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Phase pure Na2Zn5(MoO4)6 ceramic is prepared by solid state ceramic route and the structural characterisations
have been done using powder X-ray diffraction and laser Raman spectroscopy. Na2Zn5(MoO4)6 ceramics exhib-
itedamaximumdensity of 3.73g/cm3at590 °C togetherwith ԑr=8.1,Qu× f=35,800GHzand τf=−95ppm/ °C
at microwave frequencies. Scanning electron micrographs of the sintered samples show exaggerated grain
growth, which is correlated with the microwave dielectric properties. The chemical compatibility between
Na2Zn5(MoO4)6 ceramic and metal electrode has been ascertained using energy dispersive X-ray spectroscopy.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Ultra low temperature co-fired ceramic
Low-temperature co-fired ceramic technology has revolutionised
the field of modern wireless communication systems [1]. Low tempera-
ture co-fired Ceramics (LTCC) substrates are much superior to conven-
tional printed circuit boards and are widely used for the design and
fabrication of high gain patch antennas, wide band filters, micro-
electro-mechanical systems (MEMS), sensors and biomedical implants
[2–6]. Ceramics that sinter below the melting point of silver (~961 °C),
and which has got good chemical compatibility with silver electrode
materials are termed as LTCC [3]. Sintering temperature of ceramics
can be lowered by the addition of low melting glass phases or other
sintering aids like CuO, B2O3, P2O5 and V2O5. However, glass free low-
temperature sinterable ceramics are of much demand as the additives
adversely affect the dielectric properties of the ceramics and increase
the dielectric losses [7–9]. The critical materials requirement for co-
firing applications are low dielectric constant, low loss tangent, low
thermal coefficient of expansion and good chemical compatibility with
metal electrodes. This class of ceramics substrates is prepared by
multi-layer stacking technique wherein desired microwave circuits
are screen printed within the ceramic layers using suitable cheap
metal electrodes. High density integration of electronic components in
a single low-loss LTCC module results in large scale miniaturisation of
the microwave devices [1–6].

In order to further reduce the cost of multilayer devices, the new
trend is to go for a new class of ceramics termed as ultra-low tempera-
ture co-firable ceramics (ULTCC) which sinters below 660 °C, the
ier Ltd. All rights reserved.
melting point of Al. The low processing temperature and cheaper elec-
trodematerials of ULTCC systems are expected to considerably improve
the ease of device fabrication and reduce the cost of production. The low
dielectric constant of suchmaterials helps in improving the signal prop-
agation delay and also enables them for high frequency microwave and
millimeter wave applications since dielectric constant is inversely pro-
portional to frequency of operation [10–12].

Among the materials envisaged, molybdate ceramics have been of
particular interest for possible material system for ULTCC applications.
Li8Bi2Mo7O28, Li2MoO4, PbMoO4, LiKSm2(MoO4)4, CuMoO4, Bi2Mo3O12,
Bi2Mo2O9, Ag2MoO4, RE2Mo4O15 (RE = Nd, Sm), K2Mo2O7, Na2MoO4

and Na2Mo2O7 are some of the molybdate compositions reported for
LTCC and ULTCC applications [13–21].

The title compound Na2Zn5(MoO4)6, a double molybdate, exists
as triclinic phase in the Na2MoO4- ZnMoO4 system (1:5 ratio).
Klevtsova et al. reported the preparation of single crystals of
Na2R5(MoO4)6(R = Mg, Zn, Co), and extensively studied the X-
ray diffraction patterns [22]. In the present work, Na2Zn5(MoO4)6
ceramic is prepared by solid state ceramic route and its structural
characterisation has been done using powder X-ray diffraction
and laser Raman spectroscopic techniques. The microwave dielec-
tric characterisation of the sintered ceramic compacts and chemi-
cal compatibility of the same with aluminium metal electrode
have also been studied.

Conventional solid-state ceramic route was used to prepare phase
pure Na2Zn5(MoO4)6 (hereafter referred asNZM) ceramics. The starting
materials Na2CO3 (99%; Merck), ZnO (99%; Sigma Aldrich) and MoO3

(99%; Himedia) were taken in stoichiometric proportions and mixed
thoroughly in an agate mortar using distilled water as medium. The
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Fig. 1. (a) The X-ray diffraction pattern of Na2Zn5(MoO4)6 ceramics sintered at 590 °C for
1 h; (b) Raman spectrum of Na2Zn5(MoO4)6 ceramics sintered at 590 °C for 1 h;
(c) Shrinkage behaviour of Na2Zn5(MoO4)6 ceramics.
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slurrywas dried at 100 °C in a hot air oven and groundwell. The powder
sample was then transferred into an alumina crucible and calcined at
500 °C for 1 h in a programmable SiC furnace. 5 wt. % PVA (Polyvinyl al-
cohol) binder was added to the finely ground calcined powder, dried
and pressed into pellets in a 11 mm tungsten carbide die using a hy-
draulic hand press under a pressure of 200 MPa. The green pellets
were sintered in the temperature range from 580 °C to 610 °C for 1 h
to get required experimental density. The bulk density of the sintered
samples was determined from dimensional methods.

