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Highlights

e Na' substitution effectively lowered sintering temperature and contributed to
the optimization of Q X f value.

e The dielectric constant tended to decrease, which was more conducive to
signal transmission.

e The t¢ value was closely related to the distortion of [MgOs] octahedron.

o Excellent dielectric properties were exhibited at x=0.06 with €.= 10.474, Qxf

=45,868 GHz, and 1y =—69 ppm /°C.



Abstract

The MgixNaxxWO4 (0< x <0.14) microwave dielectric ceramics were prepared
through traditional solid-state reaction and sintered at 875-925 °C for 4 h. Compared
with pure MgWOs ceramic, the samples with substituting Na* for Mg?" could be
sintered at a lower temperature, the quality factor values and the densification of
microstructure were obviously improved. Raman spectroscopy proved that the relative
permittivity was related to the multiple phases and molecular polarizability. In
addition, the distortion of

[MgOgs] octahedron also changed, resulting in resonance frequency temperature
coefficient varied nonlinearly from x = 0 to 0.14. Considering the applications of low
temperature co-fired ceramics technology, the Mgi.\NaxWO4 (x = 0.06) ceramic
sintered at 875 °C had the best performance. Not only did it have excellent microwave
dielectric properties of €.= 10.474, Qxf = 45,868 GHz, and 1y = —69 ppm /°C, but

also presented great chemical compatibility with the commonly used Ag electrode.

Keywords: Mg;.«NaxWOy ceramics;, Na' substitution;, microwave dielectric

properties; LTCC

1. Introduction

With the rapid development of microwave communication technology, the
miniaturization, integration, and multifunction of electronic devices are increasingly
required. Low temperature co-fired ceramics (LTCC) technology has become the most

concerned direction of microwave integration discovery because of its characteristics



of high integration, multi-function and low cost [1]. As a substrate material, LTCC has
low dielectric constant, high quality factor and near-zero resonant frequency
temperature coefficient, and widespread uses in automotive electronics,
communications, aerospace, military and other fields [2-4]. In addition, the sintering
temperature of LTCC should be lower than the melting point of Ag (961°C), which is
often used as the electrode in LTCC technology [5, 6]. Therefore, the development of
microwave dielectric ceramics with excellent properties and low sintering temperature

has become an important topic.

The tungstate microwave dielectric ceramics have been widely studied because
of their low sintering temperature and low dielectric constant, such as CaWOjs
ceramic (Q*f =70,000GHz, £=10.4), BaWO4 ceramic (O *f =57,500 GHz, & =8.1)
and StWO4 ceramic (Qxf =62,600 GHz, & =9.0) [7]. MgWOs4 ceramic is also a
potential excellent LTCC material with low dielectric constant (g,=12-14) and high
QO xfvalue. When sintered at 1050 °C, MgWO4 ceramic presented excellent dielectric
properties: £.=13.5, 0%/ = 69,000 GHz, andts= -58 ppm /°C [7]. However, the
sintering temperature of MgWO4 was too high to be co-fired with silver electrode,
which limited the application of MgWO4 in LTCC technology. In addition, Pullar et al.
found that Oxf value of MgWO4 was only 5400 GHz when sintered at 950 °C,
indicating that the low-temperature sintering performance of MgWOQO4 was very poor
[8]. Therefore, to obtain the excellent dielectric properties of MgWO4 and lower its
sintering temperature, appropriate methods should be adopted. In general, the
sintering temperature of LTCC materials can be reduced by three methods: using
ultrafine particles as raw materials through advanced chemical processes, adding

oxides with low melting points to replace ions, or adding glass fluxes.



Wang et al. confirmed that Na" substitution had a good effect on reducing the
sintering temperature of CaWOs ceramics [9]. In this paper, Na" was used to
substitute for Mg?>" to reduce the sintering temperature of the Mg xNaxWOs
(0<x<0.14) ceramics. A conventional solid-state reaction was used to produce the
samples, and the phase composition, microstructure, and microwave dielectric

properties of the samples were systematically studied.

2. Experimental procedure

The Mg1xNaxxWO4 (x = 0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14) ceramics
were prepared by the traditional solid-state reaction in which purity NaxCOs (99.8%),
nanometer MgO (99.8%), and WO3 (99%) were used as raw materials. The mixed
powders according to the compositions were weighted and placed into nylon tanks to
wet milled for 4 h in distilled water by using zirconia balls as medium. The milled
powders were dried and calcined at 800 °C for 2 h. Then the calcined powders were
re-milled in nylon tanks for 6 h. After that, the powders were dried, mixed with 10%
PVA (Polyvinyl alcohol), and granulated, which were final pressed into cylindrical
samples and sintered at 875 °C -925 °C for 4 h.

