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Abstract

Dense zinc aluminate (gahnite) ceramics have been prepared at different sinter temperatures ranging from 1200 to 1600 �C from
zinc aluminate powder prepared via the solid-state synthesis. A maximum achieved relative density of 93% was achieved. Several

bulk properties like Young’s modulus, heat capacity, thermal diffusivity and conductivity have been determined and estimations of
the bulk properties at 100% density are made. Furthermore, in spinel-type materials like zinc aluminate the process of cation
inversion occurs, which is in general not taken into account in computer simulations for the prediction of bulk properties. In order

to determine whether the amount of cation inversion can be influenced by the preparation method resulting in different bulk
properties, zinc aluminate powders were synthesised using solid-state synthesis, co-precipitation and a sol-gel method at different
temperatures. The resulting powders were zinc deficient due to the volatile nature of zinc at the calcining temperatures. The cation

inversion of these powders was investigated using solid-state MAS 27A1 NMR indicating that the cation inversion is very small for
pure zinc aluminate irrespective of the preparation method.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Zinc aluminate (ZnAl2O4), naturally occurring as the
mineral gahnite, is amemberof the spinel family.Atpresent
zinc aluminate is used as a catalyst for the dehydration of
saturated alcohols to olefins,1 methanol and higher alcohol
synthesis,2,3 preparation of polymethylbenzenes,4 synthesis
of styrenes from acetophenons,5 and double bond iso-
merisation of alkenes.6 Furthermore, zinc aluminate can
also be used as a catalyst support, since it has a high
thermal stability, low acidity and a hydrophobic beha-
viour. Moreover, it has a strong metal–support interac-
tion preventing e.g. platinum and platinum/tin to
sinter.7 Finally, zinc aluminate can be used as a second
phase in glaze layers of white ceramic tiles to improve
wear resistance and mechanical properties and to pre-
serve whiteness.8

Zinc aluminate is normally synthesised via a solid-state
reaction of zinc and aluminium oxides above 800 �C9,10 or
via coprecipitation,7,12 hydrothermal 11 and sol-gel meth-
ods with several organic precursors.10,12�14 It could be
used as a ceramic material similar to e.g. magnesium alu-
minate (MgAl2O4) and manganese–zinc ferrites
[(Mn,Zn)Fe2O4]. However, in the literature only a few
papers have been published about the sintering of zinc
aluminate ceramics,9,15�17 rendering many bulk proper-
ties, e.g. Young’s modulus, unknown. In this paper, the
preparation of dense zinc aluminate ceramics is reported
and some of its elastic, thermophysical and dielectric
properties are determined. Furthermore, attention is paid
to the influence of preparation on cation inversion, which
occurs in spinels. In predictions of the bulk properties
using computer simulations this cation inversion is usually
neglected. However, for a good comparison between
experiment and simulation it is required to have informa-
tion about the (small) cation inversion in zinc aluminate.
2. Crystallographic aspects of zinc aluminate

The crystal structure of spinel stricto sensu
(MgAl2O4) has been independently determined by
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Bragg18 and Nishikawa19 in 1915. It has the space
group Fd3m (Oh

7 number 227 in the International
Tables 20) and has a cubic structure made of eight
molecular units (AB2O4). There are three main
groups of compounds with the spinel structure and
the chemical formula AB2O4. II–III spinels, IV–II
spinels and defect-spinels. In the first group the A
cation is divalent and the B cations trivalent. Mag-
nesium aluminate and zinc aluminate are examples of
this group. In the second group the A cation is tet-
ravalent en the B cations divalent. Ülvospinel
(TiFe2O4) is a well-known member of this group.
Spinels from the third group have vacancies on sites
where cations should be. A well-known example is g-
alumina. One unit cell of a compound with the spinel
structure is built up from 32 oxygen atoms arranged in a
fcc-lattice, giving 64 tetrahedral and 32 octahedral
interstices. In a II–III spinel the divalent A cations
occupy eight tetrahedral interstices and the trivalent B
cations occupy 16 octahedral interstices. This distribu-
tion of the cations is designated as normal. However,
this is thermodynamically not always the most stable
situation, since the configurational entropy counteracts
the site preference energy. Therefore, in spinels A and B
cations may interchange interstices via diffusion, even-
tually leading to the limiting situation where all the A
cations are in octahedral interstices. The latter situation
is designated as inverted.
All distributions between the two extremes are

