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Alumina samples with different magnesia concentrations between 0.02 and 1 wt% have been
sintered and characterized by electron microscopy. Their dielectric properties between 1 kHz and 15
GHz are studied. Different dielectric behaviors are found for different magnesia concentrations. A
model based mainly on dipolar relaxation processes is proposed to explain the results obtained. The
effect of magnesia on dielectric properties of alumina shown in the present work should be
considered in the engineering designs for heating systems of future fusion machines and other
applications. ©1996 American Institute of Physics.@S0021-8979~96!07214-3#
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I. INTRODUCTION

One of the many problems to be solved before the c
struction of future fusion machines such as the next europ
torus~NET! or the international thermonuclear experimen
reactor ~ITER! is the radio frequency~rf! window for the
heating systems. These windows, acting as vacuum and
tium barrier, should be able to transmit high power~;1
MW! of radio frequency in three different frequency range
approximately 10–80 MHz for ion cyclotron heating, 1–
GHz for lower hybrid heating, and 150–200 GHz for ele
tron cyclotron heating. The absorption of a small fraction
the transmitted power will produce high-temperature gra
ents with the risk of breaking the material due to mechani
stress. The important material parameters to be considere
this framework are complex permittivity together with the
mal conductivity and mechanical properties. In this conte
although other materials are under consideration, alumin
oxide is being taken as first-choice material in present en
neering design studies.

It has been demonstrated that in high-purity sapphire
only dielectric loss over a wide frequency range comes fr
the interaction of electromagnetic fields with crystal latti
vibrations, producing very low loss tangent at microwa
frequencies.1,2However, the presence of impurities gives ri
to relaxation processes in the MHz region and therefore
higher levels of loss tangent which dominate the dielec
loss even at microwave frequencies.1 It is not easy to corre-
late the type of impurities with the different peaks that a
pear in the loss tangent versus frequency curves, but
known that Mg is a common impurity in Al2O3 and hence
one of the candidates responsible for such peaks. In fac
clear effect of Mg on the loss tangent of alumina at 20 G
has been observed.3 This effect could be of technologica
importance for rf windows in fusion machines since hig
energy neutrons coming from the plasma will produce M
impurities in Al2O3 as a result of nuclear transmutatio
reactions.4

a!Electronic mail: ibarra@ciemat.es
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An additional aspect of the problem is the fact Mg i
frequently used as a sintering aid in alumina fabrication sin
it produces an inhibition of the grain growth as well as a
increase in the final density of the material.5–7 It is likely that
this produces a consequent effect on the dielectric behavio3

however this point has hardly been studied. The prese
work has been carried out in order to study this problem. T
data obtained are also of interest for microwave sintering
which the rate of heating of the material is a function of it
loss tangent.

II. SAMPLE SINTERING AND CHARACTERIZATION

To carry out this work a set of alumina ceramics wer
sintered using a high-purity starting powder doped with di
ferent concentrations of MgO. The reference alumina powd
is the Condea HPA-0.5~Condea, Germany! and its main
characteristics are summarized in Table I. The same pow
was doped with concentrations of 0.05, 0.1, 0.2, and 1.0 w
MgO. Green compacts from pure and doped powders we
obtained by wet bag isostatic pressing at 207 MPa~30 000
psi! and sintered in an electric furnace at 1550 °C for 1.5
These conditions were selected from results obtain
previously.3 Disks of 30 mm diameter and 3 mm thick were
cut from sintered plates. The final densities were measu
by the immersion method. The microstructure of the sinter
samples was observed by scanning electron microsco
~SEM! on polished and thermally etched surfaces. Grain si
distributions were evaluated from SEM micrographs by u
ing an image analyzer. The spherical equivalent diame
was evaluated considering that the area enclosed by
closed boundary of a grain is equal to that of a sphere.
least 150 grains per sample were measured.

In Table II the main characteristics of the sintere
samples can be found. It is interesting to point out that t
addition of small quantities of MgO in the starting powde
produces a density increment which decreases with furth
MgO additions. A similar effect was observed by Harme
and Brook6 who measured the densification rate of alumin
as a function of MgO concentration and found an increase
6/80(2)/1028/5/$10.00 © 1996 American Institute of Physics
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 [This 
to 400 ppm, which is considered the solubility limit at the
sintering temperature. The decreasing density observed
higher MgO concentrations has not been previously reporte
although a dehyphendensification effect was observed
Bennison and Harmer8 under some conditions for alumina
doped with MgO at low concentrations.

