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Abstract

Point defects in fusion ceramic materials under irradiation can have an effective charge due to ionization and
covalent chemical bonding. The kinetics of charged point defects in these materials is determined by their effective
charge and this kinetics is completely different from non-charged point defects in metals. The experimental investigation
of point defect charge states in ceramic materials is rather difficult. In this paper, a new method is proposed for the
investigation of charge states of point defects in irradiated ceramic materials. This method is based on a new theoretical
model and experimental observations of defect cluster formation near permanent sinks, such as grain boundaries.
Previous experimental investigations show that a denuded zone is formed in irradiated ceramic materials near free
surfaces and grain boundaries. The effect of an applied electric field on the formation of interstitial-type point defect
clusters (dislocation loops) near grain boundaries in irradiated ceramic materials is investigated. For this purpose a new
theoretical model is suggested, which takes into account the effect of an applied electric field on the denuded zone
formation. It is shown that the denuded zone size depends on point defect charge and direction of applied electric field.

The obtained theoretical results are compared with experimental data.

© 2004 Published by Elsevier B.V.

1. Introduction

Ceramic materials are expected to be used as struc-
tural materials for future fusion reactors due to their
thermo-chemical stability, radiation resistance and low-
induced radioactivity. The radiation resistance of cera-
mic materials under irradiation is determined by the
kinetics of point defect accumulation and defect cluster
(dislocation loops, voids, etc.) formation and growth in
the matrix. The physical properties of ceramic materials
differ from metals because they do not have free charge
carriers, and point defects (vacancies and interstitial
atoms) in ceramic materials can have an effective charge
[1]. The effective charge state of point defects is deter-
mined by the kinetics of emission and absorption of
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electrons and holes on these point defects. So for
example the charge of vacancies in ceramics can change
due to trapping of electrons (for example F*, F centers:
vacancies with a single and two trapped electrons). Also
the charged interstitial atoms and vacancies can change
their effective charge during the diffusion process [2].
Due to the accumulation of charged point defects in the
matrix, an effective internal electric field is formed,
which affects the diffusion process of charged point de-
fects. The kinetics of the nucleation and growth of point
defect clusters (dislocation loops and voids) in such
materials can have completely different behavior in
comparison with metals [3-6]. Moreover, an internal
electric field near charged clusters can change the
physical mechanism of the nucleation and growth of
such clusters [3.4]. So, the use of ceramic materials in
fusion devises will require knowing how the macroscopic
properties of such a material are modified by the internal
and external electric field under irradiation. To under-
stand this situation, the charge states of point defects
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should be known. We propose here a theoretical model,
which can be used for the experimental investigations of
the charge states of point defects.

Grain boundaries are known as perfect sinks for
point defects, so a denuded zone usually appears under
irradiation in metals near the grain boundaries [7-9].
The denuded zone is a region where the number of the
point defects and defect clusters is much less than that in
the matrix. Denuded zone formation has also been ob-
served in irradiated ceramic materials [10-12].

In our model, we will consider that only one sort of
interstitial atom with negative charge (—¢) and only one
sort of vacancy with positive charge (¢) are formed in an
irradiated ceramic material. We will investigate how the
denuded zone near grain boundaries can form in irra-
diated ceramics with an applied electric field and without
it. The applied electric field is oriented in our model
perpendicular to the surface of the irradiated specimen
or grain boundary. The assumptions made in our model
are used for simplicity but they allow to determine the
dependence of denuded zone size as functions of
strength and direction of an external electric field, and
charge state of point defects.

2. Physical model of denuded zone formation in irradiated
ceramic materials with two types of charged point defects

In our model, we assume that the grain boundary can
be considered as a plane at z=0 (z> 0 is inside of
material), which act as a perfect sink for point defects.
This means that the concentrations of vacancies (Cy)
and interstitials (Cy) near grain boundary are small for
the defect cluster (dislocation loops, voids) formation,
leading to the formation the denuded zone near grain
boundary. We also include the mutual recombination of
the vacancies and interstitial atoms for the formation of
a denuded zone. In this case the contribution of other
sinks such as voids, dislocations and dislocation loops is
negligible compared to the grain boundary. If the tem-
perature and diffusion coefficients are comparatively
high, the concentrations of the point defects will reach
steady-state values after a relatively short time.

For the calculations of the steady-state concentra-
tions of Ci(z) and Cy(z) in the vicinity of the grain
boundary, we have to solve the following one-dimen-
sional diffusion equations:

4
G —aCiCy — LY 0. (1)

4
G—aCiCy — L =0, .
Z

dz
Here G is the generation rate of point defects under
irradiation, o = u(Dy + Dy) is the point defect recom-
bination coefficient (1 = 3/a?, a is the lattice spacing), Dy

and Dy are the diffusion coefficients of interstitial atoms
and vacancies respectively. The second term on the left-

hand sides of Eq. (1) describes the mutual recombina-
tion of vacancies and interstitial atoms. The diffusion
currents of the point defects, which take into account the
influence of a driving force from an internal electric field
on the diffusivity of charged point defects in one-
dimensional case, are equal:

dCr  gDiCr do

Ji= _DIE + kT dZ ’ (2)
. de quCV d(/)
= Vdz kT dz’

Here T is the temperature, ¢ is the potential of internal
electric field (E;,, = —V @), which is determined from the
following Poisson equation:

Ap = —4—n(qCV —qC1+ eCy — eCy). (3)
&

Here e is the electron charge; Cy,, C. are the concentra-

tions of holes and electrons, w is the atomic volume, ¢ is

the dielectric permeability of material.

