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Section 4. Physical properties of unirradiated and irradiated ceramics

Dielectric spectroscopy of alumina ceramics over a wide frequency
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Abstract

Aluminum oxide (either in single or polycrystalline form) is one of the insulator materias with broad application in high
radiation environments. Despite this demanding use, very different values for the dielectric properties have been found in the
literature before and after irradiation. In order to obtain a reliable database, the dielectric properties of several unirradiated
commercial alumina grades have been measured over a wide frequency (1 kHz to 15 GHz) and temperature range (100 to
300 K). Loss tangent differences over three orders of magnitude have been observed. The possible explanations and the role
of some impurities (mainly Mg and Fe) are analyzed. © 1998 Elsevier Science B.V.

1. Introduction

Many material problems have to be solved before the
construction of future fusion machines such as the interna-
tional thermonuclear experimental reactor (ITER). More
specifically, the choice of material for radio frequency
(RF) windows and different antenna supports and insula-
tors for the heating systems is an unresolved issue. These
windows, acting as a vacuum and tritium barrier, should be
able to transmit high power (~ 1 MW) of radio frequency
in three different frequency ranges: approximately 40-80
MHz for lon Cyclotron Heating, 1-5 GHz for Lower
Hybrid Heating, and 100-200 GHz for Electron Cyclotron
Heating. The absorption of a small fraction of the transmit-
ted power will produce high temperature gradients with the
risk of breaking the material due to mechanical stress.
Some diagnostics will aso need insulators working at
lower frequencies. Although mechanical and thermal prop-
erties are aso important, the main parameter to be consid-
ered in this framework is the dielectric loss (DL).

It has been demonstrated that, in high purity sapphire,
the only DL over a wide frequency range comes from the
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interaction of electromagnetic fields with crystal lattice
vibrations, producing a very low loss tangent at microwave
frequencies [1,2]. However it is known that the presence of
defects give rise to relaxation processes in the kHz to MHz
region and therefore to higher levels of loss tangent that
dominate the DL over a wide range of frequencies [3].

It is not easy to correlate the type of defects with the
different peaks that appear in the loss tangent versus
frequency curves. Previous work found in the literature
were done in different samples and at different frequen-
cies, so it was even more difficult to obtain a clear picture
of the frequency and defect dependence of the loss tangent.
The present article belongs to a long-term program that has
been carried out in order to study this problem, mainly by
doping in a controlled way with several common impuri-
ties. The database so obtained is also of interest for many
other applications where aluminais an important candidate
or for microwave sintering in which the rate of heating of
the material is a function of its loss tangent [4].

2. Experimental

The work here presented has been done on severa
commercial alumina grades. They have been chosen from
very high (99.99%) down to quite low purity (92%) al-
though the mgjority are of high purity. The manufacturer
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Table 1
Main characteristics of the samples studied
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Producer Nominal purity (%) Density (g/cm®) Grain size (um)

W995 Wesgo (USA) 99.5 3.84 30
W300 Wesgo (USA) 97.3 3.80

MM999. Morgan Matroc (UK) 99.9 3.97 14
MM995 Morgan Matroc (UK) 99.5 3.82

MM975 Morgan Matroc (UK) 975 3.73

BIO Friedrichsfeld (Germany) 99.9 3.93 0.9
C997 Ceratén (Spain) 99.7 3.84 1
C9999 Ceraten (Spain) 99.99 3.90 25
RB92 Feldmiihle (Germany) 99.9 3.99 10
KA473 Kyocera (Japan) 92 3.53

and some characteristics of each one are shown in Table 1.
The majority of them are fine grained with the exception
of RB92 and Wesgo samples. The density has been mea
sured using the Archimedes method. Data about the impu-
rity content shown in Table 2 have been taken from
several sources in literature [5—7].

The dielectric properties of sintered samples have been
measured at room temperature from 1 kHz to 15 GHz. In
the frequency range from 1 kHz to 100 MHz the half-
power-gap variation method has been used. It is a resonant
technique in which the response of a resonant circuit is
measured when the sample is between the parallel plates of
a condenser and compared with the same measurement
without the sample [8]. The measurements are made using
a commercial system from Japan-E& M (model DPMS-
1000). This system alows one to measure loss tangent
values higher than 3 x 10~ with a precision better than
+(3 X 1076 + 0.5%) and permittivity better than 5%. The
precision in absolute permittivity is limited by the preci-
sion in the sample thickness. Better resolution is achieved
in the measurement of permittivity with frequency where
changes as low as 0.3% can be measured.

