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Abstract

One type of candidate materials for future fusion reactors is ceramics, which can be applied as radio frequency
windows, toroidal insulating breaks and diagnostic probes. The degradation of physical and mechanical properties of
these materials under neutron irradiation is determined by the kinetics of radiation defects including a point defect
cluster formation (dislocation loops, voids and so on). The physical mechanisms of defect structure development in
ceramic materials, where point defects and their clusters can have an effective charge, are completely different from
those in metals. We have investigated the physical mechanisms of instability of extended interstitial defect clusters
(charged dislocation loops), which were formed in stabilized cubic zirconia under electron irradiation with 100-1000
keV due to the selective displacement damage in oxygen sublattice. A new theoretical model is suggested for the ex-
planation of the growth process and instability of the interstitial clusters. The suggested model takes into account an
accumulation of effective charge on growing dislocation loops due to the trapping of electrons in dislocation cores. Our
calculations show that the elastic stress and strain fields are much intense around charged dislocation loops than non-
charged dislocation loops, due to an additional stress and strain fields driven by an electric field of accumulated charge.
The stress induced by the charged dislocation loops with the density of trapped electrons per atom n = 0.4 is found to
be comparable with the theoretical yield stress of zirconia, which explains the multiplication of dislocation network at a
critical size of the defect clusters observed by experiments.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction interaction between atoms the point defects can have an
effective charge of point defects. For the understanding
of the nucleation-and-growth of point defect clusters in
ceramic materials, it is essential to take into account the
charge state effects into consideration.

Previous studies performed on stabilized cubic zir-

Ceramic materials are expected to be applied in the
future fusion reactor as radio frequency windows, to-
roidal insulating breaks and diagnostic probes. The
radiation resistance of these materials under neutron

irradiation is determined by the kinetics of radiation-
induced point defects accumulation in matrix and point
defect cluster formation (dislocation loops, voids and so
on). Under irradiation due to the ionization process,
excitation of electronic subsystem and covalent type of
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conia [1-3] have shown that this material is exception-
ally radiation resistant, especially to amorphization and
radiation swelling. The present authors have, however,
found an anomalous formation of extended defect
clusters under electron irradiation in energy range 100—
1000 keV subsequent to ion irradiation, such as 100 keV
He' and 300 keV OT ions, through transmission elec-
tron microscopy. It has been demonstrated that the de-
fect clusters possess very strong stress and strain fields
and grow up to a critical size (1.0-1.5 um), and then
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became unstable resulting in the multiplication of dis-
location density and the formation of dislocation net-
work near the charged dislocation loops. The defect
clusters were discussed to be oxygen platelets caused by
the selective displacement damage of oxygen sublattice
in yttria stabilized zirconia (YSZ) [4,5].

In the present paper, a new theoretical model is
suggested for the explanation of the growth kinetics and
instability of charged dislocation loops in ceramic ma-
terial (cubic zirconia), taking into account an effective
charge on dislocation loops through the trapping of
electrons in dislocation cores. The strain and stress fields
induced by internal electrical field near charged dislo-
cation loops (oxygen platelets) are also presented. The
theoretical calculations show that the induced stress
around the charged dislocation loops can be comparable
with the theoretical yield stress in YSZ. A critical con-
dition for the beginning of plastic deformation near
charged dislocation loop (multiplication of dislocation
network) is determined, which can be used for the esti-
mation of critical radius of charged dislocation loop to
be unstable. The obtained theoretical results for the
growth rate and critical radius of charged unstable dis-
location loops are compared with the observed experi-
mental data.