We assume that the charge density p (p = eC, — eC,)
is constant in the whole specimen. One can see from Eq.
(1) that a total electrical current from charged point
defects is the constant (J;) in the whole specimen and is
equal to

J = —q( = jv)
d¢ dc 2
= q(DId—Z[ — Dvd—zv) +13_T(DICI +Dvcv)Eim == J().

)

For the concentrations of the vacancies and inter-
stitial atoms we can write the following boundary con-
ditions

Gi(z=0)=0, Ci(z—o0)=C?,

Cy(z=0)=0, Cy(z—o0)=CY,

d¢ dC 2
Jo= <q (DIEI*DVEV) +Z7(D1C1 +DVCV)Eim)

=owkE.
(5)

Here o is the ionic conductivity of charged point defects,
E is the applied external electric field, C? and CY are the
steady-state concentrations of interstitial atoms and
vacancies far from the grain boundary in the matrix. It is
very difficult to obtain an analytical solution for Egs.
(1)-(3) with the boundary conditions (5). However,
some values such as a denuded zone size can be obtained
without solving the total system of Eqgs. (1)-(3). Let us
assume that the space dependent concentrations of the
point defects near grain boundary C], C} are small
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compared with the average concentrations of them in
the matrix C?, CY,

G=G+¢ (IGl<q),

6
Comchacy (Cl<ch) “
These requirements are not met on the surface of the
specimen or grain boundary. However, these relations
are correct at distances comparable with the size of de-
nuded zone. Besides, the use of the relations (6) simpli-
fies the analysis significantly. The linearization of Egs.
(1)-(3) will give the average concentrations C?, CY
(D1 > Dy)

oo — (p)ZGw
: 2q) uDi o 2q’

2
p G »p
Y = (—) +— L p=eC,—eC..
v 2) Tup 290 PO

It is known that the electric field in the bulk is equal
to Ein(z — 00) = E/e. So from Egs. (4) and (5) we ob-
tain the famous relation oo = ¢*(DiC} + DyCY) /ewkT.
Assumption (6) results in the following system of linear
differential equations:

d’cl  ¢E dcC} [acg 4nq2C§)} cl
1

dz?2  ekT dz Dy ewkT
_ _Lq)ié‘nqzcgf_cl :0
| D1 ewkl | V7 8)
Q4 gF aCy [ 4
dz2 ekT dz Dy ewkT v
[ el
| Dy  ewkT |17

We can see from Eq. (8) that the solutions of these
equations are C},C\ ~ exp(—Aminz), Where A is the
minimum positive root of the following equation
(/12 _qE P aCy 4nq2C})>

ekT Dy ewkT

0 20
><(l2+ﬂﬂ. aC?  4ng CV)

ekT Dy swkT

_ (aC)  Ang’Cy )\ [(aCy  4ng*CY )
S\ D ekT Dy kT )’

Finally, the size of the denuded zone is equal to
L = 1/Amin. For simplicity let us assume that the average
concentrations of vacancies and interstitial atoms far
from the grain boundary are equal (C =Cy =C) =
/G/a), due to the electrical neutrality of matrix, i.e. the
charge density of charged defects (voids, dislocations,
dislocation loops), holes and electrons in the bulk p is

negligible. So in the case of the absence of external
electric field (E = 0), we have two different solutions of
the Eq. (9) (D; > Dy)

L, ~ EORT (kD " Ly ~ Dy " (10)
a 8742\ G LT\ WG )

where L, depends on the charge of point defect and Ly is
determined only by the temperature.

It should be remarked that L, depends on the charge
of point defect ¢ and Ly is determined only by temper-
ature. Moreover, both of these relations are extremely
different from the expression for the denuded zone size
in metals [10], where the denuded zone size is propor-
tional

(11)

The denuded zone size in metals is determined by
applying the following relation D;CY = DyCY far from
the grain boundary. In ceramic materials, the condition
of electrical neutrality ¢gC% — qC? + p = 0 was used in-
stead and this relationship is not taken into account in
metals. So the temperature dependence of denuded zone
size in ceramic materials should be expressed by Eq.
(10). The real size of the denuded zone is the largest
value in Eq. (10). There is a critical temperature 7,
when the size of the denuded zone changes its behavior
(Ly = Lr). This temperature is equal to

AE,, AE,
() (i) (12)

