been observed to be
nearly independent of temperature and irradiation
conditions. It has, therefore, been regarded as an
important parameter which depends mainly on the
material properties.’® However, a weak tempera-
ture dependence has been observed* which cannot
be explained completely on the basis of the tem-
perature variation of material properties like
elastic anisotropy of the host matrix.** Figure 4
shows the observed values of D and #, for various
metals and the slope gives the mtio Djfry which
varies from 4 10 15 in most metals.

Though the void lattice forms over a wide range
of temperatures, deviations are observed from the
perfect lattice sites and the petfection is best at
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temperatures just below the peak swelling value.
There is no clear evidence on the factors which
contribute 1o this perfection. However, if the voids
had the ability to move and if elastic interactions
are involved, it should be possible to improve the

_alipnment by post-irradiation annealing at high

temperatures.  This is not borne out by exper-
iments® and suggests that dynamic irradiation
conditions are involved in inducing the ordering.
Evans ¢ al, however, have reported void
formation in Mo by annealing st 900°C after
neutron irradiation at a low temperature {60°C).
They observe that in some cases where a high
density of voids is formed, they are partiafly aligned
into an imperfect lattice array with the same
symmetry (bee) and oricntation as the host matrix.
The conditions for which this ordering occuts is not
understood, but the presence of gascous impurities
may play an imporfant role.%$

Arnother important property of the void lattice is
its stability. High-temperature annealing shows
that, compared to isolated voids, the void lattice is

stable Gll much higher temperatures. In Mo, for
example. an isolated void shrinks at 1100°C but 2
void lattice is stable till nearly 1500°C.5

2.3 Ordering in Electron Irradia ~d Stainless Steef—
Group If

The observations by Fisher and Williams3? are the
only reported results of void ordering in metals by
electrons. The ordering was observed in 20/25
stainless steel containing Ti which afier nitriding
exists as TiN phase and is not expected to influence
the ordering process. However, the presence of 2
high conc ntration o nitrogen in the sample
(~0.5wt%) was found to be an essential pre-
requisite and leads to a higher void density as
compared to the untreated steel. A satufation in
the void radius and spacing was observed at 40 A
and 250 A respectively for a dose of 20dpa. An
important observation is that the ordering oceurred
at relatively low temperatures ~500°C, which are
reported to be well below the peak swelling value.
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This fact may be of significance since it implies low
vacancy mobility, a feature which is shared with the
observed bubble lattices where the ordering occurs
at room temperatures? (see Table 111).

24 Bubble Superlattice Fermation in Melals—
Group IIT

Helium bubble superlattice was first observed in
bec Mo by Sass and Eyre3 and Mazey ef al B¢
They have also mentioned the formation of a neon-
tattice® in Mo. These results have been followed
by a series of papers by Johmson and Mazey,b30.32
where they have reported Belium bubble lattice in
fce metals Cu, Ni, stainless steel and in hep Ti.3
They have also observed® an ordered hydrogen gas
bubble-lattice in Cu. The irradiation conditions
and the observed bubble lattice parameters are
given in Table T1. Thereisa remarkable guafitative
«milarity between the bubble attice and the void
lodtice. In all the reported observation on bubble
i.ttice formation the erystallographic symmetry
a=d its oricntation is the same as that of the host
roatrix. The tatio of the bubble Luttics spacing to
Fabble radius is also m the same range as that for
s oid lattices. The general obsersatiens regarding
t.c stages of ordering are alo simlar 0 those for
voids, starting initially with o disordered distri-
tution which gracually orders in local regions and
s order spreads to other parts. A fifth stage.
aTich has been reported when the ordering is
nearly orver, i3 an nterconnection beiw gen sirings
of bubbles theouph pipe-like channels.®

Amongst the significant differences between the
void lattice and the bubble lattice are the absolute
values of the lattice parameters. The average
bubble radius is typically 20 A and the lattice
constant in the range 60-50 A which 15 nearly a
factor of 10 smaller than for void lattices. Most of
the irradiation siudies for bubble lattices have been
done a1 room temperatures in contrast 1o higher
temperatures required for void formation. This
temperature in the case of all the metals studied
{Table E} is too low for any significant vacancy
migration. though irradiation enhanced diffusion
cannot be ruled out.® This introduces an import-
ant difference with the case of voids where vacancy
migration is essential for void formation. In the
case of bubble lattice. irradiation results in the
temperature range 20°C 1o 700°C have been
reported for Mo by Mazey ef al.5% Bubble lattices
have been observed at all these wemperatures but
not at 750°C. In contrast to void lattice results of

Loomis ef al.44 for Nb whete they observe a strong
temperature dependence in both the average void
radius and void spacing (sce Figure 3) the bubble
lattice parameters arc essentially temperature
independent as can be seen from Table I1.

The formation of a bubble lattice does not
appear to be a specific property of the helium gas;
such ordered lattices have been reporied for H,%
He0.36.35.55,58 and Ne® gases though in the case of
H the lattice ordering is not es well defined as
compared to.He.%* The hydrogen bubbies exhibit a
wide tange of sizes and are not sphetically well
defined, the Jattice parameter also appears to vary
from place to place. The dose required are typi-
cally 4 x 1017 He*/cm? for fec metals like Cu, Ni and
stainless steel, 1.5 x 1018 He+/cm? for hep Ti for
which the observed bubble size and spacing is a
factor of 2 more than fot fec metals.3? These doses
are less than the critical dose for blistering. In the
case of hydrogen gas-bubble lattice in Cu a much
higher dose of ~1.3>10'* H~jem*® was required.s?
Estimates of the implanted gas show that the helium
bubbles may be overpressurized by a factor of ~20
if all the helium gas implanied is in bubbles.®®
However the overpressurization may be lower
( ~ %) with some of ihe gas being in solution in the
matrix. Johnsen and Mazev®! have also reporied
very interesting fesulis on electron ircadiation
subsequent to bubble lattice formation. By clec-
trons only damage effects in the form of vacancies
and inferstitiats are produced. They found that in
Cu the average bubble radius increased from 16A
1o 14 A and the spacing from 70 A to 0 A. This
suggests that a considerable amouni of He must be
present in solution presumably as a complex HeSV
with vacancies.® Also the experiment shows that
damage effects influence the process of bubble
formation.8 The damage rates in low energy He
jrradiation experiments are quite large being of
the order of 10-? dpa/sec. The thermal stability of
the bubble lattice is also pood and it survives
temperature as high as 0.4 T, after which they grow
coalesce and produce blisters 3

2.5 Ordering Effects in Compeunds—Group IV

The experimental observations on ordering of voids
in compounds like CaFz and SrFs and the resistance
10 ordering in other alkali carth and alkali halides
have been reviewed by Chadderton er al?* They
have also discussed the implications of these
observations to veid ordering in metals and the
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main resufts are summarized here. Room tem-
perature irradiation has been done using a 100 ke
cleciron beam on natural fluorite (CaFye).1® The

E energy is insufficient to directly displace Ca or F

aloms and a mechanism based on a non-radiative
spergy transfer via electrons to the lattice is
visualized.?3-#% This produces a linear replacement
sequence along the (100> direction which involves
only the anions sublartice producing & vacancy and
fluorine interstitial. Since the observations are
made under normal operating conditions of ¢lectron
microscopy some details on the dynamics of the
ordering are available. It is reported!® that a dark
contrast double loop structure is first seen which
grows and coalesces. Simultancously 2 speckled
structure consisting of small electron transparent
zones appears which grows and performs a Brown-
ian-like motion. This eventually develops into
three-dimensionz| s1able static array, and the loop
structure disappears. Earlier this ordering was
mistzken to be colour centre apgregates,t*.68 but
more detailed studies have confirmied them 1o be
voids. The loop contrast structures may be bubbles
‘ning fluorine gas.1? Due to the binary pature
of the compaund calzom crvstallites are expected
to be formed and these constitute the observed
voids sincs fec Ca crystallites are coherent, with
CaF» structure. A relatively less perfect voud
lattice has been also observed in SrFq but the voids
shov. a strain contrast because of the slight differ-
ence in the Jattice parameters of Sr crystallites and
SrF:. No ordering is observed in BaFz and the
alkali halides due :o0 the incoherent precipitation of
the metal ion which produces a large strain and
probably impedes 1he motion of voids.?¢

The most striking feature is that the superlattice
in the fluorite is simple cubic and seems to be only
related 10 the fluorite sublattice though the fluorite
structure is fce.1® The observed lattice spacing at
room temperaturt is between 190 and 280 A with
the ratio of the void spacing to void radins ranging
between 4.5 to 7.5 and is of the same order as void
lattices in metals (Table TIT). L

3 ORDERING AS A NON-EQUII.jBRlUM
PHASE TRANSITION

Theoretical models have been proposed mainly 10
understand the ordering of voids in metals (Group
1). At present only qualitative extensions of these
models have been discussed to understand void and
bubble lattices in other systems and these will be

considered in Section 3.2. Here the theoretical
models which view void ordering in metals as a non-
equilibrium self-organization process are described.