2. Experimental results

The experimental results presented here have been
obtained on single crystals of stabilized cubic zirconia
(YSZ), which contains 13-mol% yttria [4,5]. Fig. 1(a)
shows a typical example of defect clusters formed under
200 keV electron irradiation at 470 K subsequent to 300
keV OT ion irradiation at 470 K, illustrating a large
defect cluster with strong black/black lobes contrast.
Similar defect clusters were formed under electron irra-
diation with 100-1000 keV in YSZ, which were origi-
nally irradiated with 300 keV O™ ions at 470 K, 100 keV
He" ions at 870 K and 4 keV Ar* ions at 300 K. The
nucleation-and-growth process of the defect clusters is
extremely different from that of neutral interstitial-type
dislocation loops. Their characteristic features are
summarized as follows [5]: (1) very large black/black
lobes contrast, which indicates an existence of strong
strain-field around the defect clusters, (2) very large size
up to 1.0-1.5 pm in diameter with very rapid growth rate
nearly 1.0 nm/s at an electron flux of 1.5x 10?3 e/m?s, (3)
preferential formation at the periphery of the focused
electron beam, and (4) the transformation from the
black/black lobes contrast to dislocation network at a
critical diameter of 1.0-1.5 um (from Fig. 1(a) and (b)).
Electron irradiation of the defect clusters after the
transformation revealed the renucleation of the defect
clusters near or at the generated dislocations. The pro-
cesses of nucleation, growth and transformation are re-

Fig. 1. The growth and multiplication of dislocations near
charged dislocation loop at the critical radius R = 600 nm in
yttrium stabilized cubic zirconia under 200 keV electron irra-
diation at 470 K. The samples were irradiated originally with
300 keV O* ions at 470 K to a fluence of 5.1x 10" O*/m?.
Irradiation time from the upper-left micrograph is also shown
at each micrograph.

peated under electron irradiation [1]. This is a
completely new phenomenon related to a multiplication
of dislocations in ceramic materials under irradiation.
The defect clusters are discussed to be oxygen platelets
having an accumulated electric charge [4,5]. For the
explanation of this phenomenon the following theoreti-
cal model is suggested.

3. Theoretical model

The microstructure change and point defect cluster
formation in irradiated cubic zirconia are determined by
the generation and kinetics of point defects (interstitials
and vacancies). Due to the large mass difference between
Zr and O atoms, the elastic displacement cross-section of
O atoms o9 is much larger than Zr atoms ¢%* (69 > d5)
under electron irradiation with 100-1000 keV. There-
fore, radiation defects induced by fast electrons are
considered to be mainly oxygen point defects (intersti-
tials and vacancies) [4]. Under the irradiation during the
production of displaced atoms, the interstitial oxygen
atoms and vacancies in cubic zirconia can have an ef-
fective charge (O?~ or V?* respectively) [6]. During the
diffusion process, the charged interstitial atoms and va-
cancies can change the effective charge [7]. The changes
of the effective charge of interstitial oxygen atoms and
vacancies are determined by the kinetics of emission and
absorption of electrons on these point defects. In this
theoretical model, we assume that each charged inter-
stitial oxygen atom loses electrons (charge) during dif-
fusion process and migrates as a neutral interstitial
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Fig. 2. The schematic model of charged dislocation loop formation in ceramic materials (ZrO,) under electron irradiation due to
absorption of neutral oxygen interstitial atoms and electrons. Free electrons (red points) produced under electron irradiation are
trapped in dislocation core of dislocation loop (accumulation charge) and absorption of neutral oxygen interstitial atoms results in

growth of dislocation loop.

atom. The energy migration barrier for neutral intersti-
tial oxygen atoms is much less compared with that for
charged oxygen vacancies and interstitial atoms [7]. It
means that due to the high diffusivity of neutral inter-
stitials, they can form interstitial oxygen clusters (dis-
location loops) in the matrix. The growth kinetics of
such interstitial dislocation loops is determined by the
absorption of neutral interstitial oxygen atoms by dis-
location loops. The emitted electrons from charged in-
terstitial oxygen atoms can be consider as free and
interstitial clusters, vacancies and dislocation lines can
trap electrons. The free electrons in ceramic materials
are also produced under electron irradiation due to
elastic collisions between fast electrons and atomic
electrons in the matrix when the kinetic energies higher
than the binding energy (gap energy) are transferred.
Previous experimental results in YSZ [8] confirms this
point and demonstrate that under electron irradiation
the strong strain contrast is formed along segments of
edge dislocations, which is increased with the dose of ir-
radiation. It suggests that free electrons produced under
electron irradiation are trapped on dislocation lines. The
trapping of electrons on dislocation lines should be more
effective in dislocation core area, where the effective
density of material is less and many vacant sites exist for
the formation of additional electronic levels in the band
gap. This process results in the accumulation of elec-
trons and production an effective charge on dislocation
lines. The formation of the strong strain contrast near
dislocation lines is determined by the formation of an
additional internal electrical field and polarization of
dielectric material near charged dislocation line, which
are increased with the accumulation of electrons in the
dependence on the dose of irradiation. This electrical

field produces in dielectric material additional strong
stress and strain fields near charged dislocations.

