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(1-x)Li2(Mgo.96Nig.04)Si04+XLiZng 93C00 07PO4 composite ceramics were synthesised through solid-state
reaction, and their sintering kinetics, microstructure and microwave dielectric properties were investi-
gated. The perfect disconnection model was applied to explain the variation in grain growth with
different x values and sintering temperatures. X-ray diffraction, scanning electron microscopy, thermo-
mechanical analysis and network analysis were used to determine the macro and micro properties of
the composite ceramics. Results showed that LiZng 93C00,07P04 ceramic could promote grain growth and
grain boundary modification, due to the different levels of shear stress and free energy density of the Si-
rich and P-rich phases. The shrinkage onset point of the composite ceramics was adjusted to achieve full
densification at 900 °C. The peak microwave dielectric properties are e = 5.78, Q x f = 48,168 GHz at
16 GHz and 77 = —44.7 ppm/°C when x = 0.5, sintering temperature is 900 °C and relative density is
96.1%. Therefore, mixing LiZngg3Cogo7P04 (pre-sintered) and Lix(Mgp9sNip04)SiO4 (pre-sintered) ce-
ramics is a feasible synthesis method for microwave dielectric materials with excellent sintering and

dielectric properties.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Low temperature co-fired ceramic (LTCC) technology is a pack-
aging method that facilitates large-scale 3D integration of passive
devices instead of patching on the surface and can be widely
applied in military and civilian products, such as aerospace and
smart homes [1]. Generally, the embedded electrode of LTCC is Ag,
which has a melting point of 961 °C [2]. However, 900 °C is pref-
erable in manufacturing to maintain the quality of the printed
circuit. Adding glass and multicomponent oxides with a low
melting point is a popular method to achieve low temperature
densification, but the deterioration of dielectric properties is the
usual effect of densification at a relatively low temperature [1,3,4].
Therefore, realizing low temperature sintering without additives
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negatively affecting microwave properties is a project worth
studying.

The low signal transmission delay, high signal quality and stable
thermal stability could be achieved by materials with extremely
low &, high Q x f and near-zero 7¢ value [5]. Silicate (with low
dielectric constant and stable thermal stability) and phosphate
(with low sintering temperature and high Q x fvalue) have recently
attracted the interest of researchers [3,6,7]. In our previous study,
the dielectric properties of Lix(Mgg.ggNig.04)Si04 (LMNS) ceramics
are improved as e = 5.69, Q x f = 28,448 GHz at 16 GHz,
17r = —15.3 ppm/°C sintered at 1150 °C, and those of LiZ-
Ng.93C00.07P04 (LZCP) ceramics are ¢ = 5.43, Q x f= 35,446 GHz at
15 GHz, 7y = —77.4 ppm/°C sintered at 850 °C [6,7]. However, these
two materials can be further enhanced. The sintering temperature
of LMNS is excessively high to fulfil the requirements of LTCC, and
its Q x fvalue should be improved. Besides, the absolute 7y value of
LZCP should be decreased. LZCP has low &, high Q x fvalue and low
sintering temperature, whereas LMNS has small absolute 7 value.
Hence, adding the LZCP ceramic into the LMNS ceramic results in
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Fig. 1. Relative density (a), & (b), Qxf(c), and 7y (d) values of the (1-x)LMNS + XLZCP (x = 0.2—0.7) ceramics sintered at 875-925 °C for 4 h; summary of dielectric and sintering
properties of various ceramics (e).
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Fig. 2. SEM micrographs of (1-x)LMNS + XLZCP, x = 0.2 (a), x = 0.3 (b), x = 0.4 (c), x = 0.5 (d), x = 0.6 (e), x = 0.7 (f) ceramics sintered at 900 °C for 4 h, x = 0.5 sintered at 875 °C for
4 h (g), and x = 0.5 sintered at 925 °C for 4 h (h).
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many benefits. Firstly, LZCP ceramic has relatively low densification
temperature and therefore could act as the medium of heat
transfer. The low temperature sintering of LMNS ceramic could be
realized without sintering-aids which could deteriorate the mi-
crowave properties. Secondly, the LMNS + LZCP ceramic could be
equipped with higher Q x fvalue and lower &, compared with those
of the LMNS ceramic. The thermal stability of the composite ce-
ramics would be better than that of the LZCP ceramic. To date, the
sintering kinetics and microwave dielectric properties of (1-x)
LMNS + xLZCP (x = 0.2—0.7) composite ceramics have not been
researched.