3.1 Microstruciure Induced Instability Model

3.1.1 Soft mode instability, fuctuations and bi-
Surcation The microstructure-induced insiability
model has been proposed by Krishan576% A
qualitative picture for this model is developed first
and is followed by a mere detailed discussion.
During irradiation of a metal, point defects and
extended defects like voids, dislocation loops, cic.,
are produced. The eftended defects are randomly
distributed at discrete spatial positions and act as
sinks for the point defects, Generally the interest is
not in the detailed evolutfon of each individual
extended defect but tather in their collective
behaviour.’® It is convenient, therefore, to replace
the real system by an effective homogenecus lossy
medium.’L In the lossy medium exch type of
extended defect retains its identity but not its
discrete character, since it is assumed to be hemo-
geneously distributed throughout the medium in a
way that it has precisely the same properties as a
sitk for point defects as in the real system. This
requires a self-consistent modslling of the sink
strength for each sink type (like void. dislocation
loop, ete). This approximation is in the same
spirit as the meanfield trea:ment emploved in a
number of physical problems like those encountered
in magnetism and atomic physics. The theoretical
justification for this procedure has been discussed
by Brailsford,*® and recently reviewed by Brailsford
and Bullough.®?

In the lossy medium picture the evolution of the
system in the presence of irradiation is described in
terms of the point defect concentrations Cy and C;
(suffix ¥ for vacancies and 7 for interstitials) and
sink parameters pq, p,. p1and pg (suffixes s, v, ¢ and d
for voids, vacancy loops, interstitial loops and
dislocations  respectively).?  These  variables
characterize the system and are functions of time
only and not of space (the spatial dependence is lost
because the dise ete nature of the exiended defects
is replaced by homogeneousty distributed sinks in
the medium). The individual sink terms p are
related to the concentration N of each extended
defect type and to a siz¢ paramcters sugh as the
average radius. These relations are obtained self-
consistently by solving the diffusion equation™ but
for the present discussion it is sufficient to consider
the first order eapressions given by 2° py =4mNurs,
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L =27MNrs, py=2wNey and ps, the network
dislocation density. The time dependence of p can
arise due to the changes in M, r of both. Normally,
at high doses, the void and the interstitial loop
concentration N tend to saturate and the radius r
increases with dose. On the other hand in the case
of the vacancy loops, due to their athermal for-
mation, the concentration N, changes with dose.

The homogeneous lossy medium picture provides
& pood mathematical description of the overage
behaviour of the real physical system, However, in
this process the information about the spatial
distribution of the extended defects is lost. How do
we then understand the spatial ordering of the

extended defects in the framework of this theory?
A characteristic of any spatially ordered structure is
& wavelength A which describes the periodicity of
the system. This wavelength A arises due to some
scale length which is related to the physical pro-
cesses in the system. The distribution of the voids is
initially random and ordering commences only at
higher doses. A characteristic of the random
distribution is that no specific wavelength cao be
associated with it, and this feature is retained in the
picture of the homogeneous lossy medium. If a
specific wavelength has to emerge with dose the
system must deciate from the homogeneous state
and show spatial variations.
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®

To visualize why a system tends to deviate,
consider the irradiation processes in a graio of
length 4, which will be considered to be modelled
s & lossy medium. Figure 5(a) shows the homo-
geneous concentration € (Cy or Cr} of the point
defects at any instant of time r duting the ir-
radiation. Let 2 small inhomogeneity develop so
that the concentration C changes to C+3C. Since
the inhomogeneity is spatial, the deviation 8C (x, 1)
will be a function of x and ¢ as shown in Figure 5(b).
We are interested in examining how 8C (x, 1) will
evolve in time. Three physical situations can be
considered. In the first case the point defects are
mobile and the inhomogeneity introduces a gradient
in the point defect concentration. By Fick's law,
the point defects will diffuse to regions of lower
concentration at & rate proportional to BV25C(x, 1),
where D is the point defect diffuston constant. The
dewiation 8C{x, 1) therefore decays, the inhomo-
geneily cannot be sustained and the system ap-
proaches the original homogeneous state. The sink
ruture of the lossy medium has not heen in-
corporated so far,  In the sccond case the
hamogenzous'y distributed sinks are not influenced
by the desiation 8C(x, 1) in the point defect
comcentraticn znd only provide an additional
nism for the loss of point defects. The
devistion AC(x, 1) in this case will again decay Lo
7er0d7 but the characterislic timic constant = in
wirsh it dezava would be different because of the
addniional Joss of the point defects to sinks. In the
third casc the coupling of the point defects with
sinks is considered. Due to this coupling the local
sink strengths at vowall also change by 8p(x, 1) due
te the deviation 8C{x, 1) and the inhomogeneity in
the point defects will be coupled to the inhomo-
geneity in the sinks. Further evolution of 8C(x, ¢)
will depend not only on the gradient in the point
defect concentration, but also on the local values of
the sink strengths. Depending on the physical
nature of the coupling between the point defects and
the different types of sinks, such an inhomogeneity
can result in a relative increase in the local point
defect concentration at x so that the time constant r
is increased. In parucular r can become infinite
which implies that the inhomogeneity will persist
and the system deviates from the homogeneous
state. The coupling between the microstructure and
the point defects is an essential feature of Krishan's
model 89 However, whether rincreases or decreases
depends on how 3p(x, 1) itself evolves and therefore
is related to the specific types of microstructural

defects which are present in the system and the
dynamic equations they obey.

Another way 10 view this physical situation!® is
to resolve the deviation 5C(x, 7} into Fourier
components with coefficients om;

Se(x, 1) = Zan exp{wm! } sin ] 9]

-

This is shown schematically in Figure 5(c) where
5C(x, 1) is a superposition of a number of waves
having wavelengths Am] Am=df2rm, m=1,2,3 ...
The wm's are the inverse of the characteristic time
constants rm=wm-! associated with each wave-
length A, and are referred to as the eigenfre-
quencies. 1t may be observed from Eq. (1} that if
wm <0 Tor allowed values of ni, then 5C(x, 1) goes
to zero. Physically this can be interpreted to imply
that i cun <0 for all m value:, no wavelength An
can be stable and any inhomogeneity will decay
with the sysiem approaching the homogeneouws
state. This reasserts the original statement that the
homogenecus state cannet be characterized by any
wavelength. The frequencies depend on the rate
comstunts of the reagtions between the point
defects and the sinks and their quasi-stationary
concerdration and sink  strergth  respectively.
Therefore. ww's arc nar cxplicit functions of time
and can be reparded to be functions of some other
parameter like the aversge sink strength which
itsell may slowly increase with ume. This para-
meter is referred to a» the control parameter.l” For
an approptiate coupling of the point defects with
the microstructural wvariables, as the control
paramcter approaches a critical value, one of the
cigenfrequencies w,, becomes zero, This implies
that the decay time constant Tm=wm™! becemes
infinitc and therefore the wavelength Ay corres-
pondi g to this mode will be sustained in the
system and as a result of this it bifurcates from the
homageneous s1ate. This in some respecls is
analogous to structural phase transitions™ where
one of 1the vibrational requencies becomes zero at .
eritical temperature and the system undergoes a
structural change of phase. Thes frequency is
related to a specific vibrational mode of the solid
and is referred 1o as the soft mode’ when the
vibrational frequency becomes zero. In the present
case 5C was defined as the deviation in the point
defect concentration from the average steady stale
value, More appropriately it should be a deviation
involving & linear combination of the system
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variables which would correspond 1o a specific
mode of the coupled nonlinear system.

The specific wavelength which emerges depends
on the mode which becomes soft and this depends
on the functional relationship of wm on the control
parameter.”® In many systems (as is also the case
with the void lattice) it is the longest wavelength
corresponding to m=1 which emerges first,1®
this is the first bifurcation, and is shown in Figure
5(d). However, this mode:itself may develop a
further instability and bifureste again by a cascade
processi? 1itl finally it stabilizes at some value m.
The evolution of the system during this multiple
cascading phase is extremely complex since it
invo Ives a stability analysis of a state of 2 system
which shows both time and spatial dependence. 78
A detailed description during this stage of evolution
has not been atterupted. Despite these limitations
the conditions for which the irst bifurcation accurs
pro-ide an understanding of the kinctic processes
respomsible for the ordering. Also some estimates
can be made regarding the spatial coerelations

whe b will eventually develop. and this gives an
¢-tivrpte of the waseleneth which is likely 1o emerge
(Figare Sten

shove discussion has been made with
cee o o Jossy medium and therefore must be
s2d 10 the physical processes in the real system.
The presence of an instabitity in the fessy medium
impies that the real system witl have u rendener to
develop into u spatially dependent  structure.
However, the bifurcation to the new state is driven
by ihe presence of fluctuatione in the system.™®
There are various factors which contribute to these
fluctuations like the intermediate reactions which
the point defects underge with impurities,®
fluctuations due to cascade formation®! or even
¢hemical fluctuations involving concenteation vari-
ables 3453 Due to the presence of these fluctuations
the extended defect structure variables can either
deviate 10 3 new trajectory in phase space (of the
system  variables) the system  still remaining
homogeneous or it can start showing spatial
dependence. In the first case the fluctuations are
purely tempora! in nature while in the second case
they are spatial as well. The case of fter. poral
Auctuations has been studied in detail 8¢ however, a
rather simple idealized picture can be adopted to
understand their influence. At temperatures where
thermal emission of vacancies from extended
defects is not important, the extended defect like 2
void can be looked upon as a “Brownian particle™
in a Auid of point defects. The fuctuations in the