In our theoretical model, the diffusion motion of two
types of particles determines the process of dislocation
loop growth and charge accumulation on dislocation
loops: interstitial atoms (loop growth) and electrons
(charge accumulation). Because the diffusivity of free
electrons (D.) in ceramic materials is higher compared
with that of interstitial atoms (D;), or D. > Dy, the
following stages can be considered (see Fig. 2):

(1) On the first stage the charged interstitial atoms dur-
ing diffusion jumps lose electrons (charge) and form
the nuclei of dislocation loops through the agglom-
eration of neutral interstitial atoms (see Fig. 2(a)).

(2) Free electrons produced under electron irradiation
are trapped in dislocation cores of these dislocation
loops. This process is determined by the diffusivity
of free electrons (D) and it is very fast process (see
Fig. 2(b) and (c)).

(3) The dislocation loops grow due to the absorption of
neutral interstitial atoms. This process is determined
by the diffusivity of neutral interstitial atoms (Dy)
and it is very slow process (D, > D;). During this
process the dislocation loop radius is increased and
new places for the trapping of free electrons in dislo-
cation core are created with a new size of dislocation
loop. The accumulation of free electrons on disloca-
tion loops results in the charge increase on these dis-
location loops (see Fig. 2(a)).

Let us find the growth rate of interstitial dislocation
loop. At the low temperatures (7 < 450 K) only the
interstitial atoms can move because the migration energy
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of vacancies (EYy) is higher than interstitial migration
energy (ET") [7] and vacancies, which hardly migrate, can
be considered only as recombination centers. In this case
the defect clusters will grow only due to the migration
and absorption of oxygen interstitial atoms on disloca-
tion loops without taking into account on this process
the vacancy diffusivity.

The growth rate of non-charged dislocation loops is
determined by the agglomeration and absorption of
neutral interstitial atoms and it is equal to

dj_CIDI
dt b

(1)

The changes of charged and non-charged interstitial
(Gi, Cy) and vacancy (Cy, Cy) concentrations produced
under irradiation in this case can be found from the
following kinetic equations.

dG
oG- pa=0,
& B;
d¢
d—t‘ = B,Ci — Zi(py + 2nNLR) D C;
— O(DICICV = 07 (2)

dc,

—G-p.C, =0,
& B,
dd% = ﬂVCV — O(\/D] C[CV — OCVD[CICV.

Here G is the generation rate of charged point defects,
produced under electron irradiation; f; and f3, are the
rates of the emission and absorption of electrons on
charged interstitial atoms and vacancies respectively; py
is the dislocation density; Ny is the density of dislocation
loops; Dy is the diffusion coefficient of interstitial atoms;
7, is the preference of absorption of interstitial atoms on
dislocation lines; oy and o, are the recombination coef-
ficients for neutral interstitial atoms on neutral and
charged vacancies respectively (ay = 7%, o, = 3%, b is the
lattice spacing).

The solution of system of kinetic equations (1) and
(2) can be find very easy in two cases: for small and big
size of dislocation loops.

