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Abstract

Structural changes in magnesium aluminate spinel (MgO -nAl,Os) single crystals, which were irradiated with 900
keV electrons or 1 MeV Ne™ ions at 873 K, were examined by electron channeling enhanced X-ray microanalysis.
Unirradiated MgO - Al,O; has a tendency to form the normal spinel configuration, where Mg?* ions and AI** ions
occupy mainly the tetrahedral and the octahedral sites, respectively. Electron irradiation induces simple cation disor-
dering between the tetrahedral sites and the octahedral sites in MgO - Al,O;. In addition to cation disordering, slight
evacuation of cations from the tetrahedral sites to the octahedral sites occurs in a peak-damaged area in MgO - Al,O4
irradiated with Ne™ ions. In contrast, cation disordering is suppressed in MgO - 2.4Al,0; irradiated with electrons. The
structural vacancies, present in the non-stoichiometric compound, appear to be effective in promoting irradiation
damage recovery through interstitial-vacancy recombination. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Magnesium aluminate spinel MgO -nAl,O; exhibits
strong resistance to formation of defect clusters under
irradiation with high energy particles and it is expected
to be an excellent candidate for insulators in the fusion
reactors [1,2]. For example, no defect clusters have been
observed under irradiation with 1 MeV electrons up to a
few displacements per atom (dpa) in a wide temperature
range [3-5]. The reliable stability in radiation fields is
believed to come from a high rate of interstitial-vacancy
recombination. It is partly because the spinel structure
has a number of vacant sites. In the ideal ‘normal’
structure of stoichiometric case, Mg>" and AI** ions
occupy 1/8 of the tetrahedral sites and 1/2 of the octa-
hedral ones, respectively, in the fcc lattice formed with
O? ions. The rest positions remain as unoccupied sites
in the lattice. In the non-stoichiometric cases with n>1,
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a significant number of structural vacancies are intro-
duced in the cation sites. Under irradiation conditions, it
is expected that the recombination of Mg*" and AIP*
ions with vacancies or the exchange of Mgt and AP+
ions on their respective lattice sites will be readily ac-
commodated. Cation disordering in MgO - nAl,O; irra-
diated with neutrons has been quantitatively examined
by means of neutron diffraction [6], and nuclear mag-
netic resonance [7]. These techniques, however, are
thought to be unsuitable for the study of local micro-
structure in irradiated materials.

The purpose of the present study is to measure the
site distribution of cations on the tetrahedral and the
octahedral sites in MgO - nAl,O; by electron channeling
enhanced X-ray microanalysis. The technique takes ad-
vantage of the ALCHEMI (atom Jocation by channeling
enhanced microanalysis) technique [8]. The early for-
mulation of ALCHEMI [9] leads to significant system-
atic errors in the site distributions of compounds
consisting of light elements [10]. However, recent im-
provement with correction of the delocalization effect
[11,12] has made ALCHEMI a reliable technique. In this
study, we applied the technique to MgO - nAl,O; before
and irradiated with 900 keV electrons or 1 MeV Ne*
ions at 873 K.
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2. Experimental procedure

For 900 keV electron irradiation, transmission elec-
tron microscope (TEM) specimens of MgO -nAl,O3
single crystals with n=1.0 (Union Carbide) and 2.4
(Nakazumi Crystal) were dimpled to be 30 pm thick and
ion-milled with 5 keV Ar™ ions to electron transparency.
They were annealed at 1470 K in a furnace for 48 h to
remove lattice defects produced by ion milling, and then
subsequently cooled. The specimens were irradiated at
870 K with 900 keV electrons to a dose of about 2 dpa
(¢t = 1.6 x 10?7 e/m?). For 1 MeV Ne* ion irradiation,
bulk MgO - Al,O; was irradiated at 870 K to a dose of
about 2 dpa (¢, = 4.5 x 10*° Ne/m?). The irradiated
specimens were mechanically polished with a tripod
polisher to a wedge shape. The specimens were examined
with Philips EM420T (Argonne National Laboratory)
operated at 120 kV and Philips CM200 (Oak Ridge
National Laboratory) operated at 200 kV, equipped
with an EDAX 9900 microanalyzer system. The influ-
ence of the electron irradiation on displacement damage
during analysis can be ignored, since constituent atoms
are hardly displaced out of their occupied sites below
250 kV. The angular resolution measurements of X-ray
emission were carried out with incident beam rocking
between —4g and +4g (g =400) Bragg conditions.

3. Analytical procedure

We assume that O?~ ions form an ideal fcc sublat-
tice in the spinel structure, and Mg>* and AI** ions
reside on part of the tetrahedral and octahedral sites.
The occupation probabilities P;s of Mg?* and AP+ on
the tetrahedral sites are defined as parameters charac-
terizing the structure. Table 1 gives relative numbers of
these elements on the two cation sublattices in terms of
P;’s.

Fig. 1(a) shows an example of electron channeling
enhanced X-ray intensity variations as functions of in-
cident beam tilting along the 400 direction. In the hor-
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Fig. 1. An example of the characteristic X-ray intensity varia-
tions as a function of diffraction condition (a) and the response
of the X-ray intensities of Mg K and Al K to O K; (b) in
MgO- AL, Os. Here k/g4y corresponds to the exact Bragg posi-
tion for 400.

izontal axis, k/gs =1 corresponds to the exact Bragg
condition for 400 reflection. Fig. 1(b) is obtained by
re-plotting the X-ray intensities of Mg K and Al K as a

Table 1
Numbers of ions and vacancies at the crystal sites per unit cell
Tetrahedral site Octahedral site fce Site Total
Bn+ 1 M a7 D) 3n+1
Nai 64n P 64n I_p 64n
T 1 3+ 1
No 32 32
Ny 8 — (NI + NI 16 — (Nl 4 NIy
Total 8 16 32
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function of the intensity of O K. Here, r; (i=0, Mg or
Al) is the ratio of the X-ray intensity under the dy-
namical condition to that under random condition in
i-element. Indicated in Fig. 1(b) that a linear response
of rye and ra to ro appears. Around the Bragg po-
sition of 400, ro vary in terms of ry, and ra,
according to

1 1

_ Pu/Pyy 1
1 — Pa1/Pue Laio

1= Pai/Pug Lvigo

ro VAl Mg, (1)

where Lo and Ly,o are the coefficients for distribution
of charge density in AI** ions or Mg?* ions to O~ ions,
respectively, and can be measured experimentally as the
ratio of ra; and ry, to ro at a 440 reflection. The values
of Py and Py were determined by comparing the an-
gular dependent X-ray emission profiles with theoretical
calculation based on the dynamical diffraction theory
[13,14]. The numbers of Mg>* ions and AI** ions per
unit cell were evaluated from the occupation probabili-
ties Py and Py The number of vacancies was then
determined on the site conservation law for each site.

4. Results and discussion

Table 2 lists the occupation probabilities of cations
on the tetrahedral (T) and the octahedral (O) sites in

unirradiated MgO - nAL,O;. In the case of MgO - Al,Os,
90% of AI** ions are located on the O-sites, while 60% of
Mg** ions are on the T-sites. This means that the
compound has a tendency to form the normal spinel
configuration. However, about 40% of Mg?* ions and
about 10% of AI** ions are located on the opposite sites.
The partial disordering tendency of Mg>* ions has been
also revealed by neutron diffraction [6] as Py, =
0.763 +0.02 and Ps; = 0.118 £ 0.01, and has been ex-
plained in terms of ionic size and induced lattice strain
around the T-sites. Table 2 also shows the total number
of ions in T-sites is less than 8 and that in O-sites is
greater than 16 per unit cell. It suggests that some ca-
tions should occupy empty sites of octahedral positions
in the spinel structure, resulting in the same amount of
vacancies in the T-sites. In MgO-2.4A1,0;, in contrast,
27% of Mg?* ions and 20% of AI** ions occupy the T-
sites. It is indicated in Table 2 that the structural va-
cancies are predominantly located on the T-sites.

Table 3 shows the results of the occupation numbers
of Mg*" and AI** ions per unit cell on the T-sites and
the O-sites in MgO -nAl,O; after irradiation at 870 K
with 900 keV electrons up to 2 dpa in a peak-damaged
area. Here, the unirradiated area was about 1.2 um away
from the periphery of the illuminated area. In
MgO - Al,Os, both Mg?* and AI** ions have a tendency
to replace their sites to the opposite sites, whereas the
number of vacancies hardly changes by irradiation. This

Table 2
Occupation numbers of Mg, A" and vacancies on the T-sites and the O-sites in a unit cell in MgO - nAl,O; before irradiation®
Number of ions P;
T-sites (8) O-sites (16)
n=1.0 Mg>* 49+0.1 3.1+0.1 0.61%0.01
AB* 1.6%£0.3 144103 0.10£0.02
Vacancy 1.5+£0.3 ~0 -
n=24 Mgt 1.1+£0.1 2.8+0.1 0.27%0.01
AP* 3.8£0.3 149+0.3 0.20+0.02
Vacancy 32204 ~0 -

#The occupation probabilities on the T-sites (P;) are also tabulated.

Table 3

Occupation numbers of Mg>*, Al**and vacancies on the T-sites and the O-sites in the unirradiated area and the damaged area in

MgO - nAl,O; irradiation with 900 keV electrons to 2 dpa at 8§70 K*

N Unirradiated area Damaged area
T-sites O-sites T-sites O-sites
n=1.0 Mg** 8.0 3.9+0.1 4.110.1 22+0.1 5.8+0.1
AP 16.0 1.3%£0.3 14.7£0.3 32103 12.8%£0.3
Vacancy 0.0 29+%0.3 ~0 2.6%0.3 ~0
n=24 Mg 3.9 1.1£0.1 2.8%0.1 1.1£0.1 2.8%0.1
AP 18.7 38104 149104 43+04 144+0.4
Vacancy 1.4 32%0.3 ~0 2.6%0.3 ~0