ol

point defect concentration influence the flow of
point defects int2 the voids. 11 has been shown?0.8¢
that in the regime where point defect recombination
is & dominant mechanism of point defect loss, the
dynamic equations are only marginally stable® and
one of the eigenfrequencies becomes soft. For these
conditions the point defect concentration deviates
lincarly in time from the average value, and this
therefore influence$ the growth kinetics of voids
which show similar deviations from the average
growth rate predicted by the rate theory.®? Though
this calculation has not been done for the soft mode
related to the spatial instability. a somewhat similar
picture can be adopted. Spatial fluctuations are
present all the time but they do not normalty affect
the system because they decay in time since the
homogeneous state is stable. However in the
presence of an nstability these fluctuations grow
with time and because of their spatial character will
result in 2 Brownian-like motion of 1the voids and
other extended defects. It is possible that in the
observation of Chadderton ¢4 al.lt the motion of
voids seen by them by electren microscopy during
ordering arises due to this reasen. This motion,
however. will he influenced by the /mreracrions
b tween the cxtended dofects and e anivarrepy i
the point defeer diffusion. The sysiem will therefore
cvolve under all these influences to form a new
spatially ordered structure. The process of veid
ordering must therefore be viewed inats totality : the
non-eguilibrium instability gines the kinetic con-
ditians for the onset of ordering whife the aniso-
tropy and the lattice mature of the host matrix
influence and determine the final structure which
emerges. The microstructural instability model
must, therefore, not be viewed as an alternative to
other modelst?.B5 but must ke considered in

conjunction with them to gain a complete picture. ,

Figure 6 summarizes the main featutes of the
instabifity discussed in this section.

3.1.2 Mathematical formalism The most import-
ant aspect of the microstructural model5?.89 js the
coupling between the point defect concentrations
and the microstructural sink densities and these are
defined by the Bullough-Eyre-Krishan (BEK)
equations®® used in the theory of void growth
(random distribution). In the BEK mode] the time
development of the point defect concentrations is
given by

dCy
E = Ky —prCy —aCoCr+ D VI, (2}

S
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and

d

_i’= Ki—31C; —aCr Gy~ Py ()
dr

Here K's are the point defect produciion rates, o the
recombination constant and #'s are functions of the
sink densities and the bias Zr which allows for the
preferentisl  flaw  of  the  selft.nterstitials to
dislocations. The £'s are defined by

Br = Dy (patpe—pitpe) @)
and
Br = Dipy + ZrDi(pa +pe+ p1) . 6]

The *additional terms invoivirg the Laplace
operator in Eqs. (2) and (3) take intd account the
point defect diffusion. In the absence & these terms
the rates Cy and Cr can be set equlll to zero to
obtain the homogeneous study-sli‘h solutions
Crgand Cro.?® These solutions are alio valid when
the diffusion terms are added sinfe TiCpo =
VeCrp (. However, since the Eqgs. (3 and (3) are
nonlinear, they can therefore have ofher spatially
dependent solutions. The nonlineatiy in these
equations can be ascribed to the recombination
term aCr-Cr. However, this nonlinearity does not
give rise to an instability in these equations as

shown by Krishan™ aed Mortin® and additional
interactions between paint defects or ofi-diagonat
difusion couphing between them has 1o be included.
Meodels on these Lines have been proposed by
Martin®€.57 and Imada.** In the microstructura!
model. however. the sink terms 2-C)- and 2,Cr are
regarded as nonlinear since 25 and 2 are functions
of the microsiructural variables like the vacancy
loop concentration Ny or veid radius r, (see Eqs.
(4) and (5)) and deviations in these variables have to
be considered together with those in the point dafect
concentrations. The factors which contribute to the
instability in this model are therefore different from
those in the models by Martin®.4% and Imada.®8

Let us consider the equations for the evolution of
the microstructure. In4he BEK model the inter-
stitial loop and void contentrations are assumed to
atwain a steady statc and the rate equation for the
average radius of intefstitial loops and voids is
respectively givenby &

a1 %
g E{ZIDIC!‘DI‘?+P¢(")] 8
and -
dr, 1
— =~ [DrCy = DiCr=Pr)] M
dr g

=\R -
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where b is the host lattice constant. The vacancy
loop radius, however, shrinks at a rate
dry 1
— = Dy Cy =Z1 DiCr— P (8)
de b
but because of their continuous athermal produc-
tion at a rate ne their concentration N, changes with
time and is given by

dN, Ne

— f — e—

dr red
where r. is the average vacancy loop radius. The
terms Py, P, and P, are related to the thermai
emission rates of vacancies. The explicit form of
P’s is not important for the present discussion and is
given elsewhere 18-20 An important physical fact
which emerges from these equations is that only the
void and the vacancy loop Eqs. (7) and (9) contain
nonlinear coupling terms Cr're, Crlry, MiCy and
NCr belween the microstructural variables (r,, A))
and the point defect concentrations Cy and C;
{The nonlinear r dependence in 4he thermal emis-
stan 1erms P does not couple with the point defect
coqcentration. Such coupling 1erms contribute to
the ef-diagonal terms m the dvnamical matrix for
the deviations.) Inthe case of interstitial loops there
are no such coupling terms and Tq. (6} is linear in
the conventrations Cooand Cr. This implies that 2
<patial deviation 1n the point defeqi concentration
does not couple in the same way with interstitial
loops as with voids and vacancy loops. Also since
the interstitial loop equation s linear inierstitial
loop production cannot eause an instability result-
ing in the bifurcation of the system from the
homogeneous state. This difference between the
interstitial loops and the vacancy loops accounts
ior the resistance to void ordering by electron
irradiation where inter citial loops form but cascade
damage and associated vacancy loop production
does not occur. Experimentally dislocation leop
alignment together with voids has been observed®®
and the loops identified t0 be vacancy type. A more
detailed discussion on this is given in the next
subsection.

The main arguments for the instabili.; analysis
are as follows. In the four coupied rate Eqgs. (2).
(3), (7) and (9) the diffesion terms Dy V2Cy and
D; ¥2C; appear only for the point defect equations
since the extended defectsare immobile. A solution
of these equations gives the average behaviour of
the system.2® We are, however, not interested in
this average behaviour but in the evolution of the

[Z1DsCr— Dy Cy + Pelrs)) (9)

— \&‘_

system if it deviates from this state. Let 3Cy, 8Cr,
8N, and 3 be the deviations (functions of space
and time) which can be compactly written as a
column matrix with 8Cp = {6Cy, 3C;) and 5Cgm
{8M, 8r,). I these deviations are smail, then the
further evolution can be obtained by linearizing
these four equations and is given by the 4 x4 matrix
equation

S G- 10 - £ 9092
: {10)

Here A's are 2 X2 matrices which are functions of
the average homogencous point defect concen-
trations and the sink" densities in the system and D
is a diagonal matrix with ¢lements Dy and D;. In
the above matrix equation 8Cp and 3Cz are
arbitrary deviations which can be expressed in
terms of a linear combination of suitably defined
basis functions. The advantage is that any random
fluctuation can be reconstructed from the basis
functions. Though there is freedom in the choice
of the basis functiens it is corvenient 10 take them
o that they reflect the glohal symmetry of the
system and the ordered structure which emerges.
Since the abiove equations mvolve the Laplace
operator V2 the region over which the fluctuation
apprar must ke defined. Consider the syaiem 10 be
made up of grains which can be treated to be
independent with nio spatial correlations belwean
them. This assumption is justified because the
grain boundaries are perfect absorbing sinks for
point defect and each gruin therefore behaves
independenty. Since the shape of the grain js not
important, it will be assumed to be a cube of side d
and the basis functions are represented by

(sces) = () exptenrsinf ) sn 222
x ﬁn(""f) an

where {2 and fr are the amplitudes and w,, the

cigenfrequencies for the different modes given by

1, me and my which 1ake non-zero integral values.

Substituting in Eq. (10) gives after a few algebraic
pulations

manj

[ s+ ) ) -

(12
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where I is 8 2 % 2 unit matrix and
(13)

a term obtained duetto the operation by the Laplace
operator. As mentioned earlicr the interest is in the
bebaviour of the point defects and, therefore, the
above equations ean be partitioned using standard
technigues 1o give dn equation involving only the
point defect amplitudes, .