possible and the degree of inversion is given by the
inversion parameter x, which is defined as the frac-
tion of A cations in octahedral sites. The inversion
parameter x can be obtained via careful single crystal
X-ray diffraction or via nuclear magnetic resonance
with magic angle spinning (MAS–NMR). In the latter
case x can be obtained for aluminates from the peak
areas by:

x ¼
2

1þ A1VI=A1IVð Þ
; ð1Þ

where AlVI is the peak area of aluminium cations in an
octahedral surrounding (�0–10 ppm) and Al00 of the
aluminium cations in a tetrahedral surrounding (�60–
70 ppm).
The inversion in zinc aluminate is known, by X-ray

diffraction,24�26 to be small in contrast to e.g. magne-
sium aluminate.27 Moreover, in computer simulations
the inversion of zinc and aluminium atoms is also found
to be energetically unfavourable.28,29 Furthermore,
NMR studies on the cation inversion in zinc aluminate,
which is prepared via the solid-state synthesis route,
confirm the virtual absence of inversion.30 However,
inversion has been found to some extent in zinc
aluminate synthesized using a sol-gel method with alk-
oxides depending on the temperature.14
3. Instrumentation

The structural properties of zinc aluminate powders
were investigated by powder X-ray diffraction (XRD)
on a Rigaku Geigerfiex using CuKa1, radiation. One-
dimensional solid state magic angle spinning 27A1
nuclear magnetic resonance (MAS 27Al NMR) spectra
were measured with a �6 mg sample for quantitative
comparison on a Bruker DMX500 spectrometer oper-
ating at an 27Al NMR frequency of 130.32 MHz using a
sample-rotation of 30 kHz. Rotor-synchronised echoes
were recorded using the two-pulse sequence p1–t–p2–t–
FID (Hahn spin–echo pulse 21,22) with a dwell time (t)
of 1 ms and optimised pulse lengths p1 and p2 of 1.2 and
2.4 ms, respectively. A delay time of 10 s was applied
between each of the 128 scans for a quantitative com-
parison between the samples. Variation of the delay
time revealed that the peak areas AlIV and AlVI varied
hardly or within the quatitative limit (<8%), respec-
tively, at longer delay times than 10 s. The dielectric
properties were determined on a HP 4284A LCR meter
and the elastic properties with a Panametrics model
25DL, using the pulse–echo method.23 The thermo-
physical properties as diffusivity and heat capacity were
determined on a Compotherm XP/20X and on a Dif-
ferential Scanning Calorimeter (DSC) of Perkin-Elmer
model Pyris 1, respectively.
4. Preparation

4.1. Powder synthesis

Zinc aluminate was made via three different routes:
solid-state synthesis, coprecipitation and a sol-gel
method. In the solid-state synthesis route equimolar
amounts of zinc oxide (Merck, >99%) and g-alumina
(Degussa) with a total weight of 90 g were put into a
plastic container. Distilled water was added and the
mixture was mixed. After evaporating most of the water
overnight, the mixture was dried at 110 �C for 2 h and
subsequently the large agglomerates were pulverised in
an agate mortar. The mixture was divided in three bat-
ches, each put in an alumina crucible covered with an
alumina lid in order to prevent contamination of the
furnace with zinc. In separate experiments the batches
were heated in air to 1000 �C for 8 h, 800 �C for 8 and
12 h, respectively, with a heating rate of 10 �C min�1.
The batches were dried (without the lid) for 1 h at 110 �C
prior to the heating.
In the coprecipitation method, described in Ref. 12 an

equimolar amount of zinc nitrate and aluminium nitrate
(both from Merck, >99%) was dissolved in a citric acid
solution of pH=2 under stirring. A solution of 16 wt.%
ammonia (Merck, >99%) was slowly added until the
solution was neutral and a chelate was formed. The
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chelate was dried in air for 20 h and subsequently dried
in a furnace at 50 �C (68 h) and 110 �C (20 h). The
resulting powder was divided into three batches.
As in the solid-state route, the batches were heated in

air to 1000 �C for 8 h, 800 �C for 8 and 12 h, respec-
tively, with a heating rate of 10 �C min�1. Although the
batches were put into an alumina crucible, this time the
lid was removed in order to let the nitrogenous fumes
evaporate. The batches were dried at 110 �C (1 h) and
300 �C (6 h) prior to calcining in order to remove the
nitrates.
Zinc aluminate was synthesized using a sol-gel method

based on the method described by Monrós et al.31

Aluminium and zinc chloride (Merck, >99%) were
dissolved in 100 ml water, resulting in an aluminium
and zinc cation concentration of 0.6 and 0.3 M,
respectively. Furthermore, 10 g of gelatin (Merck,
>99%) is dissolved in 100 ml of water under stirring
and heating to obtain a homogeneous solution. The
warm gelatin solution was added to the cation solution
under heating and stirring, until a homogeneous mix-
ture was obtained, subsequently followed by cooling in
a refrigerator (4 �C) for 30 min. The resulting gel was
aged for 96 h at room temperature and dried at 80 �C
for 40 h.
In order to burn out the gelatin, the dried gel was put

in an alumina vessel and heated up to 400 �C at a rate of
3 �C min�1, and kept at that temperature for 7 h in a
gas flow of 80% N2/20% O2. After cooling down at a
rate of 3 �C min�1, the powder was ground and subse-
quently reheated at 3 �C min�1 to 800 �C. The zinc
aluminate powder was kept at that temperature for 12 h
in 80% N2/20% O2 gas mixture flow and, subsequently,
cooled to room temperature at 3 �C min�1. In an addi-
tional experiment this powder was reheated to 1000 �C
at 10 �C min�1 and kept at that temperature for 8 h.

4.2. Compaction and sintering

Zinc aluminate powder prepared via the solid state
route at 1000 �C for 8 h was ball-milled for 24 h with a
small amount of isopropanol. Subsequently, the powder
was sieved using a copper sieve with a mesh of 50 mm.
Finally to improve compaction behaviour, a small
amount of distilled water was added to the powder,
before it was stored in a closed plastic container at 70 �C
for 24 h.
The powder was put in a steel die with a diameter of

12 or 15 mm, which was lubricated with a 90% petro-
leum ether–10% oleic acid mixture, followed by uni-
axially pressing to 70 or 150 MPa. The resulting tablets
were put in an alumina crucible closed with an alumina
lid, but were covered with extra zinc aluminate powder.
The tablets were heated to different temperatures
between 1200 and 1600 �C at 3 �C min�1 and kept at
those temperatures for 8 h.
5. Results and discussion

5.1. Structural properties

XRD measurements showed that zinc aluminate
powder (JCPDS file 05-0669) has been formed (see
Fig. 1). However, in all samples zinc oxide (JCPDS file
36-1451) was present, except those calcined at 1000 �C
and prepared via the sol-gel method. This is in agree-
ment with the results from Keller et al.,10 who found
that at 1000 �C �95% pure zinc aluminate results. The
presence of y- or d-alumina, which would have formed
when g-alumina is heated to the applied tempera-
tures,32 or a-alumina was not detected in any sample.
This indicates that the aluminium cations and oxygen
anions form under presence of zinc oxide a spinel
lattice.

5.2. Composition

The zinc–aluminium ratio of the single phase zinc
aluminate prepared via the solid state route, coprecipi-
tation and the sol-gel method at 1000 �C is determined
using atomic absorption spectroscopy (AAS). The com-
position is Zn0.95Al2O4, Zn0.83Al2O4 and Zn0.48Al2O4
(accuracy 	5%, aluminium and oxygen set to 2 and
4, respectively) for the solid state, coprecipitation and
the sol-gel prepared zinc aluminate, respectively. The
zinc–aluminium ratio of the zinc aluminate ceramics,
which are made from the solid state route powder, as
determined by energy dispersive X-ray (EDX mea-
surements) on polished surfaces is 0.99:2, consistent
with the zinc deficient character of the starting
powders.
The zinc deficiency is due to the volatile nature of

zinc oxide (zinc oxide, pZn=9
10�4 Pa at 1000 �C;33

aluminium oxide, pAl=4
10�13 Pa 34; magnesium
oxide, pMg=4
10�18 Pa 34). The large surface area and
presence of a flow in the furnace increases the defi-
ciency for the zinc aluminate prepared via the sol-gel
method as compared to the material prepared via the
solid state route. The lower concentration of zinc in the
coprecipitated zinc aluminate is due to heating without
the lid.
The NMR spectra of the zinc aluminate powders

prepared via the solid state and coprecipitation are
shown in Figs. 2 and 3, respectively. The presence of a
peak at �60 ppm indicates that there is some inversion
present in all the powders. However, the size of the peak
indicates that the amount of inversion is very small.
Kashii et al.30 found the same results, but they kept zinc
aluminate at 900 �C for 40 h in contrast to 800 �C for 8
h used in this investigation. Furthermore, it is clear
that there is no difference between the two preparation
methods and that neither the temperature nor the
calcining time does have a significant influence.
N.J. van der Laag et al. / Journal of the European Ceramic Society 24 (2004) 2417–2424 2419



