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Abstract

We have investigated the physical mechanisms of the growth and stability of charged dislocation loops in ceramic
materials with very strong different mass of atoms (stabilized cubic zirconia) under different energies and types of ir-
radiation conditions: 100-1000 keV electrons, 100 keV He' and 300 keV O™ ions. The anomalous formation of ex-
tended defect clusters (charged dislocation loops) has been observed by TEM under electron irradiation subsequent to
ion irradiation. It is demonstrated that very strong strain field (contrast) near charged dislocation loops is formed. The
dislocation loops grow up to a critical size and after then become unstable. The instability of the charged dislocation
loop leads to the multiplication of dislocation loops and the formation of dislocation network near the charged dis-
location loops. A theoretical model is suggested for the explanation of the growth and stability of the charged dislo-
cation loop, taking the charge state of point defects. The calculated distribution of the modified strain field by the
electrical field around the charged dislocation loops is stronger than that of noncharged dislocation loops. The obtained
theoretical results for the modified strain field contrast and the critical radius of unstable charged dislocation loops are

compared with observed experimental data.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Ceramic materials have potentials to be applied in
future fusion reactors as radio frequency windows, to-
roidal insulating breaks and diagnostic probes. The ra-
diation resistance of those materials is determined by the
kinetics of radiation-induced point defects and point
defect cluster formation (dislocation loops, voids etc.).
Under ionizing radiation process, the excitation of the
electronic subsystem and the covalent type of interaction
between lattice atoms and point defects in ceramic ma-
terials are characterized by the effective charge. The
different production rate of point defects of constituent
atoms due to different mass and displacement energies is
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also an important character in multi-component ceramic
materials.

In the present paper, we have investigated the physical
mechanisms of strain and stress contrast formation near
charged dislocation loops in stabilized cubic zirconia
whose mass of constituent ions is remarkably different.
Previous studies [1-3] have shown that this material is
exceptionally radiation resistant, especially to amorph-
ization and radiation swelling. The anomalous formation
of extended defect clusters (charged dislocation loops)
has been observed using microstructure investigations by
TEM under electron irradiation subsequent to ion irra-
diation. The characteristics of defect clusters will be
shown with emphasis on the strong strain field and the
instability of the defects. A theoretical model and nu-
merical calculations of strain and stress contrast forma-
tion near charged dislocation loops are also presented,
taking into account the charge state of point defects in
dislocation loops and the effect of electric and elastic
fields on strain and stress distribution.
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2. Experimental results

Single crystals of 13 mol% yttrium stabilized cubic
zirconia (ZrO,-13Y,0;: YSZ, Earth Jewelry Co.) were
used in this experimental study. Thin foil specimens
whose surfaces are close to {111} planes were prepared
for electron transparency by using the ion-thinning
technique with 4 keV Ar" ions. The specimens were
annealed in air at 1670 K to remove radiation defects
induced by the ion-thinning process. The thin foil
specimens were irradiated with 100 keV He" ions at 870
K or with 300 keV O" ions at 470 K. Following the ion
irradiation, the specimens were subjected to electron ir-
radiation with energies from 100 to 1000 keV at 370-870
K. The microstructure evolution was recorded during or
after irradiation either on films or video tapes. The ir-
radiation and TEM investigations were performed at the
HVEM Laboratory, Kyushu University and TIARA of
JAERI.

Irradiation with 300 keV O" ions to 2 dpa and with
100 keV He™" ions to 0.6 dpa results in tiny dot contrast
features. In contrast, the subsequent electron irradiation
performed after those ion irradiation has shown the
production of large extended defects. Fig. 1 shows the
typical microstructure showing such defect clusters ob-
tained by the subsequent electron irradiation with 400
keV after 300 keV O% ion irradiation. These defect
clusters have the average diameter of around 500 nm.
The main peculiarity of these extended defects is that
they exhibit strong black/black lobes contrast, indicating
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Fig. 1. Bright-field micrograph of YSZ irradiated with 400 keV
electrons at 470 K following 300 keV O*-ion irradiation at 470
K to a fluence of 5.1 x 107 O/m?.

that there exists a very strong strain field around the
defect clusters. The second important point is that the
defects are formed preferentially around the focused
electron beam. It suggests that a flow of point defects
due to the flux distribution of the focused electron beam
plays an important role for the nucleation of defect
clusters. Furthermore, bright-field images of the defect
clusters with three different 220 diffraction vectors, using
a [111] incident electron beam, have revealed a similar
black/black lobes contrast (as an example is shown in
Fig. 2(a)) but showed no contrast lines perpendicular to
each 220 diffraction vector [4]. This clearly indicates that
the defect clusters possess an isotropic strain field on the
(111) plane and are not typical perfect dislocation
loops.