In addition a trend in the effect of MgO addition on the
average grain size is also observed. Small additions of Mg
tend to reduce the average grain size, and a further addit
produces a slight increase. When a very high concentrat
of MgO is added, such as 1.0 wt%, the average size d
creases due to the formation of a significant concentration
small spinel precipitates. This behavior is in agreement wi
the results obtained by Bennison and Harmer.7 Figure 1
shows the microstructure of the undoped Al2O3 material and
samples doped with 0.1, 0.2, and 1.0 wt% MgO. For conce
trations of 0.1 wt% some isolated precipitation appears, b
is difficult to detect. Higher concentrations of MgO produc
an increased number of spinel precipitates. For 1.0 wt
many zones with spinel grains can be detected, with a re
tively high concentration in some areas. These results are
agreement with those obtained by Johnson and Stein.9

III. EXPERIMENTAL TECHNIQUES

The dielectric properties of sintered samples were me
sured at room temperature from 1 kHz to 15 GHz. In th
frequency range from 1 kHz to 100 MHz the half-power-ga
variation method is used. This method is based on a reson
technique in which the response of a resonant circuit is me
sured when the sample is in between the parallel plates o
condenser and compared with the same measurement w
out the sample.10 The measurements are made using a com
mercial system from Japan-E&M~model DPMS-1000!. This
system allows one to measure loss tangent values higher t
331026 with a precision better than6~33102610.5%! and
permittivity to better than 5%. The precision in absolute pe

TABLE I. Main characteristics of the reference alumina powder used.

Condea-HPA-0.5

Chemical analysis~ppm!: SiO2 60
Fe2O3 20
CaO 20
MgO 20
Na2O 40
Al2O3 99.97%

Specific surface area~m2/g! 10
Mean particle size~mm! 0.5

TABLE II. Main characteristics of the sintered samples.

Sample % MgO
Density
~g cm23!

Mean grain size
~mm!

Permittivity
~15 GHz!

A/Mg-0 0.002 3.94 2.20 9.99
A/Mg-0.05 0.05 3.95 1.90 10.01
A/Mg-0.1 0.1 3.95 1.92 10.04
A/Mg-0.2 0.2 3.93 2.02 10.02
A/Mg-1 1 3.90 1.85 9.93
J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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mittivity is limited by the precision in the sample thickness
Better resolution is achieved in the measurement of perm
tivity with frequency where changes as low as 0.3% can
measured.

The measurements of dielectric properties at 15 GHz a
also based on resonant methods, using closed cylindri
resonant cavities. The dielectric properties are obtained fro
the comparison of the characteristics of the resonance w
and without the sample inside the resonator. This syste
allows the determination, under optimum conditions, of th
permittivity with an error less than 0.1% and the loss tange
with an error less than 10% down to values of about 1025.
Some data at a frequency around 1 GHz are also obtained
a similar measuring technique but using a reentrant cav
instead of a closed cylindrical one.

At high frequency~15 GHz! it is also possible to mea-
sure the temperature dependence of dielectric propert
These data are obtained by installing the cavity inside a c
ostat, and the data are taken during the free heating of
system. The attainable sensitivity for changes in the perm
tivity and loss tangent is at least an order of magnitud
higher than that for absolute values at room temperature. T
measurements are made in a nitrogen atmosphere. Fur
details may be found in Ref. 11.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The loss tangent results at room temperature for t
complete set of samples in the above-mentioned frequen
range are represented in Fig. 2. The first point to notice is t
large difference in the dielectric behavior of very simila
samples, where loss tangent values from 1025 to greater than
1023 are observed. The sample A/Mg-0, in which no mag
nesia was added, presents a very low loss tangent over

FIG. 1. Microstructure of the samples used in this work. A/Mg-0~1!, A/Mg-
0.1 ~2!, A/Mg-0.2 ~3!, A/Mg-1 ~4!.
1029Mollá, Moreno, and Ibarra
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 [T
whole frequency range. This behavior is similar to that o
served previously1 for very high-purity alumina. If a small
quantity of MgO is added to the starting alumina powder
peak in the loss tangent appears near 100 MHz, as obse
in Fig. 2 for the sample A/Mg-0.05. Surprisingly, furthe
increasing the magnesia concentration gives rise to a
crease in the peak height~see curves for samples A/Mg-0.
and A/Mg-0.2!. In fact, the sample A/Mg-1, whose magnes
content is 1%, does not present such a peak and the
tangent value at high frequency is comparable to that of
high-purity sample. It is interesting to note that the positi
and shape of the peak coincides with those found for ot
commercial alumina samples which also contain Mg a
main impurity~see samples named BIO and VITOX report
in Ref. 1!. Figure 3 summarizes the observed effects show
the measured loss tangent at 100 MHz as a function of m
nesia concentration. In Fig. 3 the data for alumina samp