In this study, (1-x)LMNS + xLZCP (x = 0.2—0.7) composite ce-
ramics were synthesised via solid-state reaction. The sintering ki-
netics, microscopic mechanism of grain boundaries (GBs), phase
composition and microwave dielectric properties of these com-
posite materials were investigated. A novel modification method
for sintering, microstructure and microwave dielectric properties
was also proposed. The findings of this study may be useful in the
field of structural and functional ceramics.

2. Experimental procedures

High-purity powders of Li,CO3 (99.5%), MgO (99%), NiO (99.5%),
Zn0 (99.5%), C0203 (99.5%), NH4H,PO4 (99%) and SiO5 (99.5%) (all of
these analytical purity powders are from Chron Chemicals Co. Ltd,

Chengdu, China) were chosen as the raw materials to prepare the
composite ceramics through conventional solid-state reaction.
According to molar ratio, LMNS and LZCP ceramics were pre-milled
separately in a nylon pot filled with zirconia balls for 24 h. The
milled slurry was dried and pre-sintered for 4 h. The calcination
temperature is 830 °C for LMNS ceramic and 650 °C for LZCP
ceramic. The pre-sintered powders were remilled in accordance
with the x value of (1-x)LMNS + xLZCP (x = 0.2—0.7, mole ratio) in
distilled water for 24 h and subsequently dried. The powders were
ground, mixed with 5 wt% of polyvinyl alcohol and pressed into
disks (12 mm in diameter and 6 mm in thickness), which were then
sintered at 875 °C, 900 °C and 925 °C for 4 h in air.

The crystalline phase structure of these composite ceramics was
analysed by X-ray diffraction (XRD: DX-2700, Haoyuan Co.) using
Cu K, radiation. XRD data were evaluated using Fullprof with the
Rietveld profile refinement method. Microstructure was examined
by scanning electron microscopy (SEM: JEOL, JSM-6490LV), and
composition was studied by energy-dispersive X-ray spectroscopy
(EDS). The microwave dielectric properties were determined via
the Hakki—Coleman method and Agilent N5230A Network Analy-
ser (300 MHz-20 GHz) [8]. The quality factor was investigated
through the transmission cavity method. Transition temperature
and shrinkage characteristics were analysed through a thermo-
mechanical analyser (TMA: Mettler TMA/SDTA 2+), and the heat-
ing rate was 10 °C/min. The temperature coefficient of the resonant

Fig. 3. EDS of 0.8LMNS+0.2LZCP (a—b) ceramic and 0.5LMNS-+0.5LZCP (c) ceramic sintered at 900 °C (energy spectrum and tested area).
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Table 1

EDS result (weight and atomic fraction) of spot1, spot2 and spot3.
Element Spot1 Spot2 Spot3

Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)

O K 37.25 56.44 45.23 63.70 40.36 59.97
Mg K 12.71 12.67 12.75 11.82 13.40 13.10
SiK 9.97 8.61 6.65 5.33 10.55 8.93
PK 17.80 13.93 18.00 13.09 12.17 9.34
CoK 1.51 0.62 1.06 0.40 1.59 0.64
Ni K 0.56 0.23 0.61 0.24 1.18 0.48
Zn K 20.20 7.49 15.70 5.41 20.74 7.53

Fig. 4. Schematic of GB motion of biphase system (a), triple junctions motion of triphase system (b), relationship between the parameters from equation (4) (c); blue dashed lines in
(a)—(c) denote the initial GB position. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).

