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Abstract

In many ceramic solids, the number of primary displaced ions is different for different sublattice components, either
because the ion masses and displacement energies differ in simple binary collisions (like in alumina) or because radi-
olytic displacements occur on a single sublattice (like in halides). However, irradiation produces not only metal colloids
or gas precipitates, but stoichiometric dislocation loops, and voids as well. We propose a secondary displacement
mechanism of vacancy production at a dislocation as a result of its interaction with a primary interstitial ion in another
sublattice which explains the observed phenomena. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 61.72.Ji; 61.72.Qq; 61.80.Az

1. Introduction

Ceramic materials have found widespread applica-
tion in many segments of nuclear industry [1]. Important
geological applications are related with nuclear waste
management, e.g. synthetic ceramic processing of high-
level waste (HLW) in ceramic waste forms and the
planned storage of HLW in stable geological formations
[1,2]. In Europe these formations are rock salt (NaCl),
clay and granite.

This paper focuses on physical and chemical pro-
cesses leading to the formation and evolution of voids
and other extended defects in ionic systems under high-
dose irradiation. By voids we mean cavities, either empty
or filled with gas below the equilibrium pressure. The
growth of such voids is driven by agglomeration of
stoichiometric vacancies rather than by agglomeration
of gas atoms. Consequently, the mechanisms of void
formation are much more complex and unclear than
those of formation of non-stoichiometric defect aggre-
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gates such as metal or gas precipitates. We need to un-
derstand these mechanisms because of drastic effects that
the void formation has on mechanical properties of
materials.

Among materials under investigation is, first of all,
NaCl, which is one of the candidate host rock materials
for HLW storage. It is also a model material, which has
been studied systematically [2-8], and its fundamental
properties can be used to understand the radiation sta-
bility of many other ionic systems. Aluminum oxide, o-
AL O3, is another important ionic material [1,9,10],
which will be considered in some detail in order to ob-
tain a more general understanding of the void formation
mechanisms in ionic materials.

Void formation and evolution is rather well studied
in metals under irradiation [11,12]. However, the
processes of formation of radiation damage in metals
are quite different from those in ionic compounds. It is
known that the numbers of displaced ions are generally
different for different sublattice components, either
because radiolytic displacements occur on a single sub-
lattice (like in alkali halides or in fluorite) or because the
target ion masses and displacement energies differ in
simple binary collisions (like in a-Al,O3). The diffusion
rates of the resulting defect species also differ on each
sublattice, which implies that formation of commonly
observed stoichiometric defect aggregates (e.g. perfect
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dislocation loops and voids) requires secondary mecha-
nisms to form the components needed to preserve local
stoichiometry. Non-stoichiometric defect aggregation is
also a common phenomenon in ionic crystals, an ex-
treme example of which is formation of metal and gas
precipitates [4-10].

Until recently, the only well-known secondary
mechanism was that proposed by Hobbs et al. [3] for
halides to explain perfect dislocation loop formation and
climb in the absence of displacements in the cation
sublattice. ' The mechanism requires two H centers
(interstitial anions) meeting at the dislocation core,
which results in addition of one stoichiometric intersti-
tial pair to the dislocation and leaves behind an immo-
bile molecular center, i.e. halogen molecule trapped in a
stoichiometric vacancy pair (a stoichiometric vacancy
pair consists of two adjacent vacancies, one in the cation
and one in the anion sublattice). This mechanism of
dislocation climb cannot explain the simultaneous void
formation observed in many ionic systems [5-10,13-15]
at elevated temperatures, especially under such irradia-
tion conditions that displacements occur predominantly
on a single sublattice. To do so, one needs a source of
stoichiometric vacancy pairs required for the void
growth. The vacancy pairs formed by the conventional
mechanism [3] cannot be such a source since they are
occupied by halogen molecules and are essentially im-
mobile. So to explain the void formation in alkali ha-
lides we have proposed recently an alternative
mechanism of dislocation climb [6-8].