The measurements of dielectric properties at 1.2 and 15
GHz are aso based on resonant methods, using closed
cylindrical resonant cavities (for 15 GHz) and a closed
coaxia cavity (at 1.2 GHz). The dielectric properties are
obtained from the comparison of the characteristics of the
resonance with and without the sample inside the res-
onator. This system allows the determination, under opti-
mum conditions, of the permittivity with an error less than
0.1% and the loss tangent with an error less than 10%
down to values of about 10~ at 15 GHz [9] and about
3x 10 % at 1.2 GHz.

3. Results and discussion

It is very interesting to observe the obtained loss tan-
gent values at room temperature for the whole set of
alumina samples in a wide frequency range as represented
in Fig. 1. Due to the high number of samples, the curves
have been separated in two groups. Higher purity samples
have been represented in Fig. la together with the loss
tangent of single crystal sapphire for comparison. Lower

Table 2
Alumina impurity content (.g/g)
W995 W995 [7] W300 MM975 MM995 MM999 BIO C997 C9999 KA473 RB92
% — 99.3 99.5 97.328 97.5 99.5 99.9 99.9 99.7 99.99 92 99.9
S 2200 1370 14000 8150 650 690
Fe 760 340 810 165 160 28
Ca 950 424 11000 2600 210 10 <30 <50 4
Mg 3100 2490 330 5250 1500 300 260 > 400 2
Zr 80 70 90 15 9 2
Ba <50 <20 9.6 5
Na 270 210 390 375 24 50 <28 14
Ti 50 100 30 29 28 5
Cr < 100 55 5.9 10
Ni <20 <10 <10 <10

Cu <2 <2
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Fig. 1. Frequency dependence of loss tangent at room temperature
for several alumina types: () high purity grades — RB92 (#),
BIO (a), C9999 (m), MM999 (v) and UC sapphire (@), (b)
low purity grades — KA473 (4), MM995 (a), W995 (m),
MM975 (v), C997 (O) and W300 (@). Lines are only guides to
the eye.

purity samples are plotted in Fig. 1b. All the data are also
given in Table 3 to provide exact data readily.

The obtained permittivity values at 15 GHz are given in
Table 4. The error is composed of the measurement error
plus the statistical deviation of the several samples from
the same batch. Sample W300 is not shown because it is a
unique sample and has a larger error due to its small
thickness (1 mm).

As a first comment, it is clear that single crysta
aluminum oxide has the lowest loss tangent value over the
entire frequency range. This very low value, near 10~°,
extends from 1 kHz up to 10 GHz. The sharp increase at
higher frequencies has been previously related to the in-
trinsic lattice absorption at optical frequencies (in the
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infrared region) [10]. As an ionic material the photon—pho-
non interaction is quite strong [11]. Therefore this loss will
appear even in the most pure and perfect Al,O, crystal.

A second important comment is about the C9999 sam-
ple. It was developed with the manufacturer in order to
achieve the highest purity available (99.99%). As it can be
seen in Fig. 1a, it has the lowest dielectric loss among all
the ceramic samples studied. Only at high frequencies the
intrinsic DL increases the tan 6 value in the same amount
that in the single crystal case. This sample shows that
polycrystalline (sintered) aluminum oxide may have losses
as nearly low as single-crystal material at some frequen-
cies. Similar results have been obtained by other groups
[12,13] for high purity sintered alumina.

For all the other samples, a remarkable result is the
large differences in the dielectric behavior of very similar
samples. Loss tangent values change from 10~° to more
than 10~2 and DL peaks appear at very different frequen-
cies.

The loss tangent of Wesgo samples can be found in
several published reports ([6] and references herein cited)
and therefore a comparison can be made with the values
here obtained In the range 108-2x 10° Hz, where a
frequency overlap of measurements occurs. We see that,
for both samples, relatively good agreement is obtained for
high frequencies. For example our values near 15 Ghz fit
very well in the curve published in Ref. [6]. For lower
frequencies our measurements are higher. At 100 MHz
previous values [6] are 5x 107°% and 14.2x 107° for
Wesgo 995 and W300 respectively. These must be com-
pared to 8.X 10~° and 25 X 10~° in our case. Finally, at
10 MHz our values are amost 3 times higher than those
quoted by manufacturer. But for this frequency no other
measurements are available.

Looking carefully at Fig. 1a, b one observes that purity
is not a simple parameter to classify alumina losses. Al-
though only the samples of very high purity (99.99%)
present a very low loss tangent over the whole frequency
range. When samples of about 99.9% purity are compared
with lower purity (97-98%), clearly most of the 99.9
materials have higher losses at radio frequencies. There-
fore the total amount of impurities by itself is not the
controlling factor.