frequency (7y) of the ceramics was measured using the following
formula [9].

s 1 —fo
I~ /(T = To)

where fr (fp) is the resonant frequencies at T = 80 °C (Tp = 20 °C).
The bulk density of the sample was determined through the
Archimedes method, and the relative densities were from the ratio
of bulk densities and the theoretical densities. The theoretical 7¢
and &, value could be calculated using the mixture rule as follows
[1011].

x 108 (1)

Tf=Va X Tfg +Vp X Tpp (2)

Iner=vgInerg + Vp In Erp (3)

where 77, (1) and e (&) are the temperature coefficient of the
resonant frequency of a (b) and the dielectric constant of a (b); the
volume fractions of different materials are v; and vy,

3. Results and discussion

Fig. 1 presents the relative density (a), - (b), Qxf(c) and 77(d) of
the (1-x)LMNS + XLZCP (x = 0.2—0.7) ceramics sintered at 875 °C-
925 °C. All the dielectric properties were obtained at 16 GHz, which
is the mean value of testing frequency (15.92—16.08 GHz). The
curve of relative density is parabola like, and the maximum value is
approximately 96.1% as x = 0.5 sintered at 900 °C. A moderate
amount of LZCP ceramic addition could help increase the densifi-
cation level at the fixed sintering temperature. However, further
addition of LZCP ceramic deteriorated the densification level (over
sintering) because the densification temperature of LZCP ceramic
(850 °C) is lower than the sintering temperature of this study
(900 °C). The dielectric constant (e;) of the composite ceramics

decreases with increasing x value due to the relative low dielectric
constant of LZCP ceramic (er = 5.78 as X = 0.5). The measured &,
value of the ceramics is higher than the calculated one when
x < 0.6, and the formation of the second phase (Mg;SiO4, discussed
in the part of XRD) could explain this phenomenon. However, the
calculated &, value is larger than the experimental one when x = 0.7,
and the non-ideal densification level could be one reason respon-
sible for this discrepancy. The Q x fvalue increased with the x value
and peaked at x = 0.5 (48,168 GHz at 16 GHz) and decreased. The
variation tendency shown by the Q x fvalue is similar to that of the
relative density value. The Q x f value of 0.5LMNS+0.5LZCP com-
posite material is larger than the value of the separate one of our
previous research, and the better densification of the former than
the latter could explain this difference. For the 7 value of the
composite ceramics, the variation exhibits a monotonically
decreasing trend due to the small 77 value of LZCP ceramic. The
subtle disparity between the measured and calculated ¢ values
(1 = —44.7 ppm/°C) is attributed to the compact samples. Fig. 1e
shows the comparison of the dielectric properties and densification
temperatures of various microwave dielectric ceramics with rela-
tive low & and high Q x fvalue [6,7,12—22]. With the addition of
LZCP ceramic, the composite ceramic is equipped with excellent
microwave dielectric properties, high Q x f value, low & and low
densification temperature (approximately 900 °C) without sinter-
ing aids.

Fig. 2 manifests the SEM images of all samples. The micro-
structure property variation trend of the (1-x)LMNS + xLZCP ce-
ramics sintered at different temperatures is regular and identical to
the trend of the relative density. The large grains (blue circles) are
surrounded by small grains (yellow circles) (Fig. 2a—d). The number
of small grains decreases with when the x value increases, and
uniform large grains are formed when x = 0.5 with a few of small
grains. Further addition of LZCP ceramic leads to the appearance of
trapped pores (pink circles), and grain boundaries melt due to over-
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Fig. 5. XRD patterns of the (1-x)LMNS + xLZCP (x = 0.2—0.7) composite ceramics sintered at 900 °C (a); locally magnified peak profiles (b); Experimental (circles) and calculated
(lines) XRD profiles for the 0.5LMNS+0.5LZCP ceramics sintered at 900 °C using Fullprof software (c).