By this mechanism, a H center (a halide interstitial
ion with a trapped hole) that approaches a dislocation
can displace a lattice cation and form with this ion a
stoichiometric interstitial pair (needed for the disloca-
tion climb) leaving behind a hole trapped next to a
cation vacancy (see Fig. 1). The latter is known as the
Ve-center, which is a mobile ‘antimorph’ of the F center
(electron trapped in an anion vacancy) so that their re-
combination results in the formation of stoichiometric
vacancy pair. This reaction is more straightforward than
the one proposed by Hobbs et al. [3], and which is used
in the Jain-Lidiard model [4] describing the growth of
metallic colloids in alkali halides. The new reaction re-
quires only one H center and, which is most important,
provides a stoichiometric number of cation and anion
vacancies needed for void formation and growth. This
approach will be extended further in the present paper to
describe other ionic crystals.

! Stathopolous and Pells [13] proposed a complementary
mechanism of loop formation in Al,Os, according to which Al
interstitials aggregate to produce dislocation loops, while a
stoichiometric number of Al and O vacancies remain in the
lattice (see Section 5).
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Fig. 1. Production of the Vf center as a result of absorption of
an H centers by an edge dislocation.When an H center ap-
proaches the dislocation, it displaces a lattice cation and forms
with it a interstitial molecule. A cation vacancy, V¢, and a
hole, p, are produced in the same reaction. The interstitial
molecule joins a dislocation jog leaving behind the hole
trapped at the cation vacancy, that is a V& center. A recom-
bination of the V& center with an F center produces a vacancy
pair that restores the previous state of the dislocation. So, the
production of V& centers requires a bias of dislocations for H
centers.
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The paper is organized as follows. In Section 2, we
summarize the biases of extended defects for absorption
of point defects, which is a driving force of microstruc-
tural evolution under irradiation. In Section 3, we dis-
cuss a new mechanism of formation of voids in NaCl as
a result of collisions between sodium and chlorine col-
loids. In Section 4, we consider simultaneous evolution
of voids, sodium and chlorine colloids in NaCl, leading
to the formation of cracks as a result of collisions be-
tween voids and sodium colloids. In Section 5, we dis-
cuss a mechanism of void and aluminum colloid
formation in a-Al,Os, based on the extended model of
anion vacancy production at dislocations. The results
are summarized in Section 6.

2. Biases of extended defects for absorption of point
defects

An important implication of the present model [6-8]
is that the production of V& centers by dislocations re-
quires excess of incoming H centers over F centers, since
the latter induce a back reaction (Fig. 1). Similarly, the
production of stoichiometric vacancy pairs at the void
surface as a result of recombination between F and V&
centers requires an excess of incoming F centers over H
centers. This means that all reactions involved in the
production and absorption of V¢ centers at extended
defects (ED) are controlled by the biases for absorption
of primary defects, i.e. H centers or F centers.

An edge dislocation is biased towards absorption of
H centers due to a stronger elastic interaction with them
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as compared to F centers. The dislocation bias is de-
termined by the ratio of relaxation volumes associated
with H and F centers, Qy/QF, and is given by [8]

o)/ ™ (o)
dg=In| — In{——,
‘ (\QF\ Lk

_ub(1+v)
T 3mkT(1—v) "

(1)

H

where b is the host lattice spacing, u the shear modulus
of the matrix, v the Poisson ratio, ky is the square root
of the total sink strength of all ED for H centers, and kT
has its usual meaning. So the dislocation bias is a po-
tential source of extra F centers and J& centers under
irradiation. But this potential can be realized only pro-
vided that there are other extended defects with lower
(or negative) bias for H centers that could be the sinks
for the extra F centers, such as colloids and voids. The
biases of other ED, modeled as spherical inclusions in an
elastic medium, have been derived in our previous paper
[8] and will be discussed shortly.

The bias of a spherical inclusion of a radius R for H
centers, Js, is given by

8u(R, 0,) ~ o™(b/R) + o (0, / 1) + o (0,0 11)’, (2)
where the dimensionless bias constants, o, represent
different modes of elastic interaction between inclusion
and point defects. They are defined to be positive as
shown in Table 1. It can be seen that J; depends on the
inclusion radius and the normal stress at the inclusion
boundary, o,, which are different for colloids, gas bub-
bles and voids.

Table 1

Material parameters of NaCl and Na colloids used in calculations
Parameter Value
Irradiation temperature, 7" (K) 373
Dose rate (K), displacement per atom per second (dpa/s) 3x 1073
Dislocation density, p (m~2) 10™

Diffusion coefficient of H-centers, Dy (m? s7!)

Diffusion coefficient of F-centers, Dg(m? s7!)

Diffusion coefficient of ¥: centers, D, (m? s7!)