The NMR spectra of the zinc aluminate powder pre-
pared by the sol-gel method are shown in Fig. 4 together
with a spectrum of zinc aluminate prepared via the solid
state synthesis route for comparison. In contrast to the
other methods, the sol-gel method prepared zinc alumi-
nate has a large degree of inversion. The normal degree
of inversion, as obtained by the other methods, could
not be reached after an additional reheating for 8 h at
1000 �C. This is in contrast with the results of Mathur et
al.14 who found a large degree of inversion at 600 �C,
but a small degree at 1000 �C.
The large degree of inversion in the sol-gel prepared

zinc aluminate cannot be attributed to the presence of
aluminium cations with four or five oxygen atom sur-
roundings at the surface, as zinc aluminate prepared
via the sol-gel route has a large surface area.35 The
NMR experiments were performed in a quantitative
manner, revealing that all aluminium cations are
detected and that shielding of the bulk cations did not
occur. This implies that the inversion is occurring in the
bulk and is not an artefact of surface aluminium
cations, since they form only a minor fraction of all the
aluminium cations.
The NMR spectra have been measured on a largely

zinc deficient zinc aluminate, which implies an excess of
aluminium cations forming aluminium oxide. The
absence of a second phase in XRD spectra suggests that
a ‘‘solid solution’’ of the spinel phase of aluminium
oxide (g-alumina) and zinc aluminate has been formed
resulting in the presence of a large amount of alumi-
nium cations in tetrahedral interstices. In g-alumina
25% of the aluminium cations are located at tetrahedral
interstices32 and therefore will contribute to the peak at
60 ppm. In order to determine the inversion parameter
of pure zinc aluminate from these spectra, a correction
to Eq. (1) for this g-alumina contribution must be made.
The inversion parameter for zinc deficient zinc alumina
(Zn1�yAl2O4�y) is given by:
Fig. 1. XRD spectra of zinc aluminate powders prepared via (a) the sol-gel method (800 �C, 12 h), (b) coprecipitation (800�, 12 h) and (c) solid-state

route (1000 �C, 8 h). Furthermore, the JCPDS files of gahnite (05-0669) and zincite (36-1451) are shown.
Fig. 2. 27Al MAS NMR spectra of zinc aluminate prepared following

the solid-state synthesis route at (a) 1000 �C for 8 h, (b) 800 �C for 8 h

and (c) 800 �C for 12 h.
Fig. 3. 27Al MAS NMR spectra of zinc aluminate prepared following

the coprecipitation route at (a) 1000 �C for 8 h, (b) 800 �C for 8 h and

(c) 800 �C for l2 h.
2420 N.J. van der Laag et al. / Journal of the European Ceramic Society 24 (2004) 2417–2424



x ¼
2

1þ AlVI=AlIVð Þ
�
1

2
y ð2Þ

The first term on the right hand side of Eq. (2), for all
powders prepared via the solid state route and copreci-
pitation, equals 0.04	0.01 and for the sol-gel method
0.23	0.02. Application of the correction for the zinc
aluminate prepared via the solid state route (y=0.05)
and sol-gel method (y=0.52) gives an inversion para-
meter of 0.015 and �0.01, respectively. However, a sys-
tematic error is present in estimating the inversion
parameter from MAS-NMR spectra due to the location
of some intensity in the spinning side bands and to the
baseline correction. The results obtained are within the
error range the same and it is concluded that the inver-
sion parameter for of pure zinc aluminate is very small
irrespective of the preparation method.

5.3. Elastic properties

The density of the sintered zinc aluminate tablets has
been measured using the Archimedes’ method with
water as the displaceable fluid for densities higher than
90% and below 90% by the measuring the dimensions
and weight of the tablet. The density as a function of the
sintering temperature is shown in Fig. 5. The density
increases with sintering temperature and remains con-
stant at 93% from 1300 �C onwards.
Sidorov found that single phase zinc aluminate pow-

der calcined at 1250 �C did not sinter without additives
like TiO2 up to 1650

�C.15 However, Hong et al. found
that single phase powder calcined at 1300 �C did sinter,
but reached at 1400 �C a maximum density of 80%.9 In
this work, the zinc aluminate powder was calcined at
1000 �C, indicating that some zinc oxide is still present.
This latter compound reacts during sintering and can
contribute to an extra densification. However, since the
average of the densities of zinc oxide (5.679 g cm�3) and
aluminium oxide (3.990 g cm�3) is smaller that the den-
sity of zinc aluminate (4.611 g cm�3), this reaction will
leave pores and therefore a 100% density cannot be
reached. The Young’s modulus has been measured
using the pulse�echo method as a function of density
and is shown in Fig. 6. The absence of experimental
data above a density of 95% makes it impossible to
predict an accurate value for the zero porosity Young’s
modulus. However, an estimate can be made by linear
extrapolation yielding 242 GPa.