Crystal structure and phase purity of the samples were studied by
powder X-ray diffraction (XRD) measurement using a Bruker AXS
model X-ray diffractometer with CuKα radiation. Carl Zeiss EVO 18
scanning electron microscope with energy dispersive X-ray spectrosco-
py (EDS) was used to study the surface morphology, as well as the
chemical compatibility of the ceramic samples. Laser Raman spectrum
of the composition was recorded using XploRA system equipped with
an excitationwavelength of 532 nm, to understand themolecular struc-
ture. The shrinkage behaviour of the ceramic was studied using EXSTAR
6000 model Thermo Mechanical Analyzer (SII Nano technology INC.,
Japan). A Vector Network Analyser (Agilent make PNA E8362B, Bayan
Lepas, Malaysia) was used tomeasure themicrowave dielectric proper-
ties of the well sintered ceramics. The dielectric constant of the sample
wasmeasured byHakki and Coleman post resonator technique [23] and
the quality factor was measured by resonant cavity method [24]. The
temperature coefficient of resonant frequency ‘τf’ of the ceramics was
also measured in the temperature range 30–100 °C.

The powder X-ray diffraction pattern of NZM ceramic is shown in
Fig. 1(a). The XRD pattern could be indexed only up to two theta value
of 41° since the standard ICDD (International Centre for Diffraction
Data) file no. 35-0312 is reported with hkl planes up to this. However,
the XRD pattern of the sample under study is found to be exactly
matchingwith the standard data. NZM ceramic crystallises in the triclinic
crystal structure with space group P�1 [22].

The laser Raman spectrum of the NZM ceramic sintered at 590 °C for
1 h is given in Fig. 1(b). The crystal structure of NZM is reported to have
Mo atoms in tetrahedral co-ordination [22]. The free-stateMoO4

2− tetra-
hedral structural units have four fundamental modes of vibration,
namely, a non-degenerate symmetric stretching mode ν1(A) at
894 cm−1, a doubly degenerate symmetric bending mode ν2(E) at
318 cm−1, triply degenerate asymmetric stretching ν3(F2), and asym-
metric bending ν4(F2) modes at 833 and 381 cm−1, respectively
[25–27]. The symmetric stretching vibrations (υ1) of MoO4

2− tetrahedra
are observed as very strong peak at 937 cm−1 together with shoulder
peak at 962 cm−1 and a weak mode at 917 cm−1. Four bands are ob-
served in the 888 to 789 cm−1 which corresponds to asymmetric
stretching vibrations ofMoO4

2− ions. The symmetric (υ2) and asymmet-
ric (υ4) bending vibrations of MoO4

2− tetrahedra are appeared at 336
and 375 cm−1 respectively. The bands observed below 250 cm−1 can
be attributed to lattice-mode vibrations and an unambiguous assign-
ment of these modes is not possible [27].

The shrinkage behaviour of the NZM ceramic is shown in Fig. 1(c). It
is clearly evident from the figure that the shrinkage rapidly increases
beyond 400 °C, which clearly indicates that the ceramics under study
can be well sintered within the ultra-low temperature range. In the
present study, NZM ceramic is sintered in the temperature range from
580 °C to 610 °C to obtainmaximumdensity. The density, dielectric con-
stant and quality factor of NZM ceramic are plotted as a function of
sintering temperature in Fig. 2(a). Both density and dielectric constant
increase with increase in temperature, reach the maximum value at
590 °C and then start decreasing. The maximum sintered density ob-
tained for NZM ceramics is 3.73 g/cm3, which is about 92% of the theo-
retical density and the sample exhibits a dielectric constant (ԑr) of 8.1,
quality factor (Qu × f) of 35,800 GHz, and temperature coefficient of res-
onant frequency (τf) of –95 ppm/ °C. The resonant frequency decreases
with increase in temperature as shown in Fig. 2(b).
The SEMmicrographs of NZM ceramics sintered at 590 °C and 600 °C
for 1 h are shown in Fig. 2(c) and (d), with prominent grain sizes mea-
sured and labelled. NZM ceramic exhibits large polygonal grains with
densely packed microstructure, which is comparatively rare in the case
of liquid phase sintered ceramics. Unlike density and dielectric constant,
the quality factor of NZMceramic shows amaximumvalue for the sample