sintering because the densification temperature of the LZCP
ceramic is approximately 825 °C. The microstructure presented in
Fig. 2d,g,h suggests that the sintering temperature of 900 °C is
suitable for the 0.5LMNS+0.5LZCP composite ceramic to obtain a
closely packed microstructure. Considering all the dominant factors
for the extrinsic losses, including second phase, grain size, crystal
boundaries, cracks, impurities and porosity, the reduction of the
grain boundary should be taken into account for the first increment
of Q x fvalue apart from the increased densification level [23—25].
Hence, the materials with highly compact and uniform crystal
grains present a relatively high Q x fvalue. The formed pores and

abnormal grain growth shown in the SEM images might cause the
dielectric properties to deteriorate. EDS was conducted to identify
the composition of the aimed region to confirm the component of
small grains and large grains shown in SEM. The tested area and
results are presented in Fig. 3 and Table 1, and all the marked grains
consist of O, Mg, Si, P, Co, Ni and Zn (Li is too light to be checked).
The molar ratio of P:Si is 13.93:8.61 for spot 1 and 13.09:5.33 for
spot 2, indicating that the large grains should be the P-rich phase
and the small grains should be the Si-rich phase. The molar ratio of
P:Si is 9.34:8.93 for spot 3, demonstrating that the distribution of
phosphate and silicate could be uniform in the small grains and the
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Table 2

Refinement and lattice parameters of (1-x)LMNS + XLZCP (x = 0.2—0.7) ceramics sintered at 900 °C using Rietveld profile refinement method.
Parameters x=0.2 x =03 x =04 x=0.5 x = 0.6 x=0.7
LMNS
a(A) 4.9889 4.9868 4.9850 4.9842 4.9835 4.9831
b (A) 10.6805 10.6824 10.6838 10.6843 10.6851 10.6860
c(A) 63117 6.3086 6.3069 6.3050 6.3035 6.3028
B () 90.1908 90.2662 90.3214 90.3743 90.4119 90.4401
V(A3) 336.3104 336.0618 335.8923 335.7510 335.6476 335.6105
LZCP
a(A) 17.2851 17.2842 17.2831 17.2819 17.2792 17.2771
b (A) 9.7468 9.7482 9.7493 9.7507 9.7518 9.7545
c(A) 17.0747 17.0759 17.0772 17.0781 17.0793 17.0815
6 () 110.9822 110.9798 110.9745 110.9689 110.9611 110.9524
V(A% 2685.9043 2686.3822 2686.8141 2687.2557 2,687.4679 2,688.3879
MS
a(A) 4.7533 4.7505 4.7485 4.7469 4.7451 4.7442
b (A) 10.1994 10.1975 10.1961 10.1955 10.1948 10.1942
c(A) 5.9832 5.9861 5.9886 5.9904 5.9916 5.9923
B(°) 90.00 90.00 90.00 90.00 90.00 90.00
V(A% 290.0704 289.9860 289.9451 289.9175 289.8457 289.8075
Ry (%) 10.39 10.61 9.53 9.27 10.78 11.08
Ruwp (%) 11.81 11.52 10.72 10.58 12.55 13.99
Rexp (%) 7.96 8.12 7.54 7.84 8.63 9.54
X 2.20 2.01 2.02 1.82 2.11 2.15

Fig. 6. Designed and calculated fraction of LMNS, LZCP and MS of the composite
ceramics.

large grains when x = 0.5.

The sintering kinetics of GBs based on the disconnection model
was proposed to explain the variation in grain size and grain
composition, and the schematic is presented in Fig. 4 [26,27]. The
following discussion is about the perfect process (without the
emission and absorption of point defects or lattice dislocation)
[28,29]. The grain growth and grain motion of the polycrystal ma-
terial in this experiment can be divided into two aspects. The first is
the GB motion of the biphase system (Fig. 4a), and the second is the
triple junction (TJ) motion of the triphase system (Fig. 4b). Intrinsic
GB mobility, including GB migration (perpendicular to GB) and GB
sliding (parallel to GB), is a dominant thermal equilibrium character
of GB motion at the subatomic scale. These two phenomena are
always coupled as illustrated in Fig. 4a. According to the driving
source, the GB migration can be divided into stress-driven GB
migration and energy-jump-driven migration [30,31]. The
increasing sintering temperature results in nucleation and gliding,
and the shear strain will be gathered on both sides of GBs. Then, the