AEm = Lmv _Emly

kT =

where E,; and Ey are the migration energies of inter-
stitial atoms and vacancies, respectively. The migration
energies of point defects in MgO and a-Al,O; are pre-
sented in [1,13]. So, the migration energies of Mg and O
vacancies are located in the range of E,,v = 2.0-2.3 and
2.0-2.5 eV, respectively. The migration energies of Mg,
O interstitials are located in the range of E,; = 0.5-1.5
eV [1]. The migration energies of point defects in Al,O3
are equal to E,v = 1.8-2.1 eV for Al and O vacancies
and E,; =0.2-0.8 eV for Al, O interstitials [1]. The
temperature dependences of L, and Ly are given in Figs.
1 and 2 using typical values for the different migration
energies and some material parameters (see Table 1). It
is obvious that due to a presence of charged point de-
fects in ceramics the size of denuded zone will depend on
an external electrical field (see Fig. 3). Indeed, in the case
of a small external electrical field £ and assuming that
C? = CY = Cy = +/G/a, the solutions of Eq. (9) are
equal to:
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Fig. 1. The temperature dependence of denuded zone size
without an applied electric field.
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Fig. 2. The temperature dependence of denuded zone size on
migration energy of interstitial atoms without an applied elec-
tric field. Migration energy of vacancies is assumed to be 2 eV.
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Table 1
Main parameter values used for numerical calculations of size
of denuded zone [1]

G Point defect generation rate 1.0x 10~ dpals

a Lattice parameter 3.0x107% cm

€ Dielectric permeability 1.0

e Charge of electron 4.8x1071% esu

Emt Migration energy of interstitial 0.2-1.5 eV
atoms

E,y  Migration energy of vacancies 2.0 eV
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Fig. 3. A schematic showing of the effect of an applied electric
field on the formation of denuded zone in irradiated ceramic
materials. The electric field is applied perpendicular to the grain
boundary plane. (L(#E) = L(0) + (7i€)AL, where E = 2E, & is the
unit vector applied perpendicular to the grain boundary plane).

where 4,7 = 1/L,r and y = gE/ekT, L is the size of the
denuded zone. In the case of extremely different values
of L, and Ly in Eq. (10), the sizes of the denuded zones
are equal to

1
L=L,(1 —ocE+§a2E2), L,> L, (14a)
L~ Lr(1 — BE +24°E%), Ly > L, (14b)
_ 4L i
- 28kT7 ﬁ - T (14C)

The typical dependencies of the denuded zone on an
external electrical field are shown in Fig. 4. Thus, in the
case of a small-applied electric field the difference between
denuded zone sizes with applied electric field L(E) and
without it L(E = 0) has the following dependence on E
and effective charge of point defect (q) (see Figs. 5 and 6).

12
w uD
AL(E) = — 6 (7‘) E, (15)

where AL(E) = L(E) — L(E = 0).
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Fig. 4. The dependence of denuded zone size on the applied
electric field for different point defect charge state and migra-
tion energy of interstitials. The vacancy migration energy and
irradiation temperature are assumed to be 2 eV and 700 K
respectively.

12
\ G = 1.0x10" dpassec, T=700 K
. B, =05eV,E,=20eV
-0 g=le
4 \0\1 \1 —0— g=2

; —— g=3e¢
0

p @%\N
N

LENL(0) (nm)

o

W.\Q
-100 ) -50 0 50 i 100
Applied electric field (kV/m)

Fig. 5. The dependence of AL,(E) on the applied electric field
for different point defect charge states.
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Fig. 6. The dependence of AL;(E) on the applied electric field
for different point defect charge states.
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Fig. 7. The dependence of ALq(E)/Lg(E) on an applied electric
field for the different point defect charge states and migration
energies of interstitials. The vacancy migration energy and
irradiation temperature are assumed to be 2 eV and 700 K,
respectively.

Note that relation (15) is valid in both regimes
L,> Ly and L, < Ly. We can see from Figs. 5 and 6
that depending on the direction of the electric field; the
denuded zone size from one side of a grain boundary can
increase or decrease. So, by applying an external electric
field and measuring the difference AL(E) of the denuded
zone size from two sides of grain boundary at different
temperatures as a function of electric field, we can
experimentally obtain the value of point defect charge
states and to find migration energy of interstitial atoms.
Note also that the expression AL(E)/L; ~ —qE/2¢kT
weakly depends on the migration energies of point de-
fects, but it explicitly depends on the charge of point
defects (see Fig. 7). So using this expression we can
experimentally obtain a point defect charge state even in
the case when the exact values of point defect migration
energies are unknown.

3. Conclusions

(1) A new theoretical model for the explanation of de-
nuded zone formation in irradiated ceramic materi-
als under the effect of an external and internal
electric fields, taking into account the charged states
for point defects has been suggested.

(2) It was shown that the size of the denuded zone under
an applied external electric field is determined by the
effective charge of point defects, the direction and
strength of the external electric field and the point
defect diffusivity. The direction of applied electric
field can increase or decrease the denuded zone size
depending on the sign of point defect charge.

(3) Theoretical results obtained for denuded zone for-
mation under an applied electric field at different
temperatures and generation rates for point defects
can be used for the experimental investigation of
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point defect charge and migration energy of charged
point defects in irradiated ceramic materials.
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