FIG. 2. Frequency dependence of loss tangent for the samples with diffe
contents of magnesia. A/Mg-0~s!, A/Mg-0.05 ~h!, A/Mg-0.1 ~n!, A/Mg-
0.2 ~m!, A/Mg-1 ~d!.

FIG. 3. Loss tangent measured at 100 MHz at room temperature as a
tion of the magnesia content for the different samples used in this work~d!
and in Ref. 1~n!.
1030 J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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studied in Ref. 1 are also included. On the other hand, in Fig
2 one observes an increase in loss tangent with increasin
magnesia content at low frequency, which must be relate
with some lower frequency process. Figure 4 shows the mea
sured loss tangent at 1 kHz as a function of magnesia con
centration. A clear correlation can be observed within them

The permittivity values obtained for all the samples at 15
GHz are given in Table II. The values are near to 10, in
agreement with other data for alumina.1 The differences ob-
served between the samples may be associated with the d
ferences in density and hence explained taking into accoun
the permittivity of air considering the sample as a heteroge
neous material composed of two different components: a
alumina matrix and air bubbles as a second dielectric mate
rial. This produces a variation in the permittivity of the ma-
terial according to the Clausius–Mosotti equation.12

In general no frequency dependence of permittivity has
been observed. This indicates that the change over all th
frequency range is less than 0.03, the only exception bein
the A/Mg-0.05 sample in which a decreasing step in the per
mittivity is observed at the frequency at which the loss tan-
gent peak appears~see Fig. 5, in which both the permittivity
and loss tangent for sample A/Mg-0.05 are given as a func
tion of frequency!. This behavior is as predicted for dipolar

ent

nc-

FIG. 4. Loss tangent measured at 1 kHz at room temperature as a functio
of the magnesia content for the different samples used in this work.

FIG. 5. Frequency dependence of permittivity~d! and loss tangent~j! at
room temperature for sample type A/Mg-0.05.
Mollá, Moreno, and Ibarra
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relaxation processes. In Fig. 5 the solid line represents
equation proposed by Jonscher for nonideal dipolar rel
ation in real dielectric materials13

tgd}
1

~v/vp!
2m1~v/vp!

12n

with m512n50.4, andvp/2p50.93108 Hz.
The study of the evolution with temperature of the

relaxation processes can give information about their cha
teristics. The available instrumentation does not allow one
measure as a function of temperature at the frequenc
which the loss tangent maximum appears, however mea
ing at 15 GHz it is possible to obtain some valuable info
mation. The data obtained as a function of temperature a
GHz are shown in Fig. 6. Once more different behaviors
obtained depending on the magnesia content. The loss
gent temperature dependence of sample A/Mg-0 shows a
crease of loss tangent with decreasing temperature and
similar again to that reported for sample CER9999 in Ref
also shown in Fig. 6. This behavior is related to the inter
tion of electromagnetic fields with lattice vibrations an
hence represents intrinsic losses of the crystal.14 The samples
with small quantities of Mg~0.1%, 0.2%, and 0.05%! also
present a decrease of loss tangent with decreasing temp
ture but with higher absolute values and with a higher slo
indicating that the observed behavior is associated wit
different origin, probably with the displacement towar
lower frequencies of the relaxation peak observed at 1
MHz at room temperature. This behavior also finds a pa
lelism with that reported for other samples~BIO and VI-
TOX! in Ref. 1, also shown in Fig. 6. Finally, the loss ta
gent of the sample A/Mg-1 with 1% of magnesia, that do
not present such a peak in the loss tangent, has a m
weaker temperature dependence. The origin of this beha
may be related well with the contribution of the lattice,

FIG. 6. Temperature dependence of loss tangent at 15 GHz for the diffe
samples used in this work and in Ref. 1. VITOX~d!, BIO ~j!, CER9999
~m!, A/Mg-0 ~1!, A/Mg-0.05 ~L!, A/Mg-0.1 ~s!, A/Mg-0.2 ~n! and
A/Mg-1 ~h!.
J. Appl. Phys., Vol. 80, No. 2, 15 July 1996
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modified by the presence of impurities, or related well wit
the low-frequency peak whose tail at high frequency is o
served in Fig. 2.

