
Fabrication and Microwave Dielectric Properties of Mg2SiO4-LiMgPO4-TiO2

Composite Ceramics

ZiFan Cheng, Xing Hu,† Yi Li, and ZhiYuan Ling

Department of Electronic Materials Science and Engineering, South China University of Technology, Guangzhou 510640, China

Complete solid solutions between Mg2SiO4 and LiMgPO4 are

confirmed by the XRD results. The phase constitution of
0.5Mg2SiO4-0.5LiMgPO4 is found to be dependent on firing

temperature. The chemical compatibility between Mg2SiO4

and rutile phase at sintering temperature is modified by incor-

porating LiMgPO4. The microwave dielectric properties of
(1 – y)(0.5Mg2SiO4-0.5LiMgPO4)-yTiO2 (y = 0–0.3) compos-

ite ceramics have been investigated. The optimized microwave

dielectric properties for 0.35Mg2SiO4-0.35LiMgPO4-0.3TiO2

ceramics sintered at 1050°C show low dielectric constant
(11.4), high-quality factor (31 800 GHz), and low-temperature

coefficient of resonant frequency ( – 4 ppm/°C).
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I. Introduction

RECENTLY, much attention has been paid to the develop-
ment of microwave telecommunication technologies

because of the increased requirements for microwave applica-
tions. These applications demand microwave substrate mate-
rials with high-quality factor (Q 9 f) to achieve high
selectivity, low dielectric constant (er) to reduce the delay
time of electronic signal transmission, and almost zero tem-
perature coefficient of resonant frequency (sf) for frequency
stability. In the past years, a large number of ceramics with
good microwave dielectric properties have been reported as
promising candidates for substrate application, such as
Mg2SiO4 (Q 9 f = 240 000 GHz, er = 6–7, sf = �60 ppm/°C),1

Al2O3 (tand = 2.7 9 10�5 at 10 GHz, er = 10),2 MgO
(er = 7–10, Q 9 f = 113 600 GHz),3,4 and Li2MgSiO4

(tand = 5.2 9 10�4 at 8 GHz, er = 5.1).5 Among these mate-
rials, forsterite Mg2SiO4 has attracted a great attention with
low dielectric constant and high-quality factor.6–10

Forsterite Mg2SiO4 is mainly composed of the anion
SiO4

4� and the cation Mg2+ in a molar ratio 1:2. It is
expected for forsterite to have low dielectric constant because
of silica-oxygen tetrahedra composed of half covalent
bonds.11,12 Although forsterite ceramic is suggested to be
candidate for microwave substrate material, several issues
should be addressed, such as high sintering temperature
(1400°C), the large negative sf (�60 to �70 ppm/°C), and
existence of a second phase.13 To reduce densification tem-
perature of ceramics, researchers reported several methods
using low melting oxide or glass additions such as B2O3,
CuO, CaO-B2O3-SiO2, V2O5, and Li2CO3, etc.

14–16 To adjust
the temperature coefficient of resonant frequency, some addi-
tions with large positive sf such as TiO2 (er ~90,
Q 9 f = 113 600 GHz, sf = +450 ppm/°C)17 were doped in

the ceramics. However, Mg2SiO4 reacted with TiO2 at the
high sintering temperature and the formation of secondary
phases such as MgSiO3, MgTi2O5, and MgTiO3 caused the
decrease in Q 9 f value and increase in dielectric constant.
To prevent the production of the secondary phase, liquid
phase deposition method was performed by adding TiO2 into
porous Mg2SiO4,

6 but the mechanical strength of ceramics
was greatly reduced.

Recently, the LiMgPO4 ceramic with olivine-type struc-
ture18 was reported to have good microwave properties of
er = 6.6 and Q 9 f = 79 100 GHz.19 Although the LiMgPO4

has the same structure with Mg2SiO4, it has been found to
have a good chemical compatibility with TiO2 at sintering
temperature.19 It is interesting to tune the chemical compati-
bility between Mg2SiO4 and TiO2 by incorporating
LiMgPO4. