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Dielectric Properties of Cold Sintered
NaCasMg,V3;01> Based Composites

Rakhi Madhuri, Santha Narayana lyer and Subodh Ganesanpotti*

Department of Physics, University of Kerala, Kerala, India

Cold sintering process (CSP) was successfully employed to fabricate (1 — X)
NaCasMg»oV3015-xNaCl [abbreviated as (1 — x) NCMVO-xNaCl] microwave dielectric
ceramics. (1 — X)NCMVO-xNaCl ceramics prepared at 200°C and at a pressure of
450 MPa had a high relative density of 80-94%. X-ray diffraction (XRD), scanning
electron microscope (SEM), energy dispersive X-ray spectroscopy (EDS), and Raman
spectroscopy showed that both NCMVO and NaCl phases co-exist in all composite
ceramics without forming any secondary phase. Further, dependence of microstructure
and dielectric properties on cold sintering temperature and duration were investigated
in detail and their optimized values to obtain maximum density of ceramic composites
were 200°C and 50 min, respectively. (1 — x)NCMVO-xNaCl (x = 0.4-0.7) composites
have relative permittivity (e/) in the range of 6.9-7.4, and a reasonably high microwave
quality factor (Q x f) of 5,000 to 13,830 GHz.

Keywords: cold sintering process, relative permittivity, garnet, NaCl, microwave dielectric properties

INTRODUCTION

The microwave dielectric ceramics are the fundamental building units of different multifunctional
devices, which are widely used for communication purposes such as oscillators, substrates,
resonator antennas, filters, radomes, and multilayer packages (Cava, 2001; Reaney and Iddles, 2006;
Zhou et al., 2018). The rapid evolution from 4G to 5G technologies enables newly developed
devices with fast signal response performance (Fiedziuszko et al., 2002; Ohsato, 2012; Sebastian
et al,, 2015; Faouri et al,, 2019; Ji et al., 2019). However, the stringent requirements for the signal
propagation are very low relative permittivity in order to increase the signal propagation speed,
low dielectric loss to achieve better selectivity as well as speed of device, near zero temperature
coefficient of resonant frequency for reliable operation and low thermal expansion in order to
work in harsh environmental situations. The materials for these applications are in the form of
resonators and substrates such as HTCCs, ULTCCs, and PCBs. Recently LTCC and ULTCC get
more attention because of its compatibility with inexpensive electrodes such as Ag/Al/Cu. However,
there exist problems between LTCC/ULTCC and electrodes including delamination, formation of
parasitic phases and inter diffusion, which prompt the researchers to develop another technology
for fabrication of multilayer devices for communication purposes (Green et al., 2008; Zhou et al.,
2011; Guo et al., 2014a).