Formation energy of F centers, EI. (eV)

F-H recombination rate constant, 8, (m~2)

Matrix shear modulus, u (GPa)

Coherent colloid shear modulus, p- (GPa)

Surface energy of NaCl, y (J/m?)

Atomic volume of the host lattice, » (m~3)

Ratio of relaxation volumes of H and F centers, Qy/|Qk|
Dislocation bias, dq4

Colloid misfit, ¢

Misfit bias, o,

Image interaction constant o™

Elastic-diffusion anisotropy interaction constant, o¢
Modulus minus elastic anisotropy interaction constant, o/*
The standard heat of formation of one NaCl molecule, gn.ci (eV)

107 exp(—0.1 eV/kT)
107% exp(—0.8 eV/kT)
107° exp(—0.69 eV/kT)
0.9

1020

15

10

0.82

4.4 x107%

1.8

0.26

0.068

0.13

1

1

10

4.26
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Since the colloids are formed by F centers they are
expected to be coherent with the host matrix as long as
they are small. In this, coherent, state, there exists a
misfit, ¢, which is equal to the difference between the
lattice constants of the colloid and that of the host lat-
tice. Positive (or negative) misfit means that colloid is
under compressive (or tensile) stress given by g, = o,

3KCB
1+ 3Kc/4u’ (3)

0, =

where K¢ is the colloid bulk modulus. In NaCl, coherent
sodium colloids have a negative misfit of about 7% and,
hence, a positive misfit bias, J,, which means that they
can grow only if the dislocation bias is larger than ¢,

5, = (o, ) + a”’é(au/u)z, (4)

The normal stress at the bubble surface is given by the
difference between its surface tension and the gas pres-
sure, P: g, =2y/Rg — P, where y is the surface free
energy of a bubble. Accordingly, its bias has both pos-
itive and negative constituents that depend on the gas
pressure

b ol 2y o< 2y 2

Og(Rp, P) ~ o™ — 4+ — - P — | =——-P) .

8(Rp, P) ~ RB+,U(RB )+H2 (RB )
(5)

For voids we have P < 2y/R, and so their bias decreases
steadily with increasing size as

. o\ b mé D\ 2
Sy(Ry) ~ (mu)_ﬂ_(_/) . (6)

pb ) Ry 12 \ Ry

Accordingly, voids can grow if their size exceeds a crit-
ical one determined by the mean bias and the void bias
constants. Below this size, voids would capture more H
centers than F centers, which would fill them with gas.
In the following section, we consider a mechanism of
overcritical void formation.

3. Void formation in NaCl due to a back reaction between
sodium and chlorine colloids

When several H centers come together they combine
to form a halogen bubble that ‘digs its own hole in the
lattice by displacing a lattice cation and a neighboring
lattice anion on to the edge of the dislocation loop’ [16].
This process is analogous to the loop punching by
growing gas bubbles in metals [17-19]. The threshold
pressure for the loop punching is inversely proportional
to the bubble radius [19]

P" = (ub +2y)/Rs. (7)

At such a high pressure, a small halogen bubble,
R < R™, has a higher bias for H centers than the dislo-

cation or colloid bias, and so it can absorb extra H
centers and grow via SIA-loop punching. With increas-
ing bubble radius beyond some threshold value,R"™, its
bias decreases very rapidly to the mean bias of the sys-
tem (determined by the biases of dislocations and sodi-
um colloids) resulting in the formation of a stable
bubble, as shown in Fig. 2. Stable bubbles can no longer
absorb extra H centers and grow, nor can they absorb
extra F centers required for the bubble—void transition
via the recombination with V& centers, as has been
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Fig. 2. The rate of accumulation of halogen molecules, dn,/dt,
in a bubble as a function of n, at fixed bubble radii, Rg (a); as a
function of n, and Ry (b). At Rg < Ry, dny/dt for any n,, and a
bubble grows in size by pressure-driven plastic process; At
Ry > Ry, a stable size appears, dn,/dr =0, which becomes
unstable at Rg > Rp.i and disappears at Rp > Ryci. Above
these points, voids may grow via agglomeration of incoming Vf
centers and extra F centers.
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suggested in the previous works [7,8]. To do so, the
bubble radius must become larger than a critical value,
Rgeit» shown in Fig. 2(b), but the stable radius is always
smaller than the critical one. Their exact values depend
on the equation of gas state (such as the Van der Waals
gas law used in [8]) but the stable bubble radius can be
only slightly larger and is practically determined by R'™,
which depends only on the bias parameters as follows:

im ., u1,&
th 4bo™ ot

yowe SRS (8)
where § is the mean bias of the system. It can be seen
from Eq. (8) that the positive quadratic dependence of
the bubble bias on pressure (at o¢ > 0) is a primary
driving force for the separation of the H and F centers
into bubbles and metal colloids. Without it (at o< < 0)
small molecular centers would be stable and would not
grow to become bubbles. At /¢ > 0, bubbles are forced
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to grow up to a stable size Eq. (8), which is however not
large enough to enable them to capture extra F centers
required for the bubble-void transition.

If we calculate the mean radii and number densities
of bubbles and colloids at a constant dislocation density
(which we can do now since we have the bubble mean
radius Eq. (8), and their volume fraction is determined
by mean parameters of sodium colloids, which are
calculated in the same way as in [8]) it appears (see
Fig. 3(a)) that colloids can grow early enough to sizes
exceeding the mean distance between the bubbles re-
sulting in the direct collisions between them. That would
initiate an explosive back reaction between the radiolitic
sodium and chlorine.

The amount of released energy in the back reaction is
proportional to the energy released due to the formation
of one NaCl molecule, gnaci, and to the number of
molecules formed as a result of the collision. The latter is
limited by the mean number of chlorine atoms in a
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Fig. 3. Evolution of bubbles, colloids and voids with increasing irradiation dose (in displacements per atom, dpa) at a constant
dislocation density 10" m=2 and a probability of void formation P,qq = 1073,
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bubble, which is two orders of magnitude smaller than
the number of sodium atoms accumulated in a colloid
by the time of collision (Fig. 4). The released energy
heats up the reaction products resulting in an instanta-
neous temperature and pressure increase, which can be
estimated as it has been done in [20] for the void—colloid
collision (see also the next section)

2 gnaci 4 2 gnaci
AT ~-——=10"K, AP=~- ~
s g 0* K, s, M )

where k is the Boltzmann constant. The pressure in-
crease given by Eq. (9) is higher than the threshold
pressure given by Eq. (7), and although it is extremely
short (in the picosecond range) it can induce some
plastic growth of the cavity filled with reaction products
before it cools down. As a result, one would expect the
formation of an empty cavity in the vicinity of the col-
loid with a radius somewhat exceeding the bubble radius
before the collision. It means that there is a probability
of explosive formation of cavities having a radius larger
than the critical one, Ry, given by

1 oy 1 o \*  dy2ons
Ryain =b| 5 =+ 7<T) + = )7
. — im d
Oiy =0 + o ‘ub

Both R" and Ry, are estimated to be ~1-2 nm, which is
much smaller than the colloid mean radius (~5-10 nm).

e Chlorine bubble |

@ sodium colloid

Fig. 4. Illustration of the distribution of chlorine bubbles, so-
dium colloids and voids in irradiated NaCl crystals. The bubble
size is ~1-2 nm; the colloid size ~ interbubble spacing ~5-10
nm; the void size is about intercolloid spacing ~20-30 nm,
when their collisions with colloids start.

So the colloid growth is only slightly affected by the
collisions, resulting in a negative correction to the col-
loid growth rate proportional to the colloid volume
fraction, which is less than 10% in most cases. But the
possibility of formation of overcritical voids is very
important for a subsequent growth of large voids and
their impact on the material stability observed experi-
mentally [5-8,20]. Overcritical voids have been shown [§]
to grow very fast as compared to the bias driven growth
of colloids, since voids have no misfit bias, and their
growth is practically limited by absorption of V% centers.
An important parameter is, of course, the number den-
sity of voids, which have been measured to range from
10" to 10 m~ in most of our experiments, which is
two and four orders of magnitude lower than the cal-
culated number density of colloids and bubbles, re-
spectively (see Fig. 3 and [8]). The void nucleation rate is
given by the product of the number of collision between
colloids and bubbles per unit time and the probability of
formation of an overcritical void in one collision, Pyyqg.