Fig. 2. (a) Variation in density, dielectric constant and quality factor of Na2Zn5(MoO4)6 ceramics with sintering temperature; (b) Variation in resonant frequency with temperature of
Na2Zn5(MoO4)6 ceramics sintered at 590 °C for 1 h; (c) SEM micrograph of Na2Zn5(MoO4)6 ceramics sintered at 590 °C for 1 h with grain size labelled; (d) SEM micrograph of
Na2Zn5(MoO4)6 ceramics sintered at 600 °C for 1 h with grain size labelled.
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sintered at 600 °C,which can be correlatedwith the larger grain size com-
pared with the sample sintered at 590 °C as shown in Fig. 2(c) and
Fig. 2(d). Similar observations have been reported in the case of
Ba(Mg1/3Ta2/3)O3(BMT) ceramics, wherein increase in grain size as a
function of sintering time has led to decrease in grain boundary defects
and dielectric losses with a remarkable increase in the quality factor
[28–30].

The chemical compatibility of NZM ceramics with aluminium elec-
trode is determined by co-firing the ceramic with 20 wt.% of aluminium
powder at 590 °C for 1 h. The XRD pattern of the co-fired sample is
shown in Fig. 3. The XRD pattern clearly exhibits the characteristic
peaks of aluminium, as per ICDD file no. 89-2769 at 2θ values 38.5°,
Fig. 3. XRD pattern of Na2Zn5(MoO4)6 ceramic cofired with 20 wt.% Al at 590 °C for 1 h.
44.7° and 65.1° marked with ‘*’. The pattern also contains all the peaks
manifested in the XRD pattern of NZM ceramics given in Fig. 1(a),
with no extra peaks as a result of Al addition, which clearly indicates
the chemical compatibility of NZM with Al metal. The SEM images of
the co-fired sample and the energy dispersive X-ray spectroscopy
(EDS) point analysis have been done at aluminium region (spot
1) and ceramic region (spot 2) as shown in Fig. 4(a). The EDS spectra
taken at spot 1 and spot 2 are shown in Fig. 4(c) and
Fig. 4(d) respectively. The atomic weight percentage of each element
is also given in the inset. The point analysis at the aluminium region
clearly shows that there is very high degree of chemical compatibility
between the aluminium electrode and the ceramic under study. The el-
emental colour mapping of the co-fired sample is given in Fig. 4(b). The
aluminium region shown in green colour clearly depicts island forma-
tion surrounded by the ceramic grains and did not show any evidence
of diffusion of aluminium into the ceramic region. It is also interesting
to note that the aluminium addition hinders the growth of larger grains
in the co-fired sample, resulting in uniform grain size of 1 to 5 μm,
where as in the case of phase pure ceramic the grains have random
size distribution varying up to 200 μm.

In conclusion, phase pure Na2Zn5(MoO4)6 ceramic has been synthe-
sised by solid state ceramic route. The prominent bands observed in the
Raman spectrum are attributed to the normal modes of vibration of
MoO4

2− tetrahedra. The SEM micrograph shows dense microstructure
with in homogeneous distribution of polygonal grains. The material
under study exhibits rapid shrinkage behaviour beyond 400 °C. The ce-
ramic compacts sintered at 590 °C show promising dielectric properties
with ԑr= 8.1, Qu × f=35,800 GHz and τf =−95 ppm/ °C atmicrowave
frequencies. An increase in quality factor as a function of grain growth is
noticed in the sample under study. The powder X-ray diffraction and
EDS analysis show that the title compound has excellent chemical com-
patibility with aluminium metal electrode. Present study shows that
Na2Zn5(MoO4)6 is a glass free, phase pure and cost effective microwave
ceramic system ideal for ULTCC applications.



Fig. 4. (a) SEM image of Na2Zn5(MoO4)6 ceramicwith 20wt.% Al sintered at 590 °C for 1 h; (b) Elemental colourmapping of the Na2Zn5(MoO4)6 ceramic sinteredwith 20wt.% Al; (c) EDS
spectrum of spot 1 (d) EDS spectrum of spot 2.
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