(A —T wy} — Arp(Asr = Jwss)-2An + DM ip = 0
; (149

MY = (n2d?) (m? £ gt + ma?)

which will have a non-trivial solution if

detj(Ay —Fwx) — Au(Azz—Tway A —Dly| = 0
as

The above equation defines the eigenfrequencies
for the various modes M? as a function of the
parameters and sink densities of the homogencous
steady state which are contained in the 4 matrices,
The term A;» (.43:'-."4,\1\'1.4-_‘1 is the additional
interaction”. wiich arises due 10 the response of
the microstructure to the deviation in the point
delest concentrations. The physical origin of this
torms can be Lnderstaod by drawing an analogy with
a v olecular impurity in a crystil whaose sibrational
mocss are of intere:t #4901t i wsual in such
proflems to divide the crystal inta two regions.
regien | containing the molecular impurity and the
neighbouring atoms farming a pseudo-molecule
and the rest of the crystal forming region 2. In this
case region 2 (which plays the same role as the
extended defect structure) influences the vibrational
frequencies of the pseudo-molecule. However, the
cigenfrequencies of the system can be obtained
exactly by restricting the analysis to region 1 but
including an additional interaction which s
obtained by following a similar partitioning
technique.®® In the present analysis we are inter-
ested in examining if for some microstructural
cenditions one of the eigenfrequencies of the system
becomes soft, setting wy =0 and expanding the
determinant in Eq. {15) gives®?

AMA = BM?+ C =0 (16)

where

A= DyDy (1N

B = DiDridpy—(Zr=1)pal — Ziprrafs bir)
+a( Dy Cro+ PiCra) (18)

C = Dy Di{(Zs+ 1)pspr+{Z1+ Dpapad prpa
+2p2 +21pa?}

+ €Z; = 1) Dy Dipapd Dv Cro+ ZrDiCru)ihiy
+ Dv Dipapd{ Z1 Dy Cro— DrCrolirets
+2ep( Dy Cvo+ DfCro)

+ up;(Dl'Cl'n+z!§!Cln)

Equation (16) together with the coefficients
defined by Egs. (i7)(19) is the main equaticn on
the basis of which the Kinetic conditions for order-
ing can be obtained. "These conditions will be
discussed in the next sut?cu'on.

(19}

3.1.3 Discussion of the superiatiice properties on the
bas* of the microstructural instabifity model The
kinetic conditions for ordering and a comparison
with the experimental observations can be made
with the help of Eq. (16). It must be remembered,
however, that the equation has been derived for a
homogeneous lossy medium and not the real
physical system. This cquation only gives the onset
of ordering or the first bifurcation and not the
subsequent  tiric  developraent of the system.
Despite these limitarons, it is possible to under-
stand many feztures of the ordvring process and
those are discissed bolow,

a) Onset of anicing:  Esperimentally it s
observed that the woids are initially randomly
distributed and subscquently order. This s an
essential feature of the mode!l which views the
superlattice formatisn as a nenequilibrivm tran-
sition from a disordered 10 an ordered siate. The
onset of the ordering commences when Eq. (16} has
physical valid solutions with A?20. In Eq. {16)
the cocfficients of M2 are functions of the sink
densities gy, o1 and pa. 2nd therefore a positive value
of M?is not assured for any given value of the sink
densities. Figure 7 reproduces the phase diagram
plot as a function of p, and p (pa constant} showing
the discrdered region where no positive solution of
M? exils and the ordercd repion where M220
solutions are possible. The phase line gives the
critical dislocation densities p., and pyc where the
first bifurcation or the onset of ordering com-
mences. From the figure it is clear that the system
has to evolve through the disordered phase (lower
values of p,) before the ordering commences.

b) Microstructural conditions for ordering: In the
phase diagram in Figure 7, the phase line (pse, Pee) 5
defined by the M?=0 solutions of Eq. (16}. This

- -
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FIGURE 7 Thase diagram shewing the ordered and disordered rezions as # function of <ink densities (from

Ref 57).

rvans that the coefficient € must be equat to zero
2long the phase line. From the expression for ¢
goven by Eq. {19) it may be observed that the only
term which can become negative is i

(Z: =D Dy Dypepe (Dv-Cro = Zs DiCrol/ bt = § (20)

Since £, is the rate of vacancy loop shrinkage and
hence # <<Q. {Z; DvCro— DrCyqg is positive because
Zr>1 and D5y-Cyvo— DyCio>>0 being proportional
to the void growth rate #,>>0.) The ordering there-
fore commences when S becomes equal to or greater
than all the other terms added together in Eq. (19).
The term § is proportional to the product pp., and
il either of these two sink densities is zerr an
instability cannot develop in the system. The
production of vacancy loops together with voids is,
therefore, an important condition for a bifurcation
in the microstructural model.

This result is in agreement with the experimental
observation that void lattice formation in metals
(Group 1) has only been observed by neutron or ion
irradiation and not by electron irradiation®s since

no vacancy loaps are formed in the latter case. It
has' already been mentioned that interstitial loops
which are formed during electron irradiation do not
have the required nonlinear coupling with point
dcl‘cc!s to induce an instability. Another important
question which arises is, should vacancy loop
ordering be observed topether with void ordering
during neutron and ion itradiation? 1f vacancy
loop ordering has to occur at ali it is with respect to
the concentration N, of the vacancy loops which
does_ not imply that the vacancy loops will be
spatially ordered. However, as in the case of voids,
the host lattice anisotropy and icop-loop inter-
action if sufficiently strong could lead to a spatial
ordering of loops which would be observed to-
g;lher with the periodic concentration variation.
Since a large local concentration of loops is a
consequence of a large (local) lifetime of the
vacancy loops, onc of the possibilities is that
vacancy foops may survive only in regions where
the lifetimes arc large and in this case they will
appear to be bunched in groups, and the groups will
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FIGURE § Vacancy loop concentration as & funcuon of dose showing saturation at hip.. lemperatures and a
steady menmenic increase al lower wmperaiures where bias efecis dominate the loop shrinkage mechanism.

The calculations are 1spical of Wi and stainless steel.

rot dominate. Temperatures which are just below
the peak swelling values will be most favourable for
void ordering. These general conclusions are
supported by the experimental obsetvations dis-

* cussed in Section 2.

¢) Estimate of the laitice spacing: The pretise
value of the lattice spacing which emerges depends
on the evolution of the system beyond the first
bifurcation. In this region the linesy instability
analysis is strictly not valid. Howevery an estimate
can be made from Egq. (16} by cx¥hmining the
functiona! dependence of Af% on the sink densities.
This is shown in Figure 9, whe.e 32 ash function of
pr tises very sharply across the ition and
saturates at a value of 5x J01! an-2, }f we assume
that the solutions still have the same structure as in
Eq. (11) and mz=me=mz=m, d~K-dcm then
this value of M?2 can be related tom ﬂ__ling Eq. (13)
which gives the njumber of modes uv,for a wave-

i

length A in a grain of size d. An estimate® gives
m=130 or an intervoid spacing of the order of 600
A. The roots of M? obtained from Eq. (16) are
functions of ps, g, pa and temperature. The
lemperature dependence arises due to three factors;
(1) the diffusion ¢o efficients, (2) nucleation of voids
or void concentration, and {3) the thermal emission
of vacancies from the microstructure. (The last
process has not been igcluded in the expressions
given for A, B and G:in Eqs. (17){19) but is
considered in the numerical calculations.) The
dependence of the saturation value of M2 or
equivalently m on gy, pespe 2nd T is quite complex.
The main results can B¢ summarized as follows.
The oumber of modes M (inversely proportional to
the lattice spacing) showl & weak dependence on the
network dislocation defisity ps. It increases with
higher values of p, or Wid concentration and also
increases as a function 8f temperaturc but only for
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FIGURE 9 The sharp transition at the instability obained by solving Eq (1) a< a function of the contral
paramcter. The waturation alue gives an ectimate of the void Iattice spacing tfrom Ref. 63).

low rveid concentrations: at higher concentrations,
it terds to hecome independent of_ temperature,
Theugh these features are in qualitative agreement
with the experimental results, they are, however,
open to criticism because of the extension of the
mode! into a regime where it is not applicable. Also
numerical calculations show that Af? cl_iange very
sharply across the transit.on, however, it does not
completely saturaie though there is an abrupt
change in slope at the transition,

f) Dose and dose-rate dépendence: The dose and
dose-rate dependence appedr implicity through the
ricrostructural sink densities and the quasi-steady
state concentrations of thé point defects. In Eq.
(19) for C, in the sink dominant regime, the
contribution due to thE recombination terms
involving a can be neglcctéll. The remaining terms
{positive terms and the nepative term 5} involve
hilincar product of the sink densities gy, pr 81d pe-
This means that as a function of dose or dose rate
the instability depends only on the relative mag-

)

nitudes and not the absolute value of the sink
densities. Therefore, there is no unique critical dose
or dose rate for which the ordering occurs but
depends on how the various sink densities evolve
during irradiation.

£) Symmetry and stability: Both thesc aspects
involve an analysis of the evolution of the system
after the first bifurcation. It was explained earlier
that during this stage the system is driven by
fluctuations, the discrete nature of the host lattice
and the anisotropy cffects it introduces in the
diffusion and.defect interactions become important.
There is at present a limitation in incorporating
these features into the mathematical framework of
the instability analysis. These effects are. therefore,
discussed separately in Section 4.