The cold sintering process (CSP) has recently emerged as fast, energy efficient, and low cost
technology to develop dense ceramics, polymers, ceramic composites, etc. The cold sintering
method is realized under appropriate uniaxial pressure (100-500 MPa) with low temperatures
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(<300°C) and short time periods (<1 h), which uses water
as a transient solvent. In the conventional solid state sintering
technology solid state diffusion takes place while the CSP occurs
at a solid-liquid interface (Kahari et al., 2014; Guo et al., 2016,
2017, 2014b; Kahiri et al., 2016; Induja and Sebastian, 2017;
Randall et al., 2017; Véatdjd et al., 2017, 2018; Wang et al., 2019a).
Even though the basic theories involved in CSP are developed, the
exact mechanisms involved are yet to emerge. The first report on
fundamental mechanisms involved in cold sintering technique,
which is a two stage process, was suggested by Maria et al.
(2017). During the first stage of CSP, the powder in the die
prompts particle rearrangement under a uniaxial pressure with
the help of solvent. As temperature increases from 100 to 300°C,
the solid forms a dense ceramic by a dissolution-precipitation
mechanism (Wang et al., 2021). Bouville and Studart (2017)
reported that when the pressure increases above 100 MPa in
CSP, a phenomenon named as plastic deformation happens
and is demonstrated by Hong et al. (2018) in their experiment
on cold sintering of NaCl. Kihiri et al. (2016) reported that
Li;MoOy4 ceramics could be densified at room temperature by
the addition of water as solvent and using uniaxial pressure.
They reported that its density and dielectric properties are
same as that of conventionally sintered one. This technique is
successfully applied to many ceramics, ceramic composites and
polymers such as LMO, Na,Mo,07, K,Mo,07, Lig 5Bip sM0Oy,
LMO-PTFE (Viitdja et al, 2017), and CaTiO3 (CTO)-KMO
(Wang et al., 2020). Wang et al. (2018b, 2019a) reported a novel
dielectric GRIN lens based on the cold sintering of NBMO-
xLMO and BLVMO-xNMO systems. Moreover CSP has attracted
a lot of research interest in a wide range of areas especially
in the field of semiconductors, ionic conductors, piezoelectric
ceramics, Li ion batteries, nano composites, thermo electrics and
low dielectric loss ceramics (Berbano et al., 2017; Funahashi
et al., 2017a; Seo et al., 2017; Charoonsuk et al., 2018; Gonzalez-
Julian et al., 2018; Induja and Sebastian, 2018; Leng et al., 2018;
Ndayishimiye et al., 2018a,b; Wang et al., 2018a; Sibi et al., 2020).
Induja and Sebastian (2018) reported that Al;SiOs5 ceramics can
be easily densified using CSP with the aid of NaCl as water
soluble additive. Sibi et al. (2020) found that garnet mineral can
be densified using NaCl, Li;Mo0Oj, and V,0Os. Recently, Santha
et al. (2020) reported the dielectric properties of cold sintered
MgTiO3 using NaCl as additive. Besides the advantages of low
temperature, CSP can produce a near shape pellets, having the
same diameter of the model and also there occurs no reaction
between the ingredients, which paved the way to integrate the
polymers, composites, nano particles and metals in ceramic
matrix composites. Moreover, Lee et al. (2019) reported the
electrochemical properties of ceramic—salt composite electrolytes
prepared by CSP. The first microstrip patch antenna was designed
and fabricated using a cold sintered LMO substrate (Kahari et al.,
2017). Recently, Reaney et al. developed a cold sintered CoG
multilayer capacitor with Ag internal electrodes (Wang et al.,
2019b). All these studies give insight into the effect of CSP on
proper densification of ceramic, ceramic-polymer composites
and also its practical importance in microwave industries.

The vanadate based garnet systems are widely investigated
for low dielectric loss and relatively lower relative permittivity.

The garnet systems have the general composition A3B,C3012,
which have three different sites (A, B, and C) for a wide
variety of cation substitutions. The C ions form COy tetrahedra,
while the B-site ions form octahedral coordination with the
oxygen atoms. The corner-shared octahedra and tetrahedra
form dodecahedra, where the A-site ions are placed (Rakhi
and Subodh, 2020). Among this, Fang et al. studied dielectric
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FIGURE 1 | Dependence of Bulk density and relative density of
(1 = x)NCMVO-xNaCl composite with (A) volume fraction of NaCl, (B)
temperature, and (C) time.

Frontiers in Materials | www.frontiersin.org

May 2021 | Volume 8 | Article 665033


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Madhuri et al.

Cold Sintered NaCaxMgo V3012 Based Composites

— NCMVO
— 0.4 NaCl
— 0.5 NaCl
— 0.6 NaCl

o —0.7 NaCl

-*é NaCl

= = g 5 & %8 %

: |

A A Ad .l o o .y

e | W

=

g AL a A A A A

£ Il

E A o A A A A

A J A W A
i AFYEtEszc IFPese emgy 58
) . ) 4 I v I L I ¥ I s I y 1
10 20 30 40 50 60 70 80
20 (°)
FIGURE 2 | The X-ray diffraction patterns of NCMVO, NaCl and (1 - x) NCMVO-x NaCl (x = 0.4, 0.5, 0.6, and 0.7) composites.

properties of NaCay; Mg, V301, ceramic, which possesses relative
permittivity of 10, quality factor around 50,600 GHz and
temperature coeflicient of resonant frequency of —47 ppm/°C
(Fang et al., 2013). To the best of our knowledge, there are
no reports on cold sintered vanadate garnet systems for future
microwave applications. In this work NCMVO and NaCl were
selected to fabricate (1 — x)NCMVO-xNaCl (x = 0.4, 0.5, 0.6,
and 0.7) ceramic composites by CSP to show the possibility of
fabricating dense garnet system <200°C. The influence of time
and temperature on its microstructure and microwave dielectric
properties is also studied.