A very interesting process is the growth kinetics of
the defect clusters under electron irradiation. Fig. 2
demonstrates a sequence of the growth process of the
defect cluster under 200 keV electron irradiation at 470
K. The strain contrast around the defect cluster is seen
to increase with electron irradiation. It means that the
growth stage is characterized by the increasing of the
elastic strain around the cluster. At the critical size of
about 1.2 um the strong double-arc contrast disappears
and it is suddenly converted to contrast for normal
dislocation lines. It is a completely new phenomenon
related to the multiplication of dislocations in ceramic
materials under irradiation. For the explanation of this
phenomenon the following theoretical model is sug-
gested.

3. Theoretical model

The microstructure change and point defect cluster
formation in cubic zirconia under electron irradiation
are determined by generation rates of point defects in
two subsystems: Zr and O atoms. The main part of point
defects produced under electron irradiation of cubic
zirconia in the energy interval from E. = 100 keV to
E. =1 MeV are oxygen point defects (interstitials and
vacancies). This is due to the strong difference of the
mass of atoms and displacement energies of the Zr and
O atoms. Indeed, for lighter oxygen atoms the dis-
placement energy of oxygen EY is less compared with
zirconium E5* (E9 = 20 eV and EZ" = 40 eV), and at low
irradiation electron energy especially at E. = 100 keV
only oxygen atoms will be displaced. The displacement
cross-section for oxygen atoms ¢9 due to the elastic
collisions of fast electrons with target atoms is much
higher compared with zirconium atoms 64" (69 > ¢5).
(So for the comparison at energies £, = 1.09 MeV, 69 =
36 barn and at E, =1.03 MeV, ¢5" =4.23 barn [5].)
Such displaced interstitial oxygen atoms in cubic zirco-
nia have the effective charge (O2) [6]. These effective
charges of interstitial oxygen atoms and vacancies are
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Fig. 2. The growth of defect clusters shown in Fig. 1 under 200 keV electron irradiation at 470 K. The samples were irradiated
originally with 300 keV O" ions at 470 K to a fluence of 5.1 x 10'7 O"/m?. Irradiation time from the upper-left micrograph is also

shown at each micrograph.

determined by the kinetics of emission and absorption of
electrons on these point defects [7]. We will assume that
each interstitial oxygen atom during the diffusion pro-
cess has the same effective charge (O~2) in the present
study. The energy migration barrier for interstitial oxy-
gen atoms is less compared with that for interstitial
zirconium atoms. This means that due to the high dif-
fusivity and agglomeration of charged interstitial oxygen
atoms in the matrix, the clusters of charged oxygen in-
terstitial atoms (charged interstitial dislocation loops)
can be formed. The atomistic configurations of such
dislocation loop core is not yet clear.

As already mentioned in Section 2, a strong double
contrast near the defect clusters exists in stabilized cubic
zirconia. This double contrast is determined by the dis-
tribution of strong stress and strain fields near such
clusters. The charged dislocation loop or platelet will
produce in the matrix an addition mechanical stress field
with the stress tensor o.,. The shape and nature of stress
and strain fields near charged dislocation loops are
completely different compared with normal dislocation
loops. Let us calculate and compare the distribution
stress and strain fields for charged and normal (non-
charged) dislocation loops.

The charged dislocation loops produce in the matrix
an electrical field (E) which is determined by the distri-
bution of the electrical potential (¢) near the charged
dislocation loop (E = —V¢) defined by the Poisson
equation:

Ad =0. (1)

The solution of this equation near a circular charged
dislocation loop with the radius R(R > b) in cylindrical
geometry can be rewritten in the following form:

qb 2n R p/dpl
b =2 [ [ 7
ol Jo 0 [22+ p2+ p? —2pp cos ]
(2)

Here b is the Burgers vector of the charged dislocation
loop, ( is the dielectric permeability of material, ¢ is the
effective charge of atoms in dislocation loop; p, z, ¢ are
the cylindrical coordinates (z2 + p? =72, p = rsind).
Using the new variables,

4yRsin o r

K= ) =75
W2+ 2Rsind ~ R
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we can rewrite Eq. (2) in the following form:

_ 49bR ! ydy

.
o) ol Jo (R + 22 +2;Rsinv)'?

K(k),

/2 dﬁ
K= [ = ()
0\ /1—K2sin® B
The electrical field E in ceramic (dielectric) materials
produces near the circular charged dislocation loop an

additional stress field o&, which is given by the following
relation [8],

{ E?
(75{ = E (EiEk - 751'15) .

Here ( is the dielectric constant (permeability), J; is the
Kronecker’s delta function.

The shear (g.,) and normal (o,,) components of the
stress tensor (4) produced by the electrical field have
been calculated here. The elastic stress field and the
components of the stress tensor o) near a pure (non-
charged) prismatic dislocation loop which is located in
the (x,y) plane with the Burgers vector 5(0,0,b) is well
known from the dislocation theory [9,10]. The total
stress field near a charged dislocation loop (o) is de-
termined by the sum of the normal elastic stress field
(6Y) and an additional stress field induced by the elec-
trical field near the dislocation loop (a%),

)

Y E
Ok = 0y + 0y

(5)
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The numerical calculations of the total stress field (5)
near the charged dislocation loop taking into account
the induced stress field by the electrical field and the
usual elastic stress field give the stress tensor compo-
nents which are shown in Figs. 3 and 4.

The components of the strain tensor ¢; can be found
from Hooke’s law,

(6)

We can see that the total strain field (e;) in the linear
elastic theory is also equal to the sum of the usual elastic
strain field (¢Y) and the additional strain field produced
by the electrical field (¢£). The numerical calculations of
the total strain &' formed near charged dislocation loop
are presented in Fig. 5. The following constants are used
for the numerical calculations for cubic zirconia [11]:
u=Cqy =60 GPa, 1=Cj;, =100 GPa, v=0.3, b=
0.51 nm, g = —2e; (g is the effective charge per one oxy-
gen atom (interstitial) in the dislocation loop, e = 4.8 x
107!, e is the electron charge), R = Nb (N = 300, R =
1500 A, p =6 (glem?®), { = 12.5 ({ is the dielectric per-
meability of ZrO,) [12].

The numerical calculations show that the distribution
of the modified strain field by the electrical field near
charged dislocation loops is much stronger compared
with noncharged dislocation loops and it is determined
completely by the electrical field (see Fig. 5).

The critical conditions for the multiplication of dis-
locations (new dislocation loop punching) near the
charged dislocation loop is determined by the conditions
for the beginning of plastic deformation. This process is

O = Aendi + 2Ue.
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Fig. 3. Distribution of the total shear stress tensor component (g
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Fig. 5. Distribution of the total strain tensor component (¢!°') produced by electrical field near a charged dislocation loop with radius
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started when the maximum value for the shear stress
tensor component (5) exceeds the yield stress (ay),

iy = 0Y. (7)

The theoretical value of shear strength is equal to
o = u/2rn ~ 107 u [9]. The real experimental value of
the yield stress is less than the theoretical value and is
expressed as oy ~ 1072-1073u [9]. We have used the
experimental value of yield stress gy = 107> u in our

calculations for getting a physical picture of this phe-
nomenon. However, it should be remarked here that
because the electrical potential near charged dislocation
loop ¢ o R2 (see (3)) and oF o E? o (grad ¢)” o« R* for
large dislocation loops, the theoretical shear strength o'
may be exceeded too. The critical radius (R,) for the
beginning of multiplication of near charged dislocation
loops can be found from the following relation,

oi(Rer) = oy (8)
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and the critical radius R, is proportional to (Gy)l/ * be-
cause of oc R*. The brown areas in Figs. 3 and 4 show
the regions where the plastic deformation can start
(¢ = oy ~ 10° dyn/cm?). From the obtained numerical
calculations we can see that the total stress (shear and
normal components of the stress tensor) near charged
dislocation loop can exceed the yield stress (in the brown
regions of these figures) and plastic deformation (mul-
tiplication of new dislocation loops) can start here.

4. Conclusions

Based on the experimental and theoretical results
presented in this paper we can make the following con-
clusions:

1. Electron-irradiation subsequent to ion-irradiation in-
duces anomalous large defect clusters with strong
stress and strain fields in yttria-stabilized cubic zirco-
nia (YSZ).

2. Such defect clusters are considered to be oxygen
charged clusters, which are formed due to the pro-
duction of displacement oxygen atoms in multi-com-
ponent ZrO,-Y,0; ceramics.

3. Under irradiation, the growth of charged defect clus-
ters can result in the multiplication of the dislocations

in fusion ceramics due to the beginning of plastic de-
formation in the strong stress and strain fields near
such defect clusters.
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