shear stress is gathered under the increasing sintering temperature,
and the phase on each side of GB belonging to 0.5LMNS+0.5LZCP
ceramic glides away with the migration of GB. These factors could
explain the phenomenon observed in Fig. 2(d), (g) and (h). The
energy-jump-driven migration is attributed to the lower total free
energy similar to the diffusion-induced GB migration [32—34]. If
the free energy density (dominated by the eigen-property of ma-
terials, like crystal structure) of the upper grain () is smaller than
that of lower grain (y;), GB would migrate downwards to decrease
the total system free energy (Fig. 4b). Considering the SEM and EDS
results, the free energy density of P-rich grains may be lower than
that of the Si-rich grains. Consequently, the grain has grown, and
the amount of small grains has decreased as x values vary from 0.2
to 0.5 sintered at 900 °C (Fig. 2a—d).

Aside from GB, TJ, the node of GBs in the polycrystals, should be
considered. The GBs are finite in practice due to the existence of TJs.
In the disconnection model, the motion of GBs is a stepped motion,
and nucleated disconnections will move to TJs. The corresponding
schematic is presented in Fig. 4c. The annihilation and reaction of
the disconnections near TJs enable TJ to move. The velocity of T]
could be quantified by the disconnection flux (J) from GB®, the
angle (%)) between GB and GBY and step height (h)) as follows
[35].

3 3 2 2 1 1 3 3
vy _2[On® JOR® gy JURY JORCH )
3\ [sing®  sing® 5ing®  sing™®

J2h@  JOR] o
[Sinam “sing@ | ®

The growth of grain with GB®) and GB®®) could be realized if the
sum of the second and third terms in Equation (4) meet the two
requirements: positive and larger than the first term (absolute
value). Therefore, the values with vector along P-rich grain may
play a dominant role in this experiment from the perspective of T]
motion. Generally, the infinite movement of T] is difficult to infer
considering the accumulation of Burgers vectors and the incom-
patible GB displacements at T]. However, at a relatively high tem-
perature, the disconnection mode with the lowest nucleation
barrier is more than that at TJ, leading to the further movement of
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Fig. 7. Shrinkage curves of (1-x)LMNS + XLZCP (x = 0.2—0.7) composite ceramics as a function of sintering temperature and holding time.

TJ. These phenomena could further explain the grain growth of the
0.5LMNS+0.5LZCP composite ceramic sintered at different tem-
peratures. However, the emission and absorption of point defects or
lattice dislocation always exist in reality (imperfect process) [29].
Under the imperfect situation, point defect absorption and solute
atom diffusion are the two typical causes of GB migration. The
above discussion is based on the assumption that, for convenience,
the original characteristics of the GB structure is maintained with
or without point defect emission. However, the transformation of
GB structure through diffusion induced recrystallization is possible
[36,37]. Therefore, a more detailed study is needed in future work.

The XRD patterns of the (1-x)LMNS + XxLZCP (x = 0.2—0.7) ce-
ramics sintered at 900 °C for 4 h are shown in Fig. 5(a—b). These
patterns show that the diffraction peaks of all samples can be well
indexed in three standard patterns: LiZnPOg4 (JCPDS # 79-0804, Cc
No.9), Mg,SiO4 (JCPDS # 34-0189, Pmnb No.62) and LiMgSiO4
(JCPDS # 24-0636, P2¢/n No.14). The diffraction peak intensity
varies with increasing x value. The peak intensity of Mg>SiO4 (MS)
and Li;MgSiO4 ceramics decreases gradually but that of the LiZnPOy4
ceramic increases. This variation could be observed in the (111)
peak, (112) peak and the red and orange dotted box. The (222) peak
of Mg,SiO4 pattern moves to a high angle slightly with increasing x
value. This phenomenon is attributed to the similar radii of the
Mg?* (0.57 A) and the Zn?* (0.60 A), resulting in the non-negligible
replacement (Zn?* to Mg?t) when the Zn?* concentration is
augmented [38]. A lattice distortion could occur due to the different
theoretical ionic polarisability of Mg?* (1.32 A3) and Zn?* (2.04 A%)
[39]. Therefore, LMNS ceramic formation in the composite system is
insufficient at relative low sintering temperatures, and a large
amount of LZCP ceramic addition could promote LMNS ceramic
formation.