5.4. Thermophysical properties

The heat capacity (Cp) of zinc aluminate powder has
been measured using differential scanning calorimetry
between 15 and 100 �C on zinc aluminate powder rehe-
ated up to 1400 �C for 8 h. The heat capacity at 300 K is
124 J mol�1 K�1. The thermal diffusivity (a) of sintered
zinc aluminate ceramics has been determined using the
flash method on three 1.4 mm thick tablets with a den-
sity of 74, 91 and 94% (Tsinter=1250, 1400 and 1600 �C,
respectively) using the flash method36,37 at different
Fig. 4. 27Al MAS NMR spectra of zinc atuminate prepared by (a) sol-

gel synthesis and (b) solid-state synthesis for comparison.
Fig. 5. Density as a function of sinter temperature of zinc aluminate

uniaxially prepressed at 70 MPa.
Fig. 6. Young’s modulus of zinc aluminate as a function of density.
N.J. van der Laag et al. / Journal of the European Ceramic Society 24 (2004) 2417–2424 2421



temperatures between room temperature and 250 �C.
The thermal conductivity (�) can be obtained from:

� ¼ a�Cp; ð3Þ

where � is the density (mol m�3), which is for fully dense
zinc aluminate ceramics 25 142 mol m3, and ranges at
room temperature from 12 to 14 W m�1 K�1 for the two
highest densities.
Thermal conduction in ceramics predominantly takes

place via lattice vibrations (i.e. phonon conductivity). It
is being determined by lattice characteristics (intrinsic
properties) and defects as impurities, grain boundaries
and pores (extrinsic properties). At sufficiently high
temperature, T>	D,r/b, where 	D,r is the reduced
Debye temperature (	D) and b is a constant (�2), the
inverse of the thermal diffusivity is linearly related to the
absolute temperature as given by:

1

a
¼

bA

YD;r

� �
Tþ B�

A

2

� �
¼ A0Tþ B0; ð4Þ

where A is related to the phonon–phonon scattering
processes (intrinsic lattice diffusivity), B is related to the
phonon-scattering processes due to impurities, grain
boundaries, etc., and 	D,r is the reduced Debye tem-
perature defined as YD=

3 ffiffiffi
n

p
; where n is the number of

atoms per primitive unit cell (n=14 for zinc alumi-
nate).37 The values of A0 and B0 for different tablets
investigated are obtained by a linear fit and shown in
Table 1.
For the determination of the maximum thermal dif-

fusivity and maximum thermal conductivity (B=0),37

the intercept at the inverse thermal diffusivity axis (=A/
2) or the intercept at the temperature axis (=	D,r/2b)
should be known in combination with the slope A0

(=bA/	D,r). The estimated maximum thermal con-
ductivity of the tablets investigated at 300 K are calcu-
lated using 	D=896 K as calculated from the phonon
spectrum,38 n=14 and b=2. The results are also shown
in Table 1.
The three tablets investigated differ in porosity. This

would imply a constant value for A0, which only con-
tains intrinsic diffusivity properties, and different values
for B0, which also contains influences due to pores.
However, the values for A0 differ somewhat, which
imply that next to porosity the samples also differ in
other aspects. In particular, the difference in sinter tem-
perature might have influenced the pore shape and/or
the composition to certain extent, since at high tem-
peratures zinc can evaporate from the ceramic39

although precautions have been taken to prevent it. The
maximum achievable thermal conductivity at 300 K as
estimated using the above described procedure is about
20–25 W m�1 K�1. The large difference between the
experimental values of 12–14 W m�1 K�1 and the above
estimated are due to the large porosity. Such a differ-
ence is not uncommon: e.g. even for fully dense MgSiN2

ceramics containing impurities �28 and �23 W m�1

K�1 are obtained for the maximum achievable and
measured thermal conductivity, respectively.37