It is well known that dielectric properties of insulating
ceramics can be influenced by several factors which will
be discussed in relation with our results.

(@) Grain size: With the obtained results we did not
observe any effect of this parameter on dielectric loss. This
confirms results from a previous work in which high purity
powder was sintered under different conditions to increase
the grain size and no significant differences were observed
[3]. Anyway this result is not completely proved. Other
authors claim that there is a grain size effect. In a recent
work [14] an increase of loss tangent is obtained by
increasing the grain size, in contrast to the results obtained
in other ceramic materials, where a higher grain size



Table 3
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Loss tangent values (X 10~°) of the different aluminas at several frequency points

Sample Frequency (H2)
108 104 10° 10° 107 108 14+0.1x 10° 15+ 1 % 10°

UC.Sapph 1.0 0.45 0.34 0.29 0.38 0.4 0.45 14
W995 17 12 9.2 9 85 8.2 16
C9999 125 6.0 40 3 2 11 13 3
C997 873 484 478 1220 2560 2710 280 340
RB92 100 62.5 86 156 258 203 28
BIO 321 144 63 30 42 112 30
W300 - 23 12 12 14 25 60 50
KA473 35 32 31 34 415 86 130
MM999 6.1 7.3 105 20 55.6 275 400 81
MM995 180 705 2040 3350 2100 700 97
MM975 2530 1130 292 62 23.3 22 48

implies a reduction of grain boundaries and therefore a
loss reduction.

(b) Microstructure: Here we can include other factors
like aspect ratio of the grains, orientation, density, ..., €tc.
An extensive study has not been achieved until now but it
must be stressed that, from a theoretical point of view,
these mechanisms would modify an existing DL process
already present in the material but would not, by them-
selves, giveriseto DL in a perfect insulator. That is, if the
bulk adumina has some dipolar-defect, the measured DL
would change if the aspect ratio or the density is changed.
This has been explained by many dielectric laws for
composite materials (see for example [15,16]). But in a
perfect material, a density or grain orientation change by
itself does not alter the intrinsic defect structure. It would
be relevant only if the experimental procedure applied to
modify these parameters (for example different sintering
temperatures and /or times) produces some other changes
(impurities, grain boundary composition...).

The only clear effect of the microstructure has been
observed in permittivity. At high enough freguencies,
where there is no influence of lower frequency DL peaks,
permittivity is governed by the density as shown in Fig. 2.
In this figure the permittivity of several alumina samplesis

Table 4

Measured permittivity values of the different aluminas at 15 GHz
Sample Permittivity Error
W995 9.63 0.08
C9999 9.79 0.02
C997 9.60 0.01
RB92 10.07 0.02
BIO 9.84 0.02
KA473 8.54 0.15
MM999 9.99 0.01
MM995 9.56 0.02
MM975 9.22 0.02

plotted versus the porosity of each one, calculated from its
density, showing a linear relationship. This effect can be
very well explained taking into account that a lower
density corresponds to higher porosity. So more air exists
inside the sample. Considering then the ceramic as a
composite of alumina and air (¢ =1) and applying some
classic models we obtain the observed decrease of permit-
tivity with porosity with small differences between theory
and experiments. Fig. 2 shows the predictions obtained
using different models (Looyenga [17], Bruggeman [18],
Maxwell-Garnett [19] and refractive index [20]). From our
results, the porosity does not show any influence on the
loss tangent, but it should be pointed out that this is
probably due to the limited range of densities studied in
this work. In a recent work [12,13] it has been shown that
the presence of a large quantity of pores can induce an
increase of loss tangent.

() Impurities: From early studiesin doped akali halides
and fluorites ([21] and references herein cited), it is well
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Fig. 2. Permittivity of the different samples used in this work (m)
as a function of the porosity, compared to the value predicted by
the Looyenga ( ), Maxwell-Garnett (---), Bruggeman
(————) and refractive index (- - —) models for a composite
of alumina and air.



known that impurities can play an essential role in the DL
of ionic crystals. In the works mentioned, an impurity-
vacancy dipole is formed in certain conditions giving rise
to clear DL peaks. The discussion about impurity effects
can be subdivided into several points:

(i) Important impurities are those with a valence differ-
ent from the host (AI®"). So, in our case, common exam-
ples are HT, Fe?*, Mg?", Ca&", Si** and Ti**. This
charge imbalance will cause the creation of some other
defects in the surroundings for charge compensation, form-
ing an electrical dipole. The natural vibration frequency of
this defect will give the DL peak position.