%

3.2 A Recombination Instability: A Possible Mech-
anism i ather Systems—Groups I, Itl and IV

It is appu;un that the instability mechanism
discussed in the previous sectiog cannot explain the
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obscrved ordering of voids in stainless stecls? and in
compounds?s like CaFy since these involve electron
irradiation which daes not produce cascades. It has
also been shown™ that 30 keV He jon irmadiation
will not result in apy significant cascade damage
and in this respect the group IT, 111 and IV experi-
ments share a commbn feature. Therearealso other
similarities in these experiments which are not
observed in the case of void ordering in metals
Thesc are:  ~ ¥

1) The presence and diffusion of gas atom
interstitials is involved and is essential for ordering.

2) Ordering is observed at room and higher
temperatures (though in stainless steel, 3 there was
only evidence for spatial regularity after low
temperature irradiation ~ 500°C).

3) Superlattice parameters show no (or weak)
temperature dependence. ¥

4) The vacancy mobility at the obsepved ordering
temperatutes is low,

=y Seperlaitice spacing is relatively smaller (60-
gu A for bubbles snd ~ 250 A for steel and CaF . as
compuared 1o 200-1500 A in metals).

»3y Electron diffravion studies show that a shornt
runce ordering characterized by haloe diffraction
rimgs prevedss bongerange crdering with well-
detined diffraction spots.

Though the signiticunce of the sbove obsenvations
1s not clearly understood. they show a remarkable
sisnlarity with some Tecent swudies in electron
jrradsated Ni-Cutzlles.’ In this case, during
irradiation an instability ceuses a lopg-range spatial
composition fluctuation of the atloy elements. In
the Cu-Ni alloy & miscibility gap®® is predicted
below 327°C. A phase separation below 327°C is
not observed prosumably due to the very low
thermat  diffusion.. However, a periodic de-
composition is observed between room temperature
and 207°C by 3 Me\' electron irradiation.™ !
Initially a short-range ordering is observed and this
is reported 10 be consistent with the model of
clustering by Cook.1® This is followed by a long-
range periodic concentration fluctuation which does
not show the characteristics of a thermodynamic
spinodal decomposition and cannot be explained®
on the basis of the existing models,?2-193 ]t has
therefore been suggested that an irradiation-induced
mechenism may be involved. The main character-
istics of this decompuosition are as follows® (1)
QOrdering occurs at reorm and higher (emperatures,

{2) The wavelength of the fluctuation is independent
of temperature and dose. (3) The vacancy mobiliz
is low. (4) The periodicity or wavelength of 45
emerges. (5) Short-range clustering precedes long-
range periodic fiuctuatigns. These characteristics
show a remarkable similarity with those mentioned
earlier, particularly in comnection with the proper-
ties of bubble Iattices. 3 ¥

Krishan and Abromeit" have recently suggested
a mechanism for the fpstability induced by ir-
radiation in a concenirgted AB alloy. The basic
physical features of this model are as follows.
Since an alloy is never ifeally homogeneous it can
be characterized by a parameter + which describes
the presence of a random distribution of A-rich
zones in an AR matrix. The irradiation produces A4
and B interstitials which are mobile and under the
dynamic irradiation conditions recombine with the
relatively less mobile vacancies. An essential feature
of the model is to introauce a difference in the
recombination of the A and B interstitizls with
vacancies in the A-rich zones represented by the
parameter =. This is aclieved by inlrodu_cing a
small higs cficet in the recombination Kinetics. In
the A4-rich zones the recombinauen rate of the 4
interstitials is assumed to be enhanced by an
ameunt proportional (o 9. 6. by a4 5 while for B
interstitial it is surpressed by ep. . 1Mk, and kg are
the recombination rates for 1he homagenized alloy
{n =0} then for a finite value of v 1he recombination
rates will be given by (ka- a oMb and (ky - emm)
Iyt where Jy and /g are the 4 and B interstitial
concentrations and 17 that of the vacancies. l‘Rale
equation similar to Egs. (2y 2nd {3) can be written
for Iy and 7g. Using a simp e phenomenological
picture, a rate equation can &.50 be de\elfvpcd for
the microstructural variable n. The A-rich zone
grows by the arrival of Fa interstitials at the zone at
a rate proportional 1o ol and shrinks due to B
interstitial a1 a rate proportional to n/p. A stability
analysis on the lines discussed in Section 3.1.2 which
involves the deviations 8, 875 and &n shows thata
soft mode instability occurs and the growth of_lhe
random A-rich zones for a critical value qf n gives
rise to a long-range periodic concentration fluc.
tuation with a temperature ond dose independent
wavelength.

It is useful to compare the physical processes
involved in the above instability with l_hosc dis-
cussed eardier for the case of v oid ordering in metals.
Though the physical meodcl involves the re-
combination term, the non-lincarity arises due to
the bi-linear coupling of the microstructural
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variable with the point defect concentrations
involving the products 74 and nfa. This is very
similar tc the non-linearity of the sink terms 8,Cy
and Ly in Eqs. (2) and (3). The variable » plays &
role wtich is similar to the vecancy loops and also
obeys 2 very similar equation. A more detailed
analysis shows that the bifarcation occurs as »
increases and the rate % d ses, a situation very
similar to the one encount for vacancy loops.
This therefore establishes thet despite the different
physical processes involved, fbe factors which Jead
to the instability are veryXimilar to those en-
countered in the case of void lattice. The
microstructural ipstability Smodel is thercfore
extremely genetal and can®manifest in different
physical systems in various ways but the underlying
mechanism s similar®® The differences in the
temperature dependences amd the scale of wave-
lengths observed depend om the microstructural
variables invelved. Also the temperature depend-
ence of the sink ternt is different from that involved
in the recombination term, which gives rise to the
non-lineurity in the two respective cases,

The spatial ordering of voids and butbles has not
Feos examined on the basis of aninstability anahisis
in the case of group T I and 1V evpenments.
The-e appears to be in the case of group §I and 111
studies some  connection  with  an  insiability
riechentsm disctssed for a coneentrited 48 alley,
In this case the two interstitials involved are the self-
interstitials pnd the gas atom interstitials. However,
singe the instebility model requires a recombination
of the vacuncies and the interstitials, a strong
coupling between the vacancies and gas atem
imterstitials is required together with the ability lor
the gas atorns to diffuse. What is the experimental
evidence for this? There is now some understand-
ing from theoretical calculations!™ and desorption
studies!®2.19¢ regarding the diffusion of He in
metals. These results have been recently
sumimarized by Schilling?® and we give the main
conclusions. In fec metals Ni, Au, Al helium
occupies predominantly a substitutional site while
for bee metals Mo and W the evidence is more Tor
interstitiaf occupany particularly at higher tem-
peratures. In the case of Ni the He migrate by a
dissociative  precess where He jumps from a
substitutional to an interstitial site till it pets
retrapped by a vacancy. In Al the binding with a
vacancy is very strong and as such a dissociation is
not possibie which limitsthe diffusion by a vacancy-
assisted process. The behaviour of Ni is expected
to be very representative ol stainless stee]l where

similar processet can be expected 197 Also in Cu
vacancies have a high probability of trapping He
atoms and the behaviour is expected to be wery

similar to Ni# In Mo and W tHough the inter- -

stitial migration is expected &t hifh temperatures
there exists & strong binding of the He atoms with
the vacancies. Tk From this we see that in foc metals
Ni, Cu &nd siginless steel and bee Mo, in all of
which helium babble lattices are observed, a strong
binding between the vacancies and gas atoms is
reported.  An jmstability of the type discussed in
this section invelving the recombination mechanism
could be responsible for inducing the ordering.
Such an instability would also be consistent with
the observation that the average bubble size and
lattice spacing increases due to electron irradiation
in a superlattice previously formed by light gaseous
ion irradiation. 3 .

In the case of compounds like CaF: it is difficult
to szy whether a similar instability mechanism
operates. Due 1o the process of damage involved.??
only one interstital (namely flucrine atoms) is
produced as a result of irradiation. Howeser, the
formation of calcium crystallites requires the
aacrepation of calcium atems. There is. therefore.
again a possibibty that an pradiviion-produced
vacancy recombines with a neichbauring caleium
atem or a fluarine interstuitinl making the process
very siviitar to the case of bubble-lattices

33 Insrabilicy Due ro Dipusion Terics und Point
Defecr hueractions

Beneist and Mamin?™ were the first 1o point out
that 1he formation of the v eid lattice may be viewed
as a sclf-organization process imvolving a dissi-
pative system moved far from equilibtium. They
have developed a kinctic mode! for the srability ef
the void [attice and this will be discussed in Section
4. Though no detailed application to the case of
void Jattice formation has been reported. they have
given a possible critetia for the ordering to occur.
This is based on the dissipation of the formation
energy of the Frenkel pairs in the form of heat and
surface energy of voids. They have arpued that this
dissipation is maximum when the -voids are
arranged in an ordered lattice.10?

Martin®.37.10% and coworkers!%.11! have also
discussed other physical models which can lead to
spatial instabilities in solids during irradiation.
Their treatment is general and covers ordered defect
arrays and radiation induced precipitation, though
a specific application to the case of void lattice
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formation has not been made. Nevertheless, it is
instructive to examine the cause of the instability in
Martin's model (called henceforth M-instability)
and its relation with the microstructural instability
in Krishan's model (K-instability) which was
discussed in the earlier sections. It was mentioned
carlier that the two coupled rate Eqs. (2) and (3) are
stable if the sink densijics 8; and By are regarded as
quasi-stationary. The M-instability arises by modi-
fying the diffusion terms Dy ViCy and DiVE (.
This is done in two ways. Firstly it is argued
that the contribution to the diffusion processes
invelves, in addition to the normal Ficks term, an
additional drift force Fp on vacancies and inter-
stitials such that 88,87

cC, v-Fp (
;f. = Dp [vwcp - _‘pi] @n
et laiusion QkaT

The suffix p (or ¢) stands for the diffusing species
and in particular I and J. The oiigin of this drift
ferce arites from the basic interactions between
roint defects of the type V-1 V- and /-/ for
which a pheromenclogical potential of the type
ent(—rDr s used 57 Tn the second approach it
is ussumed that diffusion of the various defect
spedies is interdepeadent so that 108210

¢

“‘C‘{ : = -V-J [
o Tattusie

and

Jio= ?f,-.cch 23
<

Jp is the flux for a specific point defect type and
from Eg. (23) this flux is coupled linearly through
the functions fp., to the gradients in the concen-
trations. The /3. therefore are related to the phenom-
enclogical Onsager's coefficients and involve the
diagonal and off-diagonal terms in the diffusion
matrix. In both these approaches the net result is to
introduce off-diagonal elements into the diffusion
matrix D in-the condition for instability derived in
Eqg. (15). The M-instability is induced in Eq. (15)
if the off-diagonal elemcents in the D“matrix have
appropriate signs while in the K-instability the
matrix is diagonal but the off-diagonal coupling
arises due to the coupling with the microstructure in
the term Aix{and — 1 war )42, In the M-instability
the non-linearity arises due to the rédcombination
term aCpCy while in the case of the K-ihstability the
non-linearity is ascribed to the sink terms 8i-Cy and

BiC;. Though a detailed application of the M-
instability model has not been made for the case of
the void lattice to allow for a more detailed
comparison, it is apparent that there is an important
difference in the physical processes which are
involved in the two models. In one respect,
however, there may be an important connection,
the K-instability and the M-instability arise due to
the ¢ifference in the behaviour between the vacancy
and the interstitial, In the K-instability this effect is
included in the bias term Zz in the absence of which
(Z;=1) the instability does not ocgur. In a sense,
in the case of the M-instability, a similar difference
between the point defects gives rise to the off-
diagonal terms in the diffusion matrix. It is for this
reason that both these models can also be nsed to
describe spatial instabilities in alloys?7.11? and a
connection may exist beiween these different
approaches. 112 .

Imada®® has also proposed a void lattice model
on similar lines. In this model the ordering is
produced due 1o a spincdal type decomposition of
the vacancy concentration. Except for vacancies no
other point defects or extended defects are involved.
The instability arises due to the vacancy-vacancy
interaction. which is assumed 1o be sufficiently
strong so that an wphill ditfusion of sacancies s
possitle. The madel shows that the wiielength is
larger for larger dilfusion constants. Hewever, the
model does not explam many of the other character-
istics of void ordering.

4 ANISOTROPY EFFECTS AND
SUPERLATTICE ENERGY
CONSIDERATIONS

4.1 Anisotropy and Void-Void Interactions

The related symmetries of the superlattice and the
host lattice suggest that the discrete nature of the
host lattice must manifest iself dering some stage
of the ordering process:: The rate equations used in
the instability analysis contain no information
about the host lattice stfucture and as such can only
explain the kinetic conditions for the onset of
ordering. Once the instability develops the in-
herent fluctuations willino longer be damped but
will grow in time dri¥ing the system from the
homogeneous {disorderéd) state 1o one with a fower
symmetry, namcly the; ordered lattice. The in-
siability only dictates the scale length that deter-
mines the wavelength which will dominate in the

- -
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system but not the precise symmetry. During this
stage of evolution the voids will (1) shrink and grow
at selective spatial regions, and (2) the spatial
fluctuations in the point defect concentrations will
lead to a Brownian type motion which will be
influenced by the host metrix anisotropy and this
will eventually lead to a specific superlattics sym-
metry. Two mechanisms have been proposed for
explaining this symmetry, These are by Malen and
Bullough®> based on the void-void interactions and
by Foreman®® who considers the anisotropic
interstitial  diffusion arising from replacement
collisions. Both these mechanisms are discussed
below.

Willis and Bullough’!® have shown that in an
elastically isotropic solid the interaction bet.veen
two voids {or gas bubbles) is attractive at all
distances. Since a repulsive contribution is required
10 siabilize the void lattice, Malen and Bullough
proposed that the host-latlice clastic anisotropy

b= Cy~-Cu-20y

(where Ci1, €y and Cy; are the elastic constants)
must be responsible for the repulsive interaction.
B: wsing @ real space Green's function method
ey have shown that the interaction between we
soidsseparated by o distance Ris gihven by

N
TsiI-A

[RE]]

where 8 = (Cro—Cy1) (Cia 22000, £y 08 the void
rzdius and p” can be related to the force distribetion
which represents the faceted character of the +oids.
The above eapression can be used to calculate the
energy per void by summing bver various shells for
any given superlattice arrangement ol voids. Malen
and Bullough assumed a bee superlattice with
spacing D and summed till 25 shells. The energy
depends on the ratic D'ry and for Mo it was a
rinimum for Djry=3 for_ spherinial voids and
D'ry=8 for faceted voids. Stonehamt!4 with the
same physical model has wsed a Fourier repre-
sentation which enables an €xact evolution of the
superfattice energy. The void is represented by a
system of forces F,*{r), am=x, J, =, suitably taken
to represent the faceting of the voids. The void
lattice with an assumed symmetry is represenied by
a force field which in the Fourier transformed space

q is given by

F(g) = zcxp(r‘q-l.,) _‘exp{fg'r) Fr(r) (25)
[] ¥

where L; are the co-ordinates of the voids in the
lattice and the prime indicates that f#0. Using the
anistropic perfect lattice Green's function G,Aq)
the elastic energy is given by

1 .
£=- ETA ZF.(Q)G.,(G)F,(*Q') (26)

where N, is the number of voids per unit volume
and the sum over g is finite being restricied to the
first Brillouin zone of the host lattice. Stoncham
has done calculations for various force arrays to
simulate void faceting and finds that in Mo the
ratio D'r, varies from 2.2 to 4.5 in comparison to 10
which is experimentally observed. Calculations
were also done for different void lattice symmetries,
the lowest energy was for bee folfowed by fee and
hep. In the case of u simple cubic lattice no
minimum was obtained. The low salue of D2 r, was
sceounted  for subsequently by Tewary and
Bullough*® by wing a defect Green's functian
instead of the perfect lattice Green's function used
in carlter calculutions. Tiwe [ermer labes into
account the changes in the host latice foree
constants due to the presence of defects zpd abso
corrects for the phonon dispersion. These modi-
fications in the calculations give a Dr, of 10 in
agreement with experiments and also a binding
energy of 0.5e¥ per void. An extension of these
results to the case of Ta and V has been done by
Tewary.!t® The ratic D/r, is in agreement with
experiments for Ta for which & high thermal
stability is predicted but no observation for void
ordering in V have been reporied so far.

The anisotropy-induced void lattice model has
many appealing features. Jt emphasizes the
connection between the host lattice and the void
lattice, predicts a temperature and dose indepen-
dent ratio for D/r, and explains the thermal stability
of the void lattice. However, it is in the overall
application of the theory to a wider class of
materials and to the kinetics of the ordering process
that limitations become apparent. It is difficult to
understand why if ordering depends entirely on the'
material profierties alone (like anisotropy) super-
lattices are penerally not found by electron ir-
radiation. Also an interaction model for voids

v
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assumes that voids can move to minimum encrgy
site positions. There %have been no experimental
observalions which suggests that voids can move.
In CaFp though such movement is observed!0.119
its Brownian-motion-like nature suggests that this
is related to the spatial instability i the system
rather than as a consequence of void interactions.
Foreman® has also argued that it should be
possible 10 improve the alignment by thermal
annesting at high temperatures in cases where the
voids are displaced slightly from the perfect lattice
positions. Such alignment is not observed experi-
mentally though Evans ¢r al.% have reported partial
alignment of voids in Mo by rapid quenching from
high temperatures. Calculations however show that
void movement is possible under temperature and
stress gradients.’?® Stoncham?s has also suggested
that a surface diffusion controlied mechanism may
operate though there is no experimental evidence
for this. One of the important predictions of the
maodel is that ordering should occur in marterials
with a larpe anisetropy. There appear to be
exvoptions to this. Void ordering is observed in IV
which is isotropic and this 13 mentioned as an
ence against the medel ™ The temperatore
cerendence of the anisotropy parameter & is ulso
rotreflected by the wmperature deperdence of e
ratio Dore to which it 15 proportional 3 Al a
vorl laidce 18 formed in Ta which has a negutive
ac-otropy thouch this is not a Yimitation becauss
tmz contribution due 1o vaid Taceting can acceunt
for the ¢hange i <ign as huas beer done in the
coloufation by Tewars.!'* In V no void lattice has
beszn observed. though & highly stable luttice s
rradicted. 3 The faceting of 1eids and the
arisotropy of the surface tension probably plays a
more important role than the crystal elastic
acisotropy. (Such effects have for example been
found to be very important in the case of ordered
lattices consisting of stacking faull tetrahedra 17)
In CaFzand SrF; the void lattice has a simple cubic
ssmmetry which is only related te the fluorine
sublattice. A simple cubic latlice is expected 10 be
ur.stable in this model and, besides, it is difficult to
explain why it should be related only to the luotite
sublattice. Also in this model the symmetry and its
orientatien with reference to the host matrix is an
artifact of the model rather than a consequence of
the theory.