Crystalline phases of the samples were confirmed by the X-ray diffraction

analysis (XRD:DX-2700) using Cu Ka radiation at room temperature. The detailed

structure refinements were obtained by using Fullprof program. The microstructure
images of the polished and thermally etched surfaces were observed by a scanning
electron microscope (SEM) (JSM-6490; JEOL, Japan). The Raman spectra were
obtained using an InVia Raman microscope (Renishaw, UK) with an argon ion laser
(A= 514.5 nm) as the excitation light. Raman shifts were measured with a precision of
~0.3 cm’'. The microwave dielectric properties of the samples were tested by Hakki—

Coleman resonator method and Agilent N5230A network analyser (300MHz-20GHz)



in a resonant cavity, and the bulk volume densities were measured by Archimedes

principle[10]. The 74 (ppm/°C) values were calculated according to the following

equation [5, 11]:

f£(85°C)—f(25°C) .
Y T (85-25)xf(25°C) X 10°(ppm/°C) QP

3. Results and discussion

3.1 XRD analysis
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Fig. 1 (a) XRD patterns of the Mg1.xNaxxWO4 ceramics sintered at 875 °C in various X

value; (b) The amplified profile of the XRD patterns at around 15.75°.
The XRD patterns of the Mgi«NaxxWOs ceramics sintered at 875 °C are

presented in Fig. I(a). The main phase and second phase were MgWOq4
(PDF#73-0562) and Na;W>07; (PDF#70-0860), the third phase was NaxWiO13
(PDF#70-2022) when x < 0.08. According to Yuan et al.[12], the presence of
NaxW>07 and Na;W40O13 was partly due to the reaction of Na,O-WOs3 binary system.
Moreover, ionic substitution was related to ionic radius and electronegativity [13].
Due to the electronegativity difference between Na * and Mg? " and different ionic

radius (Rna™ = 1.02 A, Rmg? = 0.72 A), no solid solution was formed. When x=>0.08,



the third phase changed from Na;W4O13 to NasMgW3012 (PDF#30-1216). This fact
might due to that as the Na' substitution increased, the sintering temperature

continued to decrease, which made the reaction between MgO and WOs easier.

3.2 Rietveld refinement
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Fig.2 The Rietveld plot of the Mg1.xNaxxWO4 (x=0.06) ceramics sintered at 875 °C.

To further investigate the influence of Mg;.xNaxxWO4 ceramics’ crystal structure
on their microwave dielectric properties, the XRD data were refined using the
Fullprof program [13]. Fig. 2 demonstrates the refinement patterns of the
Mg xNaxWO4 (x=0.06) ceramic sintered at 875 °C. It was observed that the patterns
calculated from the refined parameters closely agreed with the experimental data (see
Supplementary Information Fig. S1 for more details), indicating that the refinement
result was reliable. The refined crystal information of the Mgi.xNaxxWO4 (x=0~0.14)
ceramics is listed in Table S1. The lattice parameters of the samples were found to
varied nonlinearly from x = 0 to 0.14, which also reflected by the shift of diffraction

peak [14], as shown in Fig. 1 (b).



Fig.3 Schematic diagrams drawn with VESTA, (a) crystal structure of MgWO4
ceramics in polyhedral style; (b) the structure of [MgQOs) octahedron; (¢) the structure

of [WOs] octahedron.

The microwave dielectric properties of the Mgi«NaxxWOs ceramics were
influenced by crystal structure parameters of the main phase MgWOs, such as
octahedral deformation, bond ionicity, lattice energy and bond energy [15]. According
to refinement results, the crystal structure of MgWO4 obtained by Vestal software is
shown in Fig. 3. The Mg** occupied the Wyckoff position (2f) and coordinated with
six oxygen atoms to form an Mg-O octahedron; W occupied the Wyckoff position
(2e) and coordinated with six oxygen atoms to form a W-O octahedron; Two kinds of

O* were present in this crystal cell, and both occupied the Wyckoff position (4g).

3.3 Density and scanning electron microscopy analysis
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Fig.4 The relative density and bulk density of the Mgi.xNaxxWO4 ceramics sintered at

875 °C in various x value.