(a) If the dislocation loop radius (R) is small
R < R, = 5~ ;{,L) and the main sink of interstitial atoms is
the dislocation lines, then the time dependence of dis-
location loop radius is determined by the following re-
lation:

r=(22) e, ()

%0Pq

(b) For the large dislocation loops (R > R, = 251(\‘&)’

when the interstitial atoms are absorbed mostly by dis-
location loops the time dependence of dislocation loop
radius is determined by the following relation:

140 —~
£ 130 z/
£ e
£ _~
= 120
o
% 110
k=]

T 100
$ /
- 90 'V
foas {
: Va
5 & A/
2 /|
§ ol
[a]

60 /

50 /, :

o} 20 40 60 80 100 120 140 160 180 20C
Irradiation time (s)

Fig. 3. Comparison of the experimental data (triangles) for
diameter change of dislocation loop at 380 K as a function of
irradiation time under 200 keV electron irradiation with a flux
of 8x10?" e/m*s and theoretical calculations (solid line) ob-
tained using the relation (4).

R= (i)m(cz)‘/? (4)

TEO(()NL

A comparison of the growth process of a dislocation
loop at T =380 K between experimental data and the
theoretical result obtained by using Eq. (4) is presented
in Fig. 3 as a function of irradiation time under 200 keV
electron irradiation with a flux of 8 x 10?' e/m?s.

Fig. 3 comparison of the experimental data (trian-
gles) for diameter change of dislocation loop at 380 K as
a function of irradiation time under 200 keV electron
irradiation with a flux of 8 x10?' e/m?s and theoretical
calculations (solid line) obtained using Eq. (4). Let us
consider now the accumulation of effective charge on
dislocation loops due to the trapping of free electrons by
dislocation loops. The rate equations, which describe the
diffusion of free electrons taking into account the effect
of electrical driving force on diffusivity of free electrons
near charged dislocation loop, can be written in the
following form:

a; ¢ +divj, =0, Jj.=-DVC.— %Cequq). (5)
Here C., D., q. are the concentration, diffusion coeffi-
cient and electrical charge of free electrons respectively
(¢qc = e); @ is the electrical potential near charged dis-
location loops.

The change of electrical potential near charged defect
clusters is determined by the following equation:

4n
A(P = _J(qici +quv +thh +qece)7 (6)

where C,, ¢n (gn = —e) are the concentration and
charge of holes in the matrix; ¢;, ¢, are the charges of
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interstitials and vacancies respectively; ¢ is the dielectric
permeability of ceramic material.

The role of boundary condition for Eq. (6) plays the
condition of electrical neutrality — in the matrix, which
takes place far from dislocation loop and this boundary
condition has the following form:

qiCio + ¢vCyo + gnCpo + q.Cep = 0. (7)

Here Cy, Cyo, Cho, Ceo are the concentrations of charged
interstitial atoms, vacancies, holes and electrons at po-
sitions far away from the charged dislocation loop. The
concentration of vacancies and holes far from charged
dislocation loops are considered to be constant in all
volume of material. Follow assuming that the process of
cluster growth is quazistationary process and taking into
account Egs. (5)-(7) we can obtain the following equa-
tion for the concentration of electrons:

D, D C 4nq.
D, ACe + ﬁQeVCeV¢ = e Z qk Ck CkO

®)

The right side in Eq. (8) is proportional to o< D.C,/r3,
where 7, is the screening radius of charged interstitial
cluster for electrons. The screening radius is very large at
the small concentration of point defects near charged
dislocation loop. In this paper we will consider the case
when the screening radius is very large () > R), where
we can neglect the right side of Eq. (8). We can consider
here also the situation that only one type of point defect
(interstitial) can migrate in the matrix and the other type
of point defects (vacancies) are not mobile.

Let us consider now the kinetics of defect cluster
growth, which consists from trapped electrons and rep-
resents the conducting flattened out spheroid with the
radius R, thickness # = 2d and total charge Q. The fol-
lowing relation gives the electrical potential near such
charged conducting spheroid in the cylindrical geome-
try:

= 0 arct, R-d&
TR\ v

c%{zzwzflezfdz ©)

R = a2+ 24 2) —ap (R — ).

The exact solution of Eq. (8) for the distribution of
electrons near interstitial dislocation loop in this case is
given by the following relation:

exp()“ _ qe(P/kT) -1

Ce = CeO 3
exp(4) — 1
p(4) (10)
A= 49 arccosi.
KTVR: — &2 R

The total number of electrons trapped by the charged
dislocation loop is determined by the total current of
electrons on dislocation loop and it is expressed using
the solution (10) by

ch —2n qCQCCODc 1
dr kTo  exp(l) —

- (11)

Let us consider the time dependence of the total
charge accumulation on dislocation loop in two cases:
small and big charge of dislocation loops.