#The probabilities are given in terms of the number of ions per unit cell (N: total numbers of ions in an unit cell).
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result indicates that simple cation disordering ensues in
MgO-AlL,O;. In contrast, A" ions increase and va-
cancies decrease in the T-sites in the damaged area in
MgO -2.4Al,0;, while the number of Mg?* ions on the
T-sites hardly changes. It is suggested that displaced
cations are mainly combined with structural vacancies
on the T-sites. Namely, AI** ions directly combine with
structural vacancies on the T-sites, or Mg>* ions move
to the O-sites by irradiation and then recombine with
structural vacancies on the T-sites. The high concen-
tration of structural vacancies would lead to the high
rate of recombination, less disordered atomic arrange-
ment and efficient suppression of the nucleation of in-
terstitial loops [15].

Fig. 2 shows an example of the microstructure in
MgO - Al,O; irradiated with 1 MeV Ne™ ions at 870 K in
the pre-peak damaged area (a), the peak damaged area
(b) and the unirradiated area (c). The dose reaches about

(a) (b) (c)

Fig. 2. Microstructure and diffraction patterns of MgO - Al,O;
irradiated at 870 K with 1 MeV Ne'ions: (a) the pre-peak
damaged area; (b) the peak damaged area and (c) the unirra-
diated area.
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Fig. 3. X-ray intensity profiles of MgO - Al,O; irradiated at 870 K with (a) 1 MeV NeTions in the pre-peak damaged area and (b) the

peak damaged area.

Table 4

Occupation numbers of Mg?*, Al**and vacancies on the T-sites and the O-sites after irradiation with 1 MeV Ne* ions at 870 K in

MgO-ALO; up to 2 dpa in the pre-peak damaged area®

n=1.0 N Occupation numbers
T-sites O-sites

Unirradiated area Mg+ 8.0 49+0.1 3.1%0.1
AP+ 16.0 1.6+0.3 14.4+0.3
Vacancy 0.0 1.5+£0.3 ~0

Pre-peak damaged area Mg*+ 8.0 3.0+0.1 5.0£0.1
AP* 16.0 3.5+0.3 12.5+0.3
Vacancy 0.0 1.5%£0.3 ~0

Peak damaged area Mgt 8.0 3.010.1 5.0%0.1
AP+ 16.0 29+0.3 13.1+£0.3
Vacancy 0.0 22%0.3 ~0

#The probabilities are given in terms of the number of ions per unit cell (N: total numbers of ions in an unit cell).
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2 dpa in the pre-peak damaged area. Fig. 3 shows the
electron channeling enhanced X-ray intensity profiles
from the pre-peak damaged area (a) and the peak
damaged area (b). The profiles change significantly
compared with Fig. 1(a) for an unirradiated area, re-
vealing that 1 MeV Ne™ ion irradiation induces atomic
re-arrangement.

Table 4 summarizes the occupation numbers of Mg>*
ions and AI** ions on the T-sites and the O-sites in
MgO - Al,O; after irradiation at 870 K with 1 MeV Ne*
ions. Indicated in Table 4 that the number of Mg>" ions
decreases and that of AI** ions increases on the T-sites in
the pre-peak damaged area. Therefore, we conclude that
simple cation disordering ensues in the pre-peak dam-
aged area. This is thought to be reasonable because light
ion irradiation significantly enhances point defect diffu-
sion by large amount of ionization [16] in the pre-peak
damaged area and promotes cation disordering during
the irradiation. In the peak damaged area, in contrast,
the total number of cations on the T-sites decreases and
that of vacancies increases in comparison with the pre-
peak damaged area. It results from that some of AI’*
ions are displaced out of the T-sites to the O-sites. As a
result, excess vacancies are produced on the T-sites in the
peak damaged area. Neutron diffraction of MgO - Al,O;
has suggested that a considerable amount of ions are
located on the unoccupied sites of the octahedral posi-
tions after neutron irradiation up to 56 dpa at 678 K [6].
Heavy irradiation with 400 keV Xe>* or 1.5 MeV Kr*
ions at cryogenic temperatures lower than 100 K [17-20]
results in extinction of 220 reflections, which indicates
evacuation of ions from the T-sites. These experimental
results on heavily irradiation cases are qualitatively
consistent with the present result in the peak damaged
area. An extended study in MgO - nAl,Oj; irradiated with
ions on other conditions is now being conducted.

5. Conclusion

Magnesium aluminate spinel MgO-nAl,O; (n=1.0
and 2.4) was examined by electron channeling enhanced
X-ray microanalysis, in order to study a cation config-
uration before and after irradiation with 900 keV
electrons or 1 MeV Ne* ions at 873 K. The non-
stoichiometric compound showed more resistance to
radiation damage than the stoichiometric one in terms
of the stability of the cation configuration under irra-
diation. The present results imply that the high
concentration of structural vacancies, present in non-
stoichiometric compound, should be effective in

promoting irradiation damage recovery by interstitial—
vacancy recombination.
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