ANy d¥e
waxNB ><PV01d7 (11)

where V¢ is the colloid volume fraction and N the
bubble number density. If we assume Pq = 1073 we
will obtain the void formation rate observed experi-
mentally, as will be shown in the following section:

4. Evolution of bubbles, colloids and voids in NaCl under
electron irradiation

The bias driven evolution of the system in the case of
the bubble—void transition induced by the bubble—col-
loid collisions is shown in Fig. 3. As in [§], we have as-
sumed a constant dislocation density of 10'* m~2, but we
did not have to assume the bubble number density. The
latter has been calculated using the equation for the
bubble radius Eq. (8) and the balance between the
bubble and colloid volume factions. The void influence
on the mean system bias is weak due to their low number
density (Fig. 3(c)) while their radius grows much faster
than that of colloids and bubbles. (Fig. 3(b)).

According to the present model, chlorine bubbles are
the most finely dispersed ED in the system (the inter-
bubble spacing is typically about 5 nm) so that they start
to collide with growing voids first, filling them with
chlorine gas (Fig. 4). The chlorine molecules within the
‘bubbles’ are in a solid or liquid state due to a super high
pressure (in the GPa range), but after collision with a
void it becomes a gas. One can estimate the number of
chlorine atoms, ncy, captured by a void of radius Ry as a
product of the void volume and the bubble volume
fraction, I, divided by the chlorine atomic volume, wc
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The bubble volume fraction grows with irradiation dose
at the same rate as the colloid volume fraction,
Ve = w’—‘;l Vs, due to the balance between sodium and
chlorine atoms stored in the unit volume of the matrix,
where o is the atomic volume of NaCl. Accordingly, the
gas pressure in the voids (where it is in molecular form)
is also determined by the colloid volume fraction

_ (nc/DKT KT kT
T (43R} 20q G e, (13)

T 2w

where we have used the equation of state of an ideal
gas, which is valid in this pressure region. An estimate
done for 100°C shows that even at maximum values of
Ve ~ 10%, the pressure is 5x 107> Gpa (50 atm),
which is still lower than the surface tension of a void
as large as 200 nm. So this pressure only slightly
decreases the void bias, which may increase the void
diffusion growth rate. However, the chlorine accumu-
lation in voids provides a very important possibility for
the explosive back reaction with metallic sodium when
a growing void hits the first colloid, which is much
more powerful than that induced by direct colloid—
bubble collisions.

The amount of released energy in this reaction is also
proportional to the energy released due to formation of

100 nm

500 nm

one NaCl molecule, gnaci, and to the number of mole-
cules formed as a result of collision, nn,c. The latter is
equal now to the mean number of sodium atoms in a
colloid, which is close to the number of chlorine atoms
accumulated in the void at the time of the collision, and
which is two orders of magnitude larger than that in one
bubble (Fig. 4). Accordingly the temperature and pres-
sure increase can be estimated as

gNaC1FINaCl 2 gNaCl 4
AT = ———— =-—=10 K, 14
Crmuar [emye 5 K (14)
nNactkAT 2 gnaci
AP= —— ~ Ve = uVe, (15)
(41‘[/3)R%, ﬂNaClZ“T"Ri,%C S

where Cp is the specific heat capacity of NaCl per mol-
ecule. The pressure increase due to the colloid-void re-
action is proportional to the colloid volume fraction,
and is lower than the ultimate pressure increase given by
Eq. (9) for the colloid—bubble collision. However, the
reaction volume in the present case is much larger, and
such an increase of pressure (in the GPa range) may
initiate a crack propagation from the void along the
matrix cleavage plane (100) if it is bigger than some
threshold value [20]: P = 07/2, where o¢ is the fracture
stress corresponding to the Griffith crack of the length
equal to the void diameter. Fig. 5 shows the void—crack
evolution with increasing irradiation dose and the

500 nm

~ 1000 nm*

i

Fig. 5. SEM micrographs showing vacancy voids and cracks in natural rock salt crystals irradiated with 0.5 MeV electrons.
(a) Equiaxial void at high resolution after irradiation to 30 dpa; latent heat of melting (LHM) of metallic Na is 0.45 J/g. (b) ‘Penny-
shaped’ crack formed after irradiation to 130 dpa, LHM of metallic Na is 0.8 J/g. (c) ‘Penny-shaped’ cracks in natural rock salt
irradiated up to 130 dpa Grad; LHM of metallic Na is 1.2 J/g. The letter ‘P’ with the arrows shows two adjacent voids with different
orientations. (d) Large crack formed after irradiation to 130 dpa, LHM of metallic Na is 2.5 J/g.
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Fig. 6. Radiation-induced reactions between point defects (H-
and F-centers, and cation vacancies) and extended defects
(bubbles, dislocations and colloids) resulting in the void for-
mation. Release of stored energy due to collisions with chlorine
bubbles and sodium colloids induces the void—crack transition
and a subsequent fracture of crystal.