5.5. Dielectric properties

Two 0.5 mm thick parallel plate capacitors have been
prepared from a tablet (1400 �C, 150 MPa) with a rela-
tive density of 90%. On these capacitors, round silver
electrode areas of 12.566 mm2 have been evaporated.
Since the capacitors are not made of a fully dense poly-
crystalline material, the real part of the measured
dielectric constants (k0meas) is related to the real part of
the single crystal dielectric constant (k0) by:

k0 ¼
3� �

2�

� �
k0meas; ð5Þ

where � is the relative density.40

The results are shown in Table 2. An accuracy of 10%
is reached.
The polarizabiity (�) is the ability of ions or atoms to

deform under an externally applied electric field and
consists of space-charge, dipole, ionic and electronic
components. The dielectric polarizability (�D) is, on a
microscopic level, related to the experimentally deter-
mined dielectric constant by the Clausius–Mosotti
equation:

�D ¼
1

b
Vm

k0 � 1ð Þ

k0 þ 2ð Þ

� �
; ð6Þ

where b is defined as 4p/3, Vm the molar volume in Å3

and k0 is the real part of the complex dielectric constant,
which is measured between 1 kHz and 10 MHz.41�43

The dielectric polarizability is in this range only com-
posed of the ionic and electronic components, where the
electronic component itself is related to the refractive
Table 1

Thermal conductivity of zinc aluminate ceramics
Fit parameters temperature dependence [Eq. (4)]
 R2 (–)
 Maximum
� (%)
 A0 (s m�2 K�1)
 B0 (s m�2)
 (T=300 K) kmax (W m�1 K�1)
74
 754
 316
103
 0.9911
 20
91
 593
 25.7
103
 0.9913
 25
94
 679
 41.1
103
 0.98994
 22
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index n by the Lorenz–Lorentz equation:44,45

�e ¼
1

b
Vm

n2 � 1
� �
n2 þ 2ð Þ

� �
: ð7Þ

The dipole and space-charge components are not
contributing to the polarizability at these frequencies.
These mechanisms have a large relaxation time as com-
pared to the frequencies used.
The dielectric polarizability of zinc aluminate calcu-

lated from k0=10.60 is 12.06 Å3 (Vm=66.08 Å3). The
electronic polarizability, calculated from the refractive
index n=1.772546 is 6.57 Å3, resulting in 5.49 Å3 for the
ionic polarizability.
The concept of additivity of polarizabilities is the

assumption that the polarizability of a complex com-
pound is the sum of the polarizabilities of the simpler
compounds and which has been applied to both elec-
tronic and dielectric polarizabilities (see e.g. Ref. 47).
Applying this additivity rule to zinc aluminate leads to a
predicted dielectric polarizability of 11.76 Å3 (ZnO:
�D=4.13 Å3 Al2O3: �D=7.63 Å3).48 The measured
value of 12.06 Å3 differs 2.5% from the predicted
values, which is larger than the typical values of 0.5–
1.0% for other aluminates, beryllates, borates, gallates,
silicates and phosphates (references in Ref. 48), but can
be explained by the large experimental error.
6. Conclusions

The structural, elastic, thermophysical and dielectric
properties of zinc aluminate have been investigated.
Zinc aluminate powders have been prepared at different
temperatures, with different reaction times and via dif-
ferent preparation routes (solid-state, coprecipitation
and sol-gel). Zinc deficient zinc aluminate has been
made, which is due to the volatile nature of zinc oxide
during calcining. Furthermore, it is established with
quantitative MAS 27Al NMR that the inversion para-
meter of pure zinc aluminate is very small.
Zinc aluminate ceramics have been made by sintering

uniaxially prepressed tablets at temperatures above
1200 �C. A density of 93% is reached at 1300 �C and
remains constant for higher sintering temperatures. A
value of 242 GPa was estimated for the Young’s mod-
ulus of fully dense material. The estimated dielectric
constant of fully dense zinc aluminate ceramics is 10.60
and its polarizability is 12.06 Å3. The prediction of this
value from the polarizabiities of zinc and aluminium
oxides using the oxide additivity rule gave a larger than
typical difference of 2.5%.
The thermal conductivity of zinc aluminate is deter-

mined from the measured heat capacity (124 J mol�1

K�1) and thermal diffusivity (4–5
10�6 m2 s�1), result-
ing in a value of 12–14 W m�1 K�1. The maximum
achievable thermal conductivity for pore and impurity
free zinc aluminate ceramics has been estimated as 20–
25 W m�1 K�1.
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