(1) If the total charge Q of a dislocation loop is small
(Q < kTR/q.), then using the accumulation rate of the
free electrons in the charged cluster (11) we can get the
time dependence of the total charge of the dislocation
loop for small and big dislocation loops.

(a) For the small dislocation loops (R < R. = 21‘[’;{, ),
the time dependence of the total charge of the disloca-
tion loop is expressed by using Eq. (3) in the following
form:

Q ~ 4a0quDe Ce
- 3COGZI

4o0gpyDeCe [ 27 2 3/2
N— | — Gt)”". 12
3wGZ; %Py (G1) (12)

R3

(b) For the big dislocation loops (R > R, = 21(N 4, the
time dependence of the total charge of the dislocation
loop can be found from the following relation by using
Eq. (4):

nopgNLDCe

~ R*
Q (,()GZI
noggNLD.C, 3Z; 43 4/3
~ Gt)"'". 13
wGZ; ( ot VL (G1) (13)

(2) If the total charge Q of the charged spheroid is big
(O = kTR/q.), then the accumulation rate of trapped
electrons by the charged dislocation loop is exponen-
tially small (see (11)) and the total charge Q of disloca-
tion loop is determined in this case by the total number
of trapped electrons N, (Q = ¢.N.). Putting this relation
in Eq. (11), we will get the equation for the total charge
O of interstitial cluster, which has the exact solution for
small and big dislocation loops.

(a) This solution for the small dislocation loops

(R<K R, 2T[N) taking into account the relation (3) is
equal to
0~ 2kT, ( %Py Rz)
g GZit.
kT, (22 \'? 2t
~ (—‘) (Gt)'*In (—) (14)
ng \ %Py Te
Here 1. is the characteristic time of free electron relax-
ation (1, = 21[;{";; =)
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(b) The time dependence of the total charge Q of

dislocation loop for the big dislocation loops
R>R. = zﬁl‘:,L) taking into account the relation (4) is
equal to

2kT. N
0~ e pin [ TR0 3

g GZt.

UT. ( 3z ' s, (3t
~~ Gt) " In| — ).
nq (monL> (Gt) ™ In Te

The charged dislocation loop due to the internal
electric field E (E = —V¢) in ceramic (dielectric) mate-
rials produces near circular charged dislocation loop an
additional stress field o% (of o ¢E?, see [4,9]). The shape
and nature of total stress and strain fields near charged
dislocation loop are completely different compared with
the normal non-charged dislocation loop. The total
stress field near charged dislocation loop (o)) is deter-
mined by the sum of normal elastic stress field (¢},) and
additional stress field induced by electrical field near
charged dislocation loop (¢%). The elastic stress field o},
near a pure (non-charged) prismatic dislocation loop is
very well known from the dislocation theory [10,11]. The
numerical calculation of total stress field (¢'%') near
charged dislocation loop is shown in Fig. 4.

The numerical calculations for the total strain &'
formed near charged dislocation loop are presented in
Fig. 5. In the numerical calculations the following con-
stants for cubic zirconia have been used [11]: pu=
Cy4y = 60 GPa, 2 = Cj; = 100 GPa, v = 0.3, » = 0.51 nm,
Q=¢gN, = q%zn (n = N./N,, n is the effective density of

(15)

tot

G
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electrons per one oxygen atom (interstitial) in dislocation
loop), ¢ = e (e is the electron charge), p = 6 (g/cm)’,
¢ = 12.5 (¢ is the dielectric permeability of ZrO,) [12,13].
The numerical calculations show that the distribution of
modified stress and strain fields by electrical field near
charged dislocation loops are stronger compared with
non-charged dislocation loops and they are mostly con-
trolled by electric field (see Figs. 4 and 5). The calculated
shape and spatial distribution of total strain field near
charged dislocation loop (Fig. 5) coincides with experi-
mentally observed strain field contrast obtained by TEM
near charged dislocation loop (see Fig. 1).