EXPERIMENTAL SECTION

(I — x)NaCayMg,V30,-xNaCl (x = 0.4, 0.5, 0.6, and 0.7)
ceramic composites [(1 —x) NCMVO-xNaCl] were prepared
through cold sintering technique. The NCMVO ceramics were
prepared through conventional solid state reaction method. Raw
materials such as Nay CO3 (Sigma Aldrich > 99.5%), CaCO3 (Alfa
aesar > 99.5%), MgO (Sigma Aldrich > 99.0%), and NH4VOs3
(Sigma Aldrich > 99.0%) were weighed stoichiometrically
according to the composition and ball milled using acetone
medium for 24 h. Then the dried and ground powders were
calcined at 800°C /4 h. To prepare [(1 — x) NCMVO-xNaCl]
composites, the calcined NCMVO were mixed with different
volume fractions of NaCl (Alfa aesar > 99.99%) powder with the
addition of 10-15 wt% deionized water. Then the mixture was hot
pressed at temperatures ranging from 140 to 220°C for a period
of 20-60 min under a constant pressure of 450 MPa. Then the

pressed pellets were dried in an oven for 24 h at 120°C in-order
to remove residual moisture content.

The bulk densities of the samples were obtained using
geometric method. The phase purity and crystal structure of the
synthesized compounds were investigated by X-ray diffraction
(XRD) using CuKa radiation (A = 1.5406 A) in a Bruker D8
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FIGURE 3 | Rietveld refinement analysis of 0.3NCMVO-0.7 NaCl composite
ceramic using the TOPAS 4.2 package.
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Advance Diffractometer. The room temperature Raman spectra
were recorded using a HORIBA Raman spectrometer with
excitation wavelength of 532 nm in the spectral range from 100
to 1,000 cm ™. The surface morphology of the compounds was
analyzed using a scanning electron microscope (SEM) (ZEISS
EVO 18). The broadband dielectric response in the frequency
range of 1 MHz to 1 GHz was analyzed using a Keysight E4991B
impedance analyzer with a 16,453A dielectric test fixture. The
microwave dielectric properties were measured using a vector
network analyzer (ROHDE and SCHWARZ, ZV-Z135). The
TEp;5 mode cavity method was used to measure the relative
permittivity and unloaded quality factor of the compounds. The
temperature coefficient of the resonant frequency (1) was found
out by noting the variations in the TEp; 5 mode frequency having
temperature range from 25 to 85°C, using the following formula:

fs5 — fos s
= — 10 °C
Y =60 % fs ¢ ppm/

where fy;5 and fgs are the resonant frequencies at 25 and
85°C, respectively.

RESULTS AND DISCUSSION

Density Analysis

Figure 1A shows the theoretical densities and relative densities
of (I — x) NCMVO-xNaCl ceramic composites with increase
in volume fraction of NaCl. Figures 1B,C shows the variation
of density with temperature and time for 0.5NCMVO-0.5NaCl.
As the concentration of NaCl increases, the theoretical density
of the composite decreases linearly, due to the lower density
of NaCl compared to NCMVO (2.16 g/cm® for NaCl and
3.42 g/cm3 for NCMVO). The relative densities of all the
(I — x) NCMVO-xNaCl ceramic composites are in the range
of 80-94% of theoretical density. As the volume fraction of
NaCl increases the relative density increases, which confirms
that the ceramic material can be densified with NaCl having
a solubility of 359 Kg/m®. Temperature and time also play
important roles for dissolution of soluble additives. Hence the
effect of temperature and time at constant pressure in the
transport of particles to the pores is also studied. For 0.5
NCMVO-0.5 NaCl composite, density increases from 85 to
90% as temperature increases from 140 to 200°C, thereafter

TABLE 1 | Refined Structural Parameters of NCMVO- NaCl Composite Ceramic.