Another interesting mode! which invokes the
crvstallographic anisotropy of the host lattice is
due to Forman®® The model is based on the
propagation of interstitials &5 collision replacement

sequences or dynamic or static crowdions along
favoured crystallographic directions of the host
matrix. This amounts te an anisotropic diffusion of
the interstitial atoms. When ihe voids are small this
anisotropy is not important since cach void acts
independently. As they grow to a size comparable
to the intervoid spacing (Djr,~3-15) they start
shadowing each other from the interstitial fluxes.
The voids which are ingthe shadow region grow
while the others shrink, due 10 the absorption of
interstitials. As a consequence of this shadowing
effect, voids tend to align with the symmetry and
orientation dictated by the host lattice. The model
is therefore capable of explaining qualitatively the
observed connection between the void and the host
lattice, order of magnitude of the Djr, rtatio,

" difference between bee and foo metals, and the
dependence on the nature of the irradiation.
Perhaps the most direct support for the model
comes from the observation of ordering in com-
pourds like CaFo. In this case, as has been argued
by Cadderton er al. 2428 the model is porticularly
attractive beczuse the simple cubic superiatiice
seems to be mainty related to the fluorine sublattice
which is formed as a result of 100 foruson
collisions. The 100 keV electron irradiation has
msufficient coergy Lo directly displace either the
valcitm or fluerine atonrs.

There e two muim difficultics in the Fereman
model. Firstly. the focussed replacement sequences
must propezits 1o distances whooh are at leust taice
the spacing baiween voids. Superlattices of voids
and bubbles have been cobserned with spacings
ranging from 60 A 1o over 1500 A the laiter being
in Nb a: high temperatures, it I the Foreman
mechanism was the only mechamism in all these
cases, then it would require focussed replacement
scquences to be over 2000 A Tong: these should be
stable cven at reasenably high temperatures and
alse in alloys. There is no experimental or theor-
eticall?" evidence 1o support this and therefore
this mechanism would be more eflective only in
superlattices with a small lattice spacing. Secondly,
the mechanism can operate effectively only if
partial ordering has already developed. Starting
from a completely random distribution it is difficult
1o conceive how a long-ranged ordering can develop
throughout the grain. Also the stability of the
replacement sequences would be effected by the
presence of voids.

If the Malen and Bullough and the Foreman
mechanisms are viewed in the broader perspective
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of the microstructeral instability model the above-
mentioned hmitations of both the models can be
resolved. Both these mechanisms form a part of the
more general process of ordering and must be
viewed as mechanisms which contribute to the
stability and alipnment of the void Jattice once the
kinetic conditions favour the process of ordering.
In the absence of an instability the void movement
is hindered, but once thg process of ordering
commences the void—void inferactions contribute 1o
the stability and as partial ondering is developed the
anisotropic interstitial diffusion will contribute to
an improved alignment. The experimental ob-
servations of Chadderton ef @l.2% in compounds like
CaF; are particularly significant and appear to
cupport this viewpoint. The manifestation of the
Foreman mechanism in CaFg has been discussed by
Chadderton ¢f a/. and also in this article. There is
ore observation. however, which indirectly shows
the significance of elastic forces. Amongst the
compounds CaFz. SrFa. BaFg and alkali halides an
ordered lattice has anly been observed in CaFa and
in 871, thouch voids form in all thesz systems. It
Buas heen shown that onhy in the cese of CaFs can
SJetum ervatalliies be cehereniy accommo-
vetedmthe CaFemoetrin beeause of the comparable
Tattice putamieters. In SrFa2 the lritice parameters
arz chghils diffcrent and form an fimperfect Tatice,
ihe voids =howing a sirain contrast. In the other
cases no werdenng is observed becuvee the metal
crysallites precipnate ncoherently, Though this
diove- not ectabli-h @by positive evidencs for ordering
Jue to elustic fnteractions. it ncverthelss show s that
¢idrtic §HGIN ILEractivns yre imporiant and a
Foreman-type mechanism is not the onfy determin-
ing factor in the ordering process. One of the
cilests due to the strain fields would be to make
wolds  immobile under the claztic  inleraction
influences in the presence of the insmability in the
svsiem.

4.2 Other Models for Void Ordering

Sevzral other mechanisms have been proposed for
void ordering. These, hawever, seem to be limited
in their scope and application. These mechanisms
have been resiewed by Sioncham®.!5 and herefore
no detailed account will be given here. Nolfit2i.122
has shown that the interactions arising from the
segregation of misfitting solutes of impurities on
void surfaces can give Tise 1o the repulsive and
attractive [features in the potential so that an
ordered lattice has a minimum energy. This model

is based on the observations of Loomis et al44 who
found a threshold oxygen concentration as a pre-
requisite for ordering in Nb, Though some of the
observations like the Djr, ratio can be explained,
the model predicts a strong binding only with
increasing temperature contrary to observations,
A strong strain field associated with the voids due
ta a solute shell around the void would also effect
void mobilityand hence inhibit void ordering, as is
clearly shown;by the difference in the behaviour of
CaF;, SrF; and BaF:2%* In this respect the
suggestion of Loomis er al.44 that a strong binding
between the wacancy and solute impurity may be
important, is pertinent in view of the discussion on
the recombination induced instability in Section 3.2,

Another mechznism has been proposed by
Brown.1?* The model assumes a steady state
attained by the sy.tern by minimizing the total
energy stored as point defects and as surface
energy of voids which provide the main sink for the
point defects. It Fas been pointed out by Seidman
and Baliuffi¥¥ that such & minimization criteria
cannot be applied to a hihly non-equilibrivm
astem. Subsequentty Norris and Brown!=* have
improved the model by teking into socount point
detect recombination and lews te other sinks, They
conclude that thowgh the new minimum energy
criteria i relevant it cannot explain void ordering
or saturation i swelling,  Alse Winter'?® has
sugpested that a bee lattice i~ mest favoured because
the bee structure gives the most economical path
length Tor vacancies to travgl. However, vacaney
diffusion does not seem to be a liniting parameter
in void ordering and other symmetries besides bee
hise been observed. Lucas!-7-178 has given a model
where he envisapes a void-void interaction based on
plasmon fluctuations, which contribute to surface
energy of metals. This mode! also has inconsist-
encies which have been pointed out by Stoneham.#

4.3 Superlattice Stability

There are two aspects 10 the stability of the void
lattice; stability during thermal annealing and
stability dur 'ng irradiation.

Tewary and Bullough!’® have examined the
thermal stability of the void lattice in Mo where itis
found that the vacancy evaporation from voids
commences at 1500°C in a lattice as against 1100°C
for an isolated void. They have related the stability
1o the void~void interaction which places each void
in 8 Jattice in a minimum energy well approximately
0.5¢V deep. From the curvature of the energy
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minimum they derive the lattice compressibility and
find that the energy required for the void lattice 1o
shrink or expand by releasing one vacancy per void
accounts for a rise of approximately 450°C jur its
thermal stability, The same argument can be
extended 1o account for the irradiation subility of
the void lattice. The eatension?® of these results to
Ta and V, however, gives a minimum energy of 1.35
eV and 10eV respectively which would give an
anomolously “high stability particularly for V
(where a void lattice is not observed).