amount of stored energy in natural rock salt crystals. >
It is seen that the crack length increases gradually, which
can be explained by a combined mechanism of diffusion
accumulation and explosive release of energy in voids
[21], by which the final crack length is determined by the
rates of two competing processes, namely, the produc-
tion and dissipation of heat. In some cases, the former
process dominates resulting in a sudden fracture of the
material [20,21].

Fig. 6 summarizes the radiation-induced reactions
between point defects (PD) and extended defects (ED)
based on the present model. Primary radiation-induced
PD, namely, H and F centers, separate ultimately into
bubbles, dislocations and metal colloids, which results in
the production of secondary PD (V& centers) and ED
(voids). The voids absorb fine chlorine bubbles during
their growth and accumulate a large number of chlorine
molecules before the collision with colloids starts, which
changes the scale of the back reaction from the atomic to

2 The amount of stored energy is measured in terms of latent
heat of melting (LHM) of metallic Na, indicated in Fig. 5,
which is proportional to the colloid volume fraction.

the macroscopic one. Thus, the structural stability of
NaCl under irradiation is determined both by the
amount of stored energy (measured via colloid volume
fraction) and by the void size distribution.

5. Void and aluminum colloid formation in electron
irradiated o-Al,O;

In ceramic materials the displacement may occur ei-
ther radiolytically by conversion of radiation-induced
electronic excitations into atom (ion) motion (as in the
case of NaCl analyzed above), or ballistically, by
transfer of kinetic energy from an incident projectile
(electron, proton, neutron, ion). In compounds, the
displacements may not always occur stoichiometrically,
which suggests that it is worthwhile to transpose the
mechanisms of void formation studied in the model
material NaCl to a much wider group of ionic com-
pounds. A characteristic example is alumina (a-Al,O;),
where the displacement threshold energies of aluminum
and oxygen have been reported to be 18-20 and
50-76 eV, respectively [13-15,22,23]. Due to such a large
difference, the aluminum/oxygen displacement ratio is
about 3-4 for irradiation with fission spectrum neutrons;
this ratio is increased to ~14 for irradiation with 1 MeV
electrons, and finally, only aluminum ions are displaced
under irradiation with electron energy less than 390 keV.
However, even irradiation with a sub-threshold electron
energy of 300 keV has been shown to produce stoi-
chiometric dislocation loops at temperatures >800 K
[13], and both aluminum colloids and voids have been
formed under irradiation with 1 MeV electrons in the
range 880-1130 K [14,15]. Voids are readily formed
under neutron irradiation as well between 925 and
1100 K [1], but there are no reports of aluminum col-
loids being observed in neutron-irradiated alumina to
our knowledge.

These phenomena can be understood in the frame-
work of a model similar to that for NaCl, but in which
anion (O) vacancies (or rather F centers required for both
the colloid and void formation) are produced at disloca-
tions as a result of their reaction with cation (Al) inter-
stitials. The basic secondary mechanism of anion vacancy
production in this model is close to that proposed by
Stathopolous and Pells [13], according to which Al
interstitials aggregate to produce a stoichiometric (al-
though faulted) dislocation loop, while a stoichiometric
number of Al and O vacancies remain in the lattice.

Consider the implications of this model first in the
case when only aluminum ions are displaced in the pri-
mary damage process. Then climbing dislocations can be
a source of anion vacancies, agglomeration of which
would result in the formation of aluminum colloids,
which is not restricted by anion interstitials since the
latter are not produced. Accordingly, the colloid growth
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is not prevented by their large misfit bias for the inter-
stitials (Al colloids have a negative misfit of ~7%),
which however, prevents their conversion to voids, since
the latter would require a bias for vacancies in order to
form stoichiometric vacancy pairs. Voids can arise,
however, as a result of formation of stoichiometric va-
cancy pairs at the surface of oxygen bubbles, since
bubbles in alumina may grow by absorbing aluminum
vacancies and become unstable with respect to the
transition to voids after a critical number of oxygen
molecules is reached (Figs. 7 and 8). In contrast to the
NacCl case (Fig. 3), the transition point may be reached
via a step-by-step absorption of cation and anion va-
cancies, which may explain much higher void densities
observed in a-Al,O; [15]. The reaction scheme of mi-
crostructural evolution in this limiting case is shown in
Fig. 7.