(i) The thermal treatments (in different atmospheres)
can have strong influence on the impurity charge state. For
example, it has been observed that redox treatments can
change the Fe?* to Fe*" and vice versa[22]. So the dipole
can be created or destroyed by such treatments. This is a
first clue to show that the type and amount of impurities
are not the only critical parameters. We also need to know
the thermochemical history of the sample to be able to
correlate DL with impurities. An example of this strong
influence of thermal treatments will be given later in this
article.

(i) The effect of an impurity can be also quite differ-
ent when another one is added to the crystals. Thisis usual
in semiconductors where double doping with a donor and
an acceptor is made. In the case of insulating crystals, the
isolated impurity will have some electric compensation
redized by some intrinsic defect (for example oxygen
vacancy or aluminum interstitial). Adding another impurity
with different valence may produce a cross-compensation.
The defect structure could then change completely. So, a
dielectrically active dipole could be destroyed or created,
depending on which one is active. Both types of compen-
sation can induce dielectric loss, but at very different
frequencies. The amount of each impurity is then impor-
tant. For example, an effect of the ratio Si /Mg on the loss
tangent in alumina has been observed by Ando et d. [23].

This last feature, together with the large number of
impurities already present in each commercia sample
makes it very difficult to obtain a clear correlation of DL
peaks with impurity content. A clear picture can be ob-
tained only by selective doping with a single element at a
time. Due to this, two studies will be presented now, one
set of samples doped with Mg and the other with Fe.

3.1. Mg-doped samples

The effect of Mg in aumina was presented in a previ-
ous work [24]. When a small quantity of MgO (near 0.05
wt%) is added to the starting high purity alumina powder,
a peak in the loss tangent appears near 100 MHz, as
observed in Fig. 3. But, surprisingly, further increasing of
the magnesia concentration gives rise to a decrease in the
peak height. In fact, at magnesia content of 1%, the loss
tangent peak is not more present (see Fig. 3). It is interest-
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Fig. 3. Frequency dependence of loss tangent at room temperature
for alumina with different magnesia content: 0.0% (@), 0.05%
(m), 0.1% (a), 0.2% (a) and 1.0% (O).

ing to note that, at low frequency, one observes a mono-
tonic increase in loss tangent with increasing magnesia
content. It must be noted that the position of the peak and
the total loss is comparable to that found in two other
commercial auminas which aso contain Mg in a similar
content (see samples BIO and MM999).

For this high frequency relaxation process, the fact that
the maximum of loss tangent appears at a concentration
value of about 0.05% of magnesia was explained as fol-
lows: This value is the approximate solubility limit of Mg
in Al,O5 at the sintering temperature employed [25,26]
and therefore at higher concentrations the excess magne-
sium does not produce point defects but small aggregates
and, for higher magnesia concentrations, spinel precipi-
tates. These defects would then behave as sinks during
sintering and the total point defect concentration would
decrease. This is in agreement with the general trend
observed in the commercial aluminas, where higher total
impurity contents reduce high frequency losses.

As it was mentioned previously a study of the dielectric
loss under several thermal treatments is important. We
performed four experiments in the sample with 0.05%
Mg-doped: An annedling in air a 1480 K, a quenching
from this temperature and an annealing in argon at 1780 K.
Furthermore, an 1.8 MeV €lectron irradiation at room
temperature up to 270 MGy was performed. None of these
treatments could change the peak, indicating a high degree
of stability of the defect responsible.

Although a model involving the [Mg]® was previously
proposed, the EPR signal and thermal stability obtained do
not correspond with the observed ones for the [Mg]® in
single crystals [27,28]. In that case the [Mg]° centers can
only be produced by quenching in air from temperatures
above 1200 K and are destroyed by annealing in air or
inert atmosphere. So, it seems that, athough the peak is
correlated with Mg, the defect responsible is still unclear
and could involve another structure like [Mg'—F*] which
are known to exist in Mg-doped samples [29].
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From these studies we conclude that the observed peak
in the 0.1 to 1 GHz range for the MM999 and RB92
alumina grades is related to a dipolar defect associated to
the presence of Mg. The Wesgo AL300 sample does not
show this peak, in spite of the fact that the Mg content is
similar. This is probably due to the charge compensation
by other impurity, perhaps to the large amount of silicon.