A kinetic criteria for the stability has been given
independently by Benoist and Martinlo® and by
Ryazanov and Maximov.129~13} The mechanism is
based on the anisotropic point defect fiuxes which
arise when a void is displaced from its perfect lattice
site. The fuxes are directed so that the vaid
preferentiatly grows in the direction of the perfect
lattice site, the alignment is increased and favours
ordering. The point defect diffusion fields therefore
introduce a “repulsive force”. This force depends
on the superlartice symmetry and was shown to be
favcurable for bee and fec arrungements, 108
Hewaever, it scems that a criterion on these lines
cannol explain the aligmmat of the superlattice
metry with that of the host Lattice, and therefore
either o mechasism like the one discussed by
Foreman has 1o be invoked or the faceting of voids
plazs the determining role. Ablo the diffusion
mteracion mechanise: has the same limitation as in
the anisotropic interstitial  diffusion model of
Fereman; it can explain the improved alignment
but canot lead 1o an ordered <tructire starting from
a derordered array,

The treatment by Ryazanov and Maxinovizh
includes the presence of other sinks and is based on
the observation that the void size distribution is
highly peaked once the voids order inte a latice.
The mechanism, however, is the same asin the case
of Benoist and Martin's model. namely, diffusion
interaction. If the void size distribution is broad,
then the voids smaller than a critical ¥ize would
evaporate faster and the vacancy fluxt produced
would enable other voids to prow making such a
distribution thermally fess siable. TheyZtherefore,
consider the case when the void radius Istribution
has a small spread 3r, about an average villue r, and
determine the effect of this distributidi on the
growth of a single void. The void peditions are
averaged to take into account the .#nisotropic
diffusion fluxes. Their results are summarized in
terms of two parameters; the time dependence of
r{r) and the time erendenoe of the:void size

dispersion o(f) =37, 42, This time dependence is a
function of the sink structure in the system. For
the thermal stability of the void lattice they find that
in the low dislocation density regime, ra(t) decreases
faster than o{r) which stabilizes the Iattice while at
higher sink densities o(r) and r4{r) evolve simul-
taneously as the voids evaporate. The time
constants in the two cases arc substantially differ-
ent. A similar argument is extended to the case of
the void stability under irradiation. The situation
in this case is more complex and depends more
critically on the nature of the sink structure. A
general criteria for Jattice stability in the case when
only network dislocations are present and for
K= K~ Kijs 129

xmm—n)l

dmag
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where ay =D Cr!® Ry, G2 is the thermal vacancy
concentration, D the lattice spacing, and R, is
the trapping radius. From a detailed analysis
of the point defect diffusion fields they show that
for lew dislocation densities and in the absence of
other traps for the three conditions piven by
ADUZy—1_e:. po void lattice stability cxists
stnee oft) groms fester than (¢}, On the other
hand for high dilocation density and for the
condition AtZ;— 1. ~-ape 2 sizble lattice can
emerge but not if A(Zr~I1w.~a,pe. The other
condition under whuch a stablc lattice can form is in
the presence of impurity traps, The presence of
vacancy 1ype sinks which have a suflicient binding
with vacancies helps in stabilizing the +oid luttice,
while in the case of interstitial atoms it depends on
the probability of trapping interstitials.

The results presented in this paper'?® show some
similarity with the microstructural instability
model.% Equation (27), for instance, shows the
dependence on the bias (7 —1). Also the role of
the impurity binding With vacancies becomes
apparent. This connectign. however, is not very
surprising since the basisdf the two appre- shes is
the same. In beth these thodels, physically -e are
looking at the changes ik the point defect fties
brought about due 10 Wriations in the muro-
structural variables. Howdver, two different aspects
of the problem are beingfiewed. In the diffusion
interaction model the kinbtics of the evolution of
the void size distribution ﬂ:) and r (1) is examined
under the assumption thit the system is pot in-
fluenced by & bifurcation. “This assumption may be
a valid one since only the local conditions of growth
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are important in this analysis. In this respect the
diffusion interaction modd! and the microstructural
instability model complement cach other. How-
ever, in the diffusion model the recombination
between vacancies and interstitials has been
ignored. Also, the presence ol vacancy loops
during the dynamic irradiation conditions would
alter the diffusion fluxes of vacancies. Itis not clear
how these two contributions will influence rr) and
o(r). The diffusion interaction seems to be very
important in explaining why the void lattice
develops with a sharp distribution in void sizes
which is characteristic of void lattice formation.
However, it is not as apparent that a kinetic model
such as this should account for the stability. Since
the arguments are based on the relative time
constants and not energy considerations, it would
imply for example that a void lattice should
eventually evaporate in Mo between NH00°C and
1200°C if retzined for a sufficiently long time at this
teinpetature.

There is one aspect of the micrestructural
instability model™® which may provide a clue to the
irtediation siability of the void lattice. The 4 4
matin in Ego (120 has four solutions for ke
freuencies wyy for a given M- value obtuined from
the determinant in Eq. (15). Twe of thewe fre-
guuncies are negative and tve positive. The
ros tive frequencies arise i 1he model bocaine both
the veid radius and the vecaney loop coneentration
increase with time. A pasitne value of the
freguency must net be interpreted as an instubility
in e system but arises due to the growth of the
microstructure prior 1o the instability since it hus
rot acquired a steady stzte condiien. At the gridici]
microstructural densities one of thete frequencies
bescomes zero indicating a soft mode. If L he
cafculation is done with a slighily higher value of
the microstructural densities® for a fixed value of
the wavelength Ay or M2 this frequency becgrnes
negative. This would. however, imply a higher
overall stability of the system. The use of the linear
equations beyond the critical sink densities 13 not
strictly justified. A

5 SUMMARY AND ou‘f,gTANDlNG
PROBLEMS L

g

In the first part of this article the experimental
results on void and bubble ofidering in metals and
compounds have becn reviewed. In the latier part
an attempt is made to provide a consistent

theoretical framework to explain the experimental
observations. The approach followed is perhaps
biased in favour of viewing the ordering as a non-
equilibriom phase transition. The justification for
this viewpoint is that the instability which causes
the transition occurs in the BEK-equations which
form the basis for the theory of random void
growth and no special mechanism is postulted.
The conditions for the instability are consistent
with the observed kinetic features for ordering. The
approach therefcre unifies the treatment of void
ordering and void growth and links it to a common
set of equations. In the case of bubble lattices,
where gas atoms are directly involved in the
ordering process, it is shown that & similar in-
stability can arise due to the recombination of the
self and gas atom interstitials with vacancies. A
detailed study of the ordering kinetics has not been
made o far in this case, but some of the differences
with void ordering in metals ¢an be qualitatively
explained. The instability approach is consictent
with other model- which invoke void-void inter-
actions or ery talline anisclromu'\ On the cther
hund. the instability gives the kinetic conditions for
which same of these mechanisms will operate and
resolves the difficulties in applying these modeh to a
large elass of materials,

Despite these advantuges there sl reniain
venceptual and mathematical gaps in our under-
standing which hase to be bridged. The description
cf ihe evolution of the system after the onset of the
instability has been qualitative and very unmsutise
factory. The difficulties here are more mathematival
than conceptual. A proper treatment of the
secondary bifurcations which includes the effects
due te crystalline anisotropy is required. This
would also bring out the deeper connection between
the different factors: clastic anisotropy. void-void
interactions, anisdtropy in the surface tension of
voids, and interstitial diffusion due to replacement
sequences, all “of which influence the ordering
kinetics. In the instability approach it is no longer
required that any one of the above factors should be
entirely responsible fof oxplaining all aspects of
ordering. Thése factors muanifest to differe: .
extents depending on the material and environ-
mental condiions. This will perhaps lead to an
understanding .of the differences between fcc and
bee metals and between Jow and high temperature
behaviour where the degree of atignment is effected.
There is also po detailed treatment of the spatial
fluctuations and the influence of small quantities of

-
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impurity pases which can act as traps for point
defects,

An understanding of the ordering of void and
bubbles must also lead to azn overall picture
regarding ordering of different types of defects
under various physical conditions. In this article
we have encountered Iattices of vacancies, inter-
stitials, stacking fault fetrahedra, vacancy loops,
voids and bubbles. Is an instability always in-
volved? In some cases the ordering is observed
after quenching including in the case of voids where
parvial ordering has been reported af least in one
case. The answer seems to be no. It depends both
on the conditions under which the ordering has
occurred and the defects involved. .Defect inter-
actions are undoubtedly important but unless the
defects are mobile under the environmental
conditions in which they are formed no ordering
can be expected. The approach followed in this
article provides a qualitative picture but in some
cases detailed caleulations are still required.

There is still no clcar answer to the twe imperant
properties of the void lattice, namery its symmetry
and stalnity. The question of symmetry cannol be
srawered from o a purely instabilite approach.
Vaid-void nteraction and energy considerations
can perhaps say that or foe striciure 18
vaourable oo spoa + but canret evplinn

ey isotropy of

of veid
Loeting may be requored. However, the arisotropic
ierstiial diftusion due e replacement sequences is
cquaily attractive, particulazly in view of the order-
ing observid in compounds like CaFye. There have
olso been many zpproaches 1o the problem of
stability, but the most plausible appears w be the
woid-veid interactions panticularly fer thermal
slabilny. The irradiation stability may of course
emerge frem kinetic considerations and must alse
lead to an explanation for the saturation effects.
There is also strong evidence that the presence of
impurity gases (particularly oxygen, nitrogen and
in some cases carbon} aids the ordering process. In
the approach followed in this article the presence of
~uch pases enhances the fluctuations since the~e
pases can act as traps for vacancies producing local
chemical fluctualions whick eventually lead 10 2
bifurcation of the system. Other mechanivms like
the solute scgregation interaction have also been
proposed. The role of the impurity gases in the
ordering processes needs more detailed experi-
mental irvestigation. Differences are also expected
12 arise between gases like hetium and oxgyen since

their complexes with vacancies differ in stability
and mobility.

in conclusion, the ordering of voids and bubbles
into lattices under irradiation involves & com-
bination of kinetic and energetic considerations.
The manifestation of these may depend on the
irradiation conditions and material propertics, and
may iavolve different physical processes, but the
phenomenon has a commeon underlying similarity.
It is only in this broader perspective that it seems
possible to unify all the observed facts and to
evolve a consistent picture.
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