In a more general case, when both aluminum and
oxygen ions are displaced in the primary damage pro-
cess, the colloid growth may be prevented by absorption
of anion interstitials. To allow colloid growth, their

anion bias, 0, must be smaller than a critical value
given by

5auion 5ani0n 5caliou Koation 16
c <% o, (16)

anion
- dn
M‘__‘f,.a/‘ Vac
T JEN dt

A ‘
\ I
\ \ \ BBcrit S

f_’ﬂ;_,ﬂ.w-’*" — Radius

Fig. 7. The rate of accumulation of aluminum and oxygen
vacancies, dny,./dz, in a bubble in ALO; as a function of
bubble radius and number of oxygen molecules, n,. Stoichio-
metric accumulation (increase of the radius at a constant n,)
becomes possible only above Rg; resulting in the bubble-void
transition.

Irradiation
K= K/ = KV

)/Recombination

. Edge

o dislocations

RB > RBcrir
Transition to voids

Vacancy
VOIDS

Aluminium
COLLOIDS,

Fig. 8. Diagram of radiation-induced reactions between point
defects and extended defects, which may explain the void and
aluminum colloid formation observed in a-Al,O; under sub-
threshold electron irradiation, which displaces only aluminium
ions. Anion vacancies (Vp), which are required for the void and
aluminum colloid formation, are produced at dislocations as a
result of their reaction with cation interstitials (Za;).

where 53‘“0“ and 5?“0“ are the dislocation biases in the
respective sublatticies that provide extra anion vacancies
required for colloid growth, and Keagion/Kanion 1S the
aluminum/oxygen displacement ratio. The dislocation
cation bias is expected to be small in alumina as com-
pared to the anion biases, since the structure of a-Al,O3
is dominated by the anion sublattice of the larger oxygen
ions [9]. So the criterion (16) may be satisfied at suffi-
ciently high aluminum/oxygen displacement ratio, such
as that realized under irradiation with 1 MeV electrons,
when both colloids and voids are formed [14,15]. Under
neutron irradiation, aluminum/oxygen displacement ra-
tio decreases from 14 to 4, which may be the cause of
suppression of colloid formation.

This simple picture does not provide yet a quantita-
tive description of the microstructural evolution in o-
Al,O;. However it may give a better understanding of
the underlying mechanisms of formation of extended
defects in non-metallic compounds under irradiation.

6. Summary

1. A new secondary displacement mechanism of vacan-
cy production at a dislocation as a result of its inter-
action with a primary interstitial ion in another
sublattice has been proposed.
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. Two limiting cases have been considered, namely,
NaCl and o-Al,Os, in which only anion or cation
sublattice is primarily damaged, and the secondary
point defects are Vi centers or F centers, respectively.
. In NaCl chlorine bubbles grow to a stable size, and
voids may arise as a result of their collisions with
growing sodium colloids.

. Voids in NaCl can grow fast via agglomeration of F
and Vg centers to the dimensions exceeding the mean
distance between bubbles and colloids, eventually ab-
sorbing them, and, hence, bringing the halogen gas
and metal to a powerful back reaction.

. Sudden release of stored energy due to a back reac-
tion inside voids results in a drastic rise of the temper-
ature and gas pressure within voids, which may cause
cracks in the matrix resulting in the material destruc-
tion.

. In 0-AlLO; diffusion-driven transition from oxygen
bubbles to voids is possible, which may be the cause
of high number densities of voids observed under
electron or neutron irradiation.

. Aluminum colloids in a-Al,O; may grow if the alumi-
num/oxygen displacement ratio is high, which is in
qualitative agreement with experimental observa-
tions.

. The proposed concept of bias-driven evolution of ex-
tended defects may be a prototype of an adequate de-
scription of the long-term behavior of the important
insulating materials in intense radiation fields, which
can be employed for an evaluation of the critical ef-
fects expected under storage conditions and develop-
ment of radiation resistant materials.
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