The refinements were conducted using Fullprof software to
investigate the crystal structure details of the composite ceramics
(Fig. 5¢, Table 2). The fitted curves and the experimental ones are
almost the same, and the Bragg positions of all phases match the
indexed peaks well. All the fitting parameters are acceptable. The
cell volumes of LMNS and MS ceramic decrease as the x value in-
creases, and that of the LZCP ceramic exhibits an increasing trend.
This tendency should be ascribed to the varying ion concentrations
of Zn?>* and Mg?* with increasing x value. The mutual substitution
level is changed, and the difference in ionic polarisability may
result in lattice distortion. Fig. 6 presents the designed and calcu-
lated fraction value of LMNS, LZCP and MS ceramics of the

composite materials. The variation tendency of the designed and
calculated value is generally consistent except for the existence of
the second phase (MS). The MS ceramic content shows a decreasing
tendency, which is consistent with the XRD patterns and is
attributed to the reduced designed fraction of the LMNS ceramic.
Considering that the dielectric properties of MS are & = 6.9,
7r = —67 ppm/°C, and Q x f = 240,000 GHz, the decreasing MS
phase could also lead to the decreasing & and Q x f value [40].
Therefore, the presence of MS is another factor that contributes to
the discrepancy between the measured and calculated &;/7f values.
In addition, the second phase (MS) plays a more important role
than the relative density in the & value of the (1-x)LMNS + XLZCP
ceramics when x < 0.6. Furthermore, MS ceramic (high Q x fvalue)
formation could explain the larger peak Q x f value of the com-
posite materials than those of the LMNS and LZCP ceramics.

The shrinkage behaviour of the materials was determined by
TMA as a function of sintering temperature and holding time
(Fig. 7). The shrinkage onset of (1-x)LMNS + xLZCP ceramics
exhibited a decreasing trend with increasing x value (650 °C-
850 °C). This result is attributed to the relative low phase-forming
temperature of LZCP ceramic compared with that of the LMNS
ceramic. Therefore, onset point of the sample with high LZCP
content can be adjusted to a relatively low temperature. The final
shrinkage value of the 0.5LMNS+0.5LZCP composite ceramic sin-
tered at 900 °C is larger than those of others, and the shrinkage
result is nearly consistent with that of the relative density.
Considering the relative density value, microstructure and
shrinkage curve, the full densification could be reached with
0.5LZCP ceramic sintered at 900 °C.

4. Conclusion

Low temperature-sintering composite ceramics without sinter-
ing aids were synthesised through solid-state reaction. The sin-
tering kinetics of grains and the effects of microstructure on the
microwave dielectric properties were investigated. The LZCP
ceramic could promote grain growth due to the difference of shear
stress and the free energy density of the Si- and P-rich phases on
both sides of GB. The shrinkage onset point of the composite ce-
ramics was adjusted to reach full densification at 900 °C. The
synthesised material exhibits excellent microwave dielectric
properties at x = 0.5 with uniform grains and compact micro-
structure, ¢r = 5.78, Q x f= 48,168 GHz at 16 GHz, 7r= —44.7 ppm/
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°C and relative density = 96.1%. Therefore, mixing the LZCP ceramic
and LMNS ceramic is a feasible synthesis method for microwave
dielectric materials with excellent sintering and dielectric
properties.
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