The critical conditions for the multiplication of dis-
locations (punching of dislocation lines) near charged
dislocation loop (see Fig. 1) are determined by the
conditions for the beginning of plastic deformation
there. This process is started when the maximum value
for the total stress tensor component is comparable or
can exceed the yield stress value (ay) (oi' = ay).

The theoretical value of shear strength is equal to
o = pu/2n ~ 10~ 1 [10]. The real experimental value of
yield stress is less and equal to oy ~ 10721073y [10].
The critical radius (R.) for the beginning of plastic de-
formation and multiplication of dislocation density near
charged dislocation loop can be found from the fol-
lowing relation:
o (R) = af. (16)

Let us estimate the behavior of critical radius (R.) as
a function of concentration of trapped electrons (n) on

200 800

Fig. 4. Distribution of the total stress tensor component (¢'°") near a charged dislocation loop with radius R = 2570 A (o is in dyn/cm?)

with the density of trapped electrons per atom n = 0.5.
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Fig. 5. Distribution of the total strain tensor component (e') produced by the electrical field near a charged dislocation loop with
radius R = 2570 A with the density of trapped electrons per atom n = 0.5.

dislocation loop. Using the relation (9) we can obtain
the values of electrical potential and electric field on the
short distance p near edge of charged dislocation loop at
p < R, which are given by the following relations:

_ Q [ 1
P=- 8R sR 20R’ (17)

Using Eq. (17), we can obtain the total elastic stress
field. The critical radius is also obtained through Eq.
(16) and the relation of Q = gN, = q’%zn as function of
concentration of trapped electrons (n) on dislocation
loop, which is equal to

4 th
16¢xpa’ oy

Ro = — 02 0¥ (18)

ng*n?

The results of numerical calculations for the depen-
dence of critical radius of a dislocation loop for the
beginning of plastic deformation at a small distance
(p =~ a) from the edge of a dislocation loop as a function
of density of trapped electrons are shown in Fig. 6.

The performed numerical calculations for the total
normal and shear stresses show the regions (see brown
area in Fig. 4), where these values are comparable with
the theoretical shear strength and where the plastic de-
formation can start (¢ > o). From the obtained nu-
merical calculations we can see that the total stress
(shear and normal components of stress tensor) on the
small distances near charged dislocation loop for the
some size of dislocation loop can exceed the theoretical

1200

1000

Rcla

- 5

04 05 06 o7 08 09 10

n

Fig. 6. The dependence of critical radius (R.) as a function of
density of trapped electrons (n).

yield stress and can be so high (in brown regions), that
the plastic deformation (multiplication of dislocation
density) can start here.

4. Summary

(1) A new physical model for the explanation of growth
and instability of anomalous large defect clus-
ters (charged dislocation loops) with strong stress
and strain fields, which have been experimentally
observed in yttria-stabilized cubic zirconia (YSZ)
under electron irradiation is suggested. The model
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includes the formation and accumulation of an ef-
fective charge and absorption of neutral interstitial
atoms on dislocation loops.

Free electrons produced under electron irradiation
due to the elastic collisions of fast electrons and
atomic electrons are trapped at the edge of disloca-
tion loops (dislocation cores of these dislocation
loops) and this process results in an accumulation
of effective charge on dislocation loops.

The kinetics of dislocation loop growth is deter-
mined by the absorption of neutral interstitial atoms
on dislocation loops. The obtained theoretical re-
sults for growth rate of dislocation loops have been
compared with the experimental data.

The charge accumulation on dislocation loops in-
duces strong stress and strain fields (strong black/
black lobes contrast), which are determined by the
polarization of matrix and internal electric field for-
mation near charged dislocation loops in dielectric
(ceramic) material.

The multiplication of dislocations near charged dis-
location loops takes place due to the beginning of
plastic deformation driven by the strong stress pro-
duced by internal electric field near such charged dis-
location loops. The theoretically calculated total
elastic stress near charged dislocation loops is com-
parable with the theoretical yield stress.
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