As shown in Fig. 4, the variation in the relative density of the samples sintered at
875 °C was consistent with that of the bulk density. The bulk density of the
Mgi.xNaxWO4 ceramics with a regular shape was calculated by Archimedes principle,

and the theoretical density was determined via the following equation [16]:

nxA
P1 =N 2

where n, A, V, and N were the number of formula units in a primitive cell, the molar
masses of the composition, unit cell volume and Avogadro constant, respectively. In
the three-phase system, the theoretical density was determined by the following
equation [17]:

Wy W, | W

Ptheo= (WitWotws)(—F + =2 + =)’ (3)

P1 P2 P3
where p;, p,, p3, Wi, Wy, and wy represent the theoretical density and weight
fraction of each phase. In addition, the relative densities of the compact ceramics were

obtained from [18]:



— Pbulk (4)

Ptheo
The relative densities varied from 94.87%-97.65%, which indicated that the

Prelative

Mgi.xNaxWO4 ceramics were highly dense when sintered at 875 °C.

Fig.5 The SEM images on the polished and thermally etched surfaces of the

Mg xNaxxWO4 (x=0, 0.06, 0.10) ceramics sintered at 875 °C

Fig.5 shows the SEM images on the polished and thermally etched surfaces of
the Mgi.xNaxxWO4 (x=0, 0.06, 0.10) ceramics sintered at 875 °C. It could be seen that
heterogeneity of grain size and evident pores were observed in the sample without
Na" substitution. Compared with x=0, the grain size of the sample with x= 0.06
became larger and the microstructure became more uniform. However, abnormal
grain growth occurred when Na' content further increased (x=0.10). It showed that
moderate content of Na* substitution for Mg?" facilitated a denser microstructure.

3.4 Raman spectra study
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Fig.6 (a) Raman scattering spectroscopy of the Mg.xNaxWO4 ceramics in various x

and sintered at 875 °C; (b) The amplified profile of the stretch mode Ag.

Raman spectroscopy is an effective method to probe the local crystal structure
and phonon vibration characteristics of ceramics [19, 20]. Fig. 6(a) shows the Raman
spectra obtained at room temperature for the MgixNaxWOs ceramics sintered at
875 °C. The Raman vibrational modes of the samples with Na*/ Mg?" substitution
were nearly the same as those of the pure MgWO4, which indicated that other phases
were present in smaller content and had little influence on the vibrational modes of
the MgixNaxxWO4 ceramics. According to group-theory analysis, the wolframite
structure of MgWO4 has 36 vibrational modes, 18 of which are Raman active (even
vibrations g) and 18 of which are infrared active (odd vibrations u) at the I point: I'=
8Ag + 10Bg + 8Au + 10Bu [19]. The Raman spectrum of Mg;xNaxWO4 ceramics

contained a strong phonon at around 917cm™!

, which corresponded to the symmetric
Ag internal vibration of the WOg octahedron [21]. Most previous results indicated that
the physical properties of the oxygen octahedron as revealed by Raman Ag

measurements, strongly influenced the microwave performance [22]. The stretching

mode (Ag with a wave-number around 917 cm™') of the Mg;.x\NaxWOs ceramics



could be used to deduce the properties of the WO¢ octahedron, allowing the
correlation between the microwave dielectric properties to be examined. The
amplified profile of the stretch mode Ag (around 917 cm™!) is shown in Fig. 6(b), the
change of Raman shift was used to further understand how the relative permittivity of

the samples were affected by the concentration of Na.

3.5 Microwave dielectric properties analysis
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Fig.7 (a) The relative dielectric constants of the Mg;xNaxWO4 (0 <x <0.14)
ceramics sintered at 875 °C, 900 °C and 950 °C; (b) The relationship between
experimental relative permittivity values of the MgixNaxWO4 ceramics sintered at
875°C, and the theoretical permittivity and Raman shift of the stretch mode (Ag with
wave-number around 917 cm™).

It is known that €, is related to the molecular polarizability and the second phase
[16, 23]. The variation of &,with different Na* substitution content in Mg;.xNaxxWO4
(0<x<0.14) is revealed in Fig. 7(a). Obviously, with increasing Na" substitution
content, dielectric constant tended to decrease, which indicated that Na* substitution
was more conducive to signal transmission [24]. To study the influence of multiple
phases on the dielectric constant of the Mgi.xNa:xWO4 ceramics, the theoretical

dielectric constants of MgixNaxxWO4 were obtained using the following mixture rule



formula [16, 26]:

Ingtheo =V1ln&heo1 + Valnemmeo2+ Vilngmeos (5 )

3Vmm+8Ttheo

Etheo :m (6)

Atheo(Ax By C, )=y Xxtap Xy+ae Xz (7)
where Vi, V2, V3 and &weol, Etheo2, Etheo3 represent the volume fraction and
theoretical dielectric constant of each phase [25-27]; Vm and @y, are the molecular
volume and theoretical ionic polarizability of each phase [25]; a4, ag, ac and X, y, z
represent the polarizability of each ion in the molecule and the number of each ion in
the molecule [28], respectively. As shown in Figure 7(b), the theoretical permittivity
trend was consistent with that of the measured permittivity, indicating that the
permittivity of MgixNaxWOs was mainly affected by the multiple phases. The

relationship between the Raman shift and the dielectric constant could be expressed

by the following formula [13]:

2 0_
£,(0,8,K)——2 xzz(k’? l (8)

where Q,, is the plasma frequency, &, is the dielectric constant and w is the phonon
frequency. According to formula (8), dielectric constant was inversely proportional to
the Raman shift, which was consistent with the experimental results shown in Fig. 7(b)
and indicated that the relative permittivity was positively correlated with the
molecular polarizability [29]. Therefore, the relative permittivity of LTCC could be
adjusted by means of various ceramic composites or ion substitution to change the

molecular polarizability.
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Fig.8 (a) Qxf values of the Mgi.xNaxWO4 (0 <x <0.14) ceramics sintered at 875 °C,
900 °C and 950 °C; (b) The relationship between Qxf values of the MgixNaxxWO4
ceramics sintered at 875 °C and relative density and the FWHM of Roman peaks at

917 cm™ L.

Qxf value is not only influenced by the extrinsic factors, such as relative density
and porosity [30], but also the intrinsic factors, including lattice vibrational modes and
bond energy [31-33]. Fig. 8(a) describes Qxf values of the MgixNaxxWO4 ceramics
sintered at different temperatures. As shown in Fig. 8(b), at the same sintering
temperature with different Na™ ion contents, Qxf value firstly increased up to the
maximum and then decreased, which was consistent with the relative densities. The
increase of relative densities mean that the microstructure become more compact and
the porosity is lower, corresponding decrease of external loss leads to the increase of
Qxf value [34]. And vice versa. The lattice vibrational modes as intrinsic loss was
closely related to the Qxf values. The FWHM of the Raman peak at 917 cm—1, which
is assigned to [WQOs] vibration is presented in Fig. 8(b). When the FWHM decreased,
the coherence and damping behavior of the Ag stretching vibration weakened, which
made Qxf value increase [35]. Obviously, proper Na’ substitution could not only

reduce the sintering temperature, but also reduce the dielectric loss and improve the



Qxfvalue of the samples.
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Fig. 9(a) 77 values and MgOgs octahedron distortions of the MgixNaxxWO4 ceramics
sintered at 875°C; (b) X-ray diffraction of the Mgix\NaxxWO4 (x=0.06) ceramic

co-fired with 20wt% Ag.

77 values of the Mgi.xNaxxWOs ceramics sintered at 875 °C are shown in Fig.
9(a). With the substitution of Na* for Mg?" increased, 75 values became negative
because of the presence of [MgOs] octahedron distortion. It was reported that
77 mainly depends on the dielectric constant temperature coefficient (7,) [6, 11], and
T, was found to be positively correlated with [MgOs] octahedron distortion (3) [36,

37], which were calculated as follows [34]:

8= YAy 9)
where Ra and R; represent the average bond length and bond length in the [MgOs]
octahedron. Therefore, theoretically, the 77 is directly proportional to the [MgOs]
octahedral distortions, which is also consistent with the experimental results shown in
Fig. 9(a). Moreover, the XRD pattern of MgixNaxWO4 (x=0.06) ceramic sintered
with 20wt% Ag at 875 ‘C was shown in Fig. 9(b), indicating that they had a good

co-firing compatibility. In the following study, ion substitution could be used to

change the [MgOs] octahedron distortion to obtain the 7 value near zero, and then



the MgixNaxxWO4 ceramic would be a good candidate for LTCC substrate materials.

4. Conclusions

The microwave dielectric properties of Mgi.xNaxWOs (x = 0-0.14) ceramics
were explored by using Rietveld refinement and Raman spectroscopy. The
substitutions of Na“ for Mg?" exerted evident effects on the microstructure and
microwave dielectric properties. The proper substitution of Na*reduced the sintering
temperature of Mgi.xNaxxWO4 ceramics, promoted densification of microstructure and
relative density of the samples, so as to reduce the dielectric loss of samples and
improve Qxf values. It was found that with increasing Na* substitution content, the
decrease of relative dielectric constant was closely related to the existence of
multiphase and molecular polarizability through fitting the Raman spectra. 7, values
became more negative, which was largely due to the distortion of [MgOs] octahedron.
When x=0.06, the MgixNaxxWO4 (x=0.06) ceramic sintered at 875°C achieved the
best performance with &= 10.474, O%f = 45,868 GHz and 7; = —69 ppm/°C, and
also showed great chemical compatibility with the commonly used Ag electrode.
Accordingly, the Mg;xNaxxWO4 (x=0.06) ceramic could be a promising candidate for

LTCC applications.
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