Composition Lattice parameter (.&) Rwe (%) Rp (%) GOF Phase fraction (%)
0.7 NaCl-0.3 NCMVO a =12.4363(8) 5.1 6.7 2.3 NaCl = 65.08
a =5.6409 (9) NCMVO = 34.92
0.5 NaCl-0.5 NCMVO a =12.4329(5) 6.62 5.11 1.44 NaCl = 36.96
a=15.6418(8) NCMVO = 63.04
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FIGURE 4 | The Raman spectra of NCMVO and (1 — x) NCMVO-xNaCl (x = 0.4, 0.5, 0.6, and 0.7) composites.
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it shows a slight decrease, which may be due to the rapid
evaporation of water at higher cold sintering temperature, giving
rise to the incomplete dissolution precipitation. In order to study
the variation of density with time of 0.5 NCMVO-0.5 NaCl
composite, the temperature was fixed as 200°C and the time
was varied from 20 to 60 min. The density of the composite
increased as time increased from 20 to 50 min and there after
it showed a slight decrease. During the preliminary stage of cold
sintering, particle rearrangement takes place through the liquid
medium. The second stage is associated with the dissolution of
particles with the presence of pressure and temperature, which
leads to the development of a supersaturated phase, followed
by nucleation and densification of the ceramic composites (Yu
et al., 2019; Wang et al, 2021). Hence optimum time and
temperature are necessary for proper densification of composites
by cold sintering.

X-ray Diffraction Analysis

Figure 2 shows the room temperature XRD patterns of (1 — x)
NCMVO-xNaCl (x = 0.4, 0.5, 0.6, and 0.7) ceramic composites
along with that of NCMVO and NaCl. NCMVO crystallizes in
the cubic garnet structure with space group Ia/3d (ICDD PDF

No. 01-072-3824). In the garnet structure of NCMVO, Na™,
and Ca’" atoms occupy the 24¢ Wyckoff position, where they
form dodecahedral coordination with eight oxygen atoms. The
Mg?* atoms are situated in the 16a sites having octahedral
point symmetry (S¢) and the V>+ atoms are positioned in the
24d site with tetrahedral point symmetry (S4) and the oxygen
atoms located in the 96 h wyckoff site. NaCl crystallizes in
the cubic system with space group Fm-3m (225) (ICDD PDF
No. 00-005-0628).The intensity of NaCl diffraction peaks in the
XRD pattern increases with increase in the volume fraction of
NaCl. Diffraction peaks corresponding to only NCMVO and
NaCl are present indicating that there is no chemical reaction
between NCMVO and NaCl. The Rietveld refinements of the
composites 0.3NCMVO-0.7NaCl and 0.5 NaCl-0.5 NCMVO
were also performed using the TOPAS 4.2 software, where a
two phase refinement (Ia3d +Fm-3m) was used. Figure 3 and
Supplementary Figure 1 shows the Rietveld refined pattern
of 0.7 NaCl-0.3NCMVO and 0.5 NCMVO-0.5NaCl composites.
For the volume fraction of 0.3 NCMVO-0.7 NaCl (40 and 60
wt%, respectively) and 0.5 NaCl-0.5 NCMVO (35 and 65 wt%,
respectively) the weight fraction obtained after refinement is close
to the nominal composition and is given in the Table 1.

NCMVO composites.

FIGURE 5 | The microstructure of (1 — x) NCMVO-xNaCl (a,e) x = 0.4 NaCl, (b) x = 0.5, (c) x = 0.6, and (d,f) x = 0.7, and (g) fractured surface of 0.5 NaCl-0.5
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Raman Analysis

Figure 4 shows the Raman spectra of (I — x) NCMVO-xNaCl
(x=0.4, 0.5, 0.6, and 0.7) composites. The group theory predicts
that for a garnet structure at the Brillouin zone center, 98
vibrational modes exist, in which 55 are silent modes and one
is acoustic in nature. The remaining are 17 IR-active and 25
Raman-active vibrations.

TCiotal = 3A1g + 5A2g + 8Eg + 14T + 14Ty
+5A14 + 5A2,10 + Ey + 18Ty, + 16Ty,
Facoustic = Ty

The 25 Raman active bands are 3A14+8Eg+14T,, whereAg,Eg,
and Tagcorrespond to the internal modes, translational modes
and rotatory modes, respectively. In a garnet system, the Raman-
active vibrations are divided into external and internal modes.
The translational motion of the cations are responsible for
external modes, and the internal vibrations are associated with
the vibrations of the (VO4)®>~ tetrahedra. The Az modes

with maximum intensity correspond to the stretching and
bending vibrations of the VO4 group. The modes come below
250 cm~! are generally associated with external translational
motion of Na™/Cat and Mg?* —O bonds. The internal bending
vibrations of (VO,)*~ lie between 300 and 600 cm™!, whereas
the modes above 600 cm™! represent the symmetric and
asymmetric stretching vibrations of the (VO4)>~group, which
linearly depend on the lattice parameter values (Koningstein
and Mortensen, 1968; Moore et al., 1971; White and Keramidas,
1971). NaCl has no Raman active bands in the range of 10-
1,000 cm™ 1.