3.2. Fe-doped samples

In this work we extend the previous study to the case of
iron. In this case a high purity powder (99.99% purity) was
used and several amounts of iron were introduced during
sintering. Fina concentrations (after sintering) of iron,
from 20 ppm to more than 600 ppm, were obtained. The
dielectric losses as a function of frequency for three differ-
ent samples are shown in Fig. 4. Contrary to the case of
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Fig. 5. Frequency dependence of loss tangent at room temperature
for the alumina shown in Fig. 4, after a thermal treatment at
1550°C — with 600 ppm of iron (@), with > 600 ppm (4 ). Data
for W995 sample before (O0) and after (W) the same thermal
treatment are also included.
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magnesium, no effect is obtained on the high frequency
side. This could be expected a priori because iron appears
in alumina as Fe®", in the site of AI®* and so no dipole is
expected to exist.

In this case, the thermal treatment is very important. It
is known that Fe** can be reduced to Fe?* by heating in
an atmosphere poor in oxygen [30]. This was checked
heating the samples in argon at 1550°C during 24 h. The
resulting dielectric loss after this treatment is shown in Fig.
5. It is observed that a very narrow peak appears between
0.1 and 1 GHz. A reduction of loss at low frequency
occurs at the same time. In the Wesgo AL995 sample we
made the same thermal treatment because its iron concen-
tration (between 350 and 700 ppm) is close to the second
doped sample. It can be observed that the height and peak
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Fig. 6. Temperature dependence of loss tangent at 16 GHz for
several alumina types: (&) high purity grades — RB92 (4), BIO
(a), C9999 (m), MM999 (v) and UC sapphire (@), (b) low
purity grades — KA473 (#), MM995 (4), W995 (m), MM975
(v), and C997 (O).
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position after this treatment are almost the same that in
that sample. The low frequency loss is also reduced.

3.3. Temperature dependence

The dependence of loss tangent with temperature is a
useful information for both applied and theoretical re-
search. The loss tangent measured in the several alumina
samples when cooling the 15-17 GHz resonant cavity is
shown in Fig. 6. It can be observed that two general trends
are observed. In afirst group we observe a quite important
decrease of loss tangent when the temperature decreases.
High purity aluminas, MM995 and C997 samples are
included in this group. The second one shows only a small
decrease of loss tangent (like W995, MM 975 and KA473).
The large reduction is due to two effects. In very pure
materials, like UC-sapphire, previous works indicate that it
is mainly due to the narrowing of the very high frequency
photon—phonon pesak. So, the sharp increase observed at
10%° Hz is shifted to higher frequencies, lowering the
dielectric loss in this region. The second effect is very well
illustrated by samples MM999, MM995 and C997. In
these cases, a DL peak exists at frequencies near but below
the 15 GHz point. A temperature reduction means that the
DL peak shift to lower temperatures [1] leading to a
reduction in its high frequency side. This is the expected
behavior for a thermally stimulated process. Some activa
tion energies were calculated in a previous work [1] for
samples C997 (0.29 eV) and RB92 (0.18 eV) from the
shift of the peak with temperature.

Therefore, from an applied point of view it can be said
that huge peaks in the frequency spectra will give rise to
large variation of loss with temperature due to this peak
shift. In the case of high but amost ‘flat’ loss versus
frequency, a lower temperature dependence is observed.

4. Conclusions

An updated database of dielectric properties from a set
of commercia aluminas has been presented. An effort has
been made in order to be able to measure in as wide
frequency range as possible. The curve so obtained pro-
vides information useful for many different applications.

The wide spread in dielectric loss between different
grades is probably due to differences in impurity content
and their chemical state. A discussion of different aspects
of impurities has been presented. It is shown for example
that the effect of impurities can be maximum for some low
concentrations and that adding other impurities can alter
drastically the dielectric absorption. Up to now it has only
been possible to study two of the more common aumina
impurities: magnesium and iron.

In the case of doping with Mg, a dielectric absorption
occurs at about 100 MHz. The magnitude of loss is
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maximum for a concentration near 400 ppm, which is the
solubility limit of magnesium in alumina. None of the
thermal treatments could change the dielectric spectrum.

On the other hand, doping with iron does not change
the dielectric spectrum at high frequency. Only when a
thermochemical reduction is done, is a DL peak observed
in the 0.1 to 1 GHz range. The comparison with the Wesgo
AL 995 sample seems to indicate that the same mechanism
occurs after a reducing treatment due to its similar amount
of iron.

Clearly a systematic study of several impurities can
give important knowledge about their influence on alumina
and so how to choose the optimal powder.
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