In summary, it seems that the presence of magnesia
alumina induces at least two different relaxation process
One at very high frequencies and the other at low freque
cies, but their concentration dependence is completely diff
ent. For the low-frequency process, there is a clear incre
of loss tangent with magnesia concentration~see Fig. 4!. In
fact it can be very well fitted to a 0.33 power law, indicatin
that the defect responsible for this process is distributed u
formly in the volume of the sample and is clearly associat
with the magnesia concentration. A good candidate for th
defect is the spinel precipitates.9

For the high-frequency relaxation process, it is not s
easy to understand the dependence of the dielectric prop
ties with magnesia concentration. As shown in Fig. 3, it
clear that there is a maximum loss tangent for a concent
tion value of about 400 ppm. This value is the approxima
solubility limit of Mg in Al 2O3 at the sintering temperature
employed15,16 and could therefore be related. Usually mag
nesia is used as a sintering aid in alumina fabrication beca
it inhibits grain growth, and hence by avoiding large grain
produces an increase of densification. These effects are
to an increase in the diffusion coefficient for Al because
the presence of interstitial Al31 ions.6,7,17 These defects re-
sult from the substitution of Al31 by Mg21 in the lattice.
Because of the difference in the valence, the substitution
Mg21 represents a negative charge with respect to the latt
and therefore acts as a potential hole trap by charge comp
sation according to the reaction

~Mgx!Al↔~Mg8!Al1h0,

where the equilibrium constant increases with th
temperature.18 The used notation is proposed by Kro¨ger and
Vink19,20 where the subscript indicates the position of th
defect in the lattice and the superscript indicates the cha
with respect to the lattice. This kind of defect constitutes
dipole, the orientation of which changes according to th
different equilibrium positions of the hole relative to the
Mg21. This localized orientational dipole with high mobility
due to the low hole mass may be responsible for the rela
ation process observed by dielectric spectroscopy at high f
quency. Similar effects have been observed in Al-dop
quartz, in which the subvalent impurity Al31 substitutes the
Si41 ion in the SiO2 lattice, also trapping a hole and giving
rise to relaxation process centered in the GHz range ass
ated with the center~Al x!Si .

21,22Both systems are quite simi-
lar because the ionic radius of the impurity is similar to th
of the substitutional ion and the impurity has a lower charg
state with a difference to the perfect lattice of11.

The following mechanism is proposed to explain the o
served loss dependence on the magnesia concentratio
high frequencies~see Fig. 3!. Below the solubility limit an
increase of magnesia concentration implies an increase
dissolved Mg at the sintering temperature. On cooling dow
to room temperature a fraction of this Mg will remain in
solution. It is reasonable to expect that under these con
tions the higher the initial disolved Mg, the higher the dipol

ent
1031Mollá, Moreno, and Ibarra
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concentration and hence a higher dipolar relaxation peak.
the case where the magnesia concentration is over the s
bility limit, the disolved Mg concentration cannot increase
and therefore one may expect an increase of MgAl2O4 pre-
cipitates, or Mg aggregation. These may act as nucleat
centers during cooling, and even produce a decrease of d
olved Mg. This would explain the decrease in the height
the loss peak with increasing concentration over 400 ppm

V. CONCLUSIONS

The presence of magnesia in Al2O3 gives rise to an in-
crease of loss tangent over a wide frequency range~1
kHz–15 GHz!. The main reasons for this increase are a d
polar relaxation process centered at 108 Hz whose height is
maximum when the Mg concentration is around 400 pp
and another relaxation process at low frequency~,1 kHz!
whose intensity is proportional to the magnesia concent
tion. A model is proposed to explain the dipolar relaxatio
and its dependence on Mg concentration. The effect of M
on dielectric absorption is of importance for rf windows use
in the heating and diagnostics systems of fusion machin
since a level of about 400 ppm of Mg may be reached in pu
alumina after one year of neutron irradiation at a flux equiv
lent to 1 MW/m2. This power level is expected for future
fusion machines as NET or ITER at the first wall.
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