Microstructure and Elemental Analysis

Generally microstructure is used to confirm the densification of
a sample and to study its influence on the physical properties
of system. Figures 5a-g shows the microstructure of (1 — x)
NCMVO-xNaCl (x = 0.4, 0.5, 0.6, and 0.7) ceramic composites.
From the microstructure, it is clear that only two discrete types of
grains are present in all the compositions, which agrees with the

Counts (arb.units)

Cl

O; (9) ClI; and (h) EDS spectra of the 0.5NCMVO-0.5NaCl composites.

Energy (KeV)

FIGURE 6 | EDS spectra and mapping of 0.5NCMVO-0.5NaCl composite with (@) EDS mapping of 0.5NCMVO-0.5NaCl composite; (b) Na; (c) Ca; (d) Mg; (e) V: (f)
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220°C.

FIGURE 7 | Dependence of microstructure of 0.5NCMVO-0.5NaCl composite with sintering temperature (a) 140°C, (b) 160°C, (c) 180°C, (d) 200°C, and (e)

XRD results. The large grain corresponds to NaCl and the small
grains represent NCMVO having elements Na, Ca, Mg, V, and
oxygen. For 0.4 volume fraction NaCl, composite shows a porous
structure with densification around 78%. As the volume fraction
of NaCl increases, the densities of composites also increase and
obtain a maximum value of 94% for 0.7-volume fraction of NaCl,
which is evident from the microstructures of the composites.
The densification mechanisms in the cold sintering technique
involves the dissolution of NaCl grains into the added water
molecule under the aid of pressure, temperature and the capillary
action of NCMVO grains. As the water evaporates, Na™ and CI~
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P
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FIGURE 8 | Dependence of relative permittivity and tand with NaCl volume
fraction.

TABLE 2 | Variations of relative permittivity, quality factor and temperature
coefficient of resonant frequency of (1 — x)NCMVO-xNaCl composites at
200°C, 50 min.

(1 — x)NCMVO-xNaCl er Density (%) Qu*f (GHz) T ¢ (ppm/°C)
0.4 6.1 80 4,784 —41

0.5 6.2 86 13,900 —47

0.6 6.6 91 10,300 —52

0.7 6.7 93 9,750 —-112

ions crystallize on the surface of NaCl and NCMVO grains, which
will result in the densification of NCMVO particles and NaCl
grains. As the volume fraction of NaCl increases from 0.4 to 0.5
its grain size also increases, there after it can be noticed that bulk
chuncks of NaCl are formed and NCMVO grains are occupied in
between these bulk NaCl grains. The internal mechanism behind
the grain growth was dissolution-precipitation process. In the
microstructure of (1 — x) NCMVO-xNaCl composites, the garnet
grains found to be scattered whereas NaCl grains form necks
with each other as the volume fraction of NaCl increases, which
enhances the grain size of NaCl compared to NCMVO. The
enhancement in grain growth happened as a result of particle
(NaCl) transportation from higher to lower chemical potential.
Similar type of grain growth occurred in pure ZnO reported by
Funahashi et al. (2017b) and also in garnet mineral reported by
Sibi et al. (2020). Figures 6a-h shows the EDS mapping and
spectra for the optimum volume fraction of 0.5 NCMVO-0.5
NaCl composite.

Figures 7a-e show the variation of microstructure with
temperature for 0.5-volume fraction of NaCl. As the temperature
is increased, at a constant pressure of 450 MPa, density increases
to 90% which is evident from microstructure. During the
preliminary stage of CSP, due to the rearrangement of particles a

Frontiers in Materials | www.frontiersin.org

May 2021 | Volume 8 | Article 665033


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Madhuri et al.

Cold Sintered NaCaxMgo V3012 Based Composites

supersaturated environment was developed. Thus for short cold
sintering time and low cold sintering temperature, the particle
rearrangement is not complete and it forms an agglomerated
microstructure, and that influences the dielectric behavior of the
system. As the temperature increases we can see more prominent
grains and grain boundaries in the microstructure, which are well
packed in its structure. So it is clear that for densifying garnet
material through cold sintering technique, NaCl is one of the
suitable additives and also the proper temperature and time are
critical for the proper densification process.

Broad Band Dielectric Properties of

Garnet Composite System

Figure 8 shows the broad band dielectric properties of (1 — x)
NCMVO-xNaCl (x = 0.4, 0.5, 0.6, and 0.7) composites. As the
frequency increases, the relative permittivity and dielectric loss
decrease due to the decrease in polarization. When the frequency
increases, polarization mechanisms (dipolar, ionic, atomic, and
electronic) present in the material decreases, resulting in the
decrease in relative permittivity. As frequency increases only
electronic polarization contributes to the net polarization and
hence the material shows a decrease in relative permittivity.
Beyond certain critical frequency, electrons inside the material
cannot follow the alternating frequency of AC electric field, which
results in the drop of dielectric loss as frequency increases. As the
volume fraction of NaCl increases, the porosity corrected relative
permittivity decreases, which may be due to the low relative
permittivity of NaCl compared to NCMVO ceramics. When the
volume fraction of NaCl increases from 0.4 to 0.7, the relative
permittivity decreases from 8.1 to 7.3, while the dielectric loss also
decreases, this may be due to the improvement in microstructure
with higher volume fraction of NaCl.

Supplementary Figure 2 shows the variation of relative
permittivity and dielectric loss of 0.5NCMVO-0.5NaCl at
different temperatures. As the temperature increases, the
relative permittivity shows slight increase due to the increased
densification. The optimized temperature is found to be 200°C,
at which the relative permittivity is about 6.4 and dielectric loss
is in the range of 0.0089 at 1 GHz. The variation of relative
permittivity with temperature is small, and ranges between 5.8
and 6.4. However the dielectric loss decreases with temperature
and reaches a minimum value of 0.0089 at 200°C, due to the
compact microstructure of composites.

TABLE 3 | A comparison of experimental and theoretical relative permittivity.

Volume Relative permittivity (/)
fraction of
NaCl
Measured Porosity Lichtnecker’s  Simple
value corrected rule mixing
value rule
0.4 6.1 7.4 8.0 7.8
0.5 6.2 7.2 7.6 7.4
0.6 6.6 7.0 7.2 7.0
0.7 6.7 6.9 6.8 6.9

Supplementary Figure 3 shows the dependence of cold
sintering time on dielectric properties of 0.5NCMVO-0.5NaCl
composite. As the time increases, the relative permittivity is
almost constant while the dielectric loss decreases with a
minimum value at 50 min, which was taken as the optimum time
for the cold sintering of (1 — x)NCMVO — xNaCl composites.
For lower holding time the particle agglomeration, sharp edged
grain and poor rearrangement of individual phases resulted in
porous microstructure, which causes high dielectric loss. So for
better microstructure and best dielectric properties optimum
time of holding is necessary, which is found to be 50 min for
NCMVO-NaCl composites.

Microwave Dielectric Properties

Table 2 shows the microwave dielectric properties of (I — x)
NCMVO-xNaCl (x = 0.4, 0.5, 0.6, and 0.7) composites. As the
volume fraction of NaCl increases the relative permittivity also
increases, which may be due to the increasing density of the
composites. So in order to find the correct trend we calculate
the porosity corrected relative permittivity from measured one
using the equation given by Bosman and Having as follows
(Yoon et al., 2006)

€Bosman = €m (1 + 1.5P) (1)

pP— (1 _ pmea) )
Ptheo

where ¢ and e, are the porosity-corrected and measured
relative permittivity, respectively. P is the fractional porosity. The
porosity corrected relative permittivity of composites decreases
as the volume fraction increases. For (1 — x) NCMVO-xNaCl
composites the relative permittivity comes in the range of 6-
7. In ceramic composite systems, the relative permittivity of
materials can determined by the permittivity of individual phases,
its corresponding volume fraction and complex form of its
component materials. Lichtnecker equation widely used for two
phase ceramic systems is as follows:

g = Vigt"+ Vagy"(—1 < n < 1). 3)

when #n = 1 or —1 the above equation becomes parallel or series
mixing law, respectively.

ec = Vier + Vg (4)

1 \% V.
o »

€C €1 €

(5)

where €. is the relative permittivity of NCMVO - NaCl
composites. V1 and V;, are the volume fractions of NCMVO
and NaCl, respectively, ¢ and e, are the corresponding
relative permittivity.

For randomly distributed systems the equation become
logarithmic as follows where n approaches zero.

Ine. = Vilng, + Vylne, (6)
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Table 3 gives the theoretical relative permittivity obtained
using simple mixing rule and logarithmic rule. The relative
permittivity of conventionally sintered NCMVO is about 10 and
is used here for calculations due to the low density of cold sintered
pure samples. Both intrinsic and extrinsic factors contribute
to microwave dielectric loss. The microwave dielectric losses
may due to substitution, impurity, secondary phases, cavity,
oxygen vacancies, poor density, etc. In which the effect of grain
sizes come under the category of extrinsic losses, while the
losses arising from the variations occurring in lattice and crystal
structure are come in the category of intrinsic dielectric losses. In
the present case, even though (1 — x) NCMVO-xNaCl (x = 0.4,
0.5, 0.6, and 0.7) composites show a higher density with increase
in volume of NaCl, its Q,, x f is slightly lower beyond 0.5 volume
fraction of NaCl, which could be due to decreased quality factor
of NaCl compared with NCMVO ceramics. It was reported that
cold sintered NaCl possess a quality factor in the range 12,000-
49,600 GHz depending on the processing conditions, while that
of NCMVO has a reported value of around 50,600 GHz (Hong
etal., 2018; Wang et al., 2021; Fang et al., 2013). The quality factor
of a two phase composite can be determined by

Q' =VviQi +V12Q;! 7)

The terms Q, Q;, and Q; represent the quality factor of the
composite, and the two phases of composite with volume fraction
V1 and V;, respectively. According to Equation (7), as the volume
fraction of NaCl increases the quality factor should decrease.
Measured values also show a similar trend except for 0.5 volume
fraction, where the optimum quality factor is obtained. It is
evident from the microstructure that as the volume fraction of
NaCl increases the grain size increases, resulting in the decrease
in dielectric loss and increase in quality factor, which may due to
the lesser grain boundaries per unit volume. Penn et al. (1997)
also have reported a decrease in dielectric loss with increase in
grain size for poly crystalline alumina material. However, Chen
et al. reported that the superposition of quality factor of the two
initial materials is not considered to be a general model to predict
Q value of binary ceramic systems. They calculate the quality
factor of binary systems using relative permittivity of individual
phases, relative permittivity variation index k of individual phases
and quality factor of initial materials (Chen et al., 2017). So
a detailed theoretical analysis is required for the prediction of
quality factor for composite system. The important parameter,
which is connected with the thermal stability of a dielectric
material is its temperature coefficient of the resonant frequency
(tf).The 17 can be calculated from the temperature coefficient of
dielectric constant (t¢) and linear thermal expansion coefficient
(ar) using the following formula:

= - I:% + 06Li| (8)

Here, ay can be taken as a constant (~ 410 ppm/°C) for all
ceramic materials. The measured 17 value increases linearly from
—41 ppm/°C to —112 ppm/°C with increase in x from 0.4 to 0.7,
which may due to the large negative temperature coefficient of
—171 ppm/°C for NaCl. The theoretical 1 value of the composite

depends on the Tt values of individual phases as shown in
Equation (9),
1= Vit + Vatp )

where V; and V; represent the volume fractions of individual
phases and 17, and tprepresent the corresponding temperature
coefficient of resonant frequency. According to the above
equation, as the volume fraction of NaCl increases the t; value
also increases, similar to the measured trend.

CONCLUSION

In this work, novel (1 — x) NCMVO-xNaCl microwave composite
ceramics with high relative densities of >80% were successfully
prepared by CSP (200°C, 50 min, and 450 MPa). The results
of XRD, SEM, and Raman spectroscopy indicates that there
is no chemical reaction between the two phases and only the
two characteristic phases of NCMVO and NaCl were present in
all composite ceramics. The successful preparation of (1 — x)
NCMVO-xNaCl composite ceramics indicates that CSP has
great potential in the low temperature fabrication of microwave
composite ceramics for 5G enabled technology. The future work
aims to tune the properties of the NCMVO ceramics using
other additives such as LiMoO4 and K;Mo0Qj4. Also for practical
applications the NaCl based composites should be protected
from moisture absorption, which can be done using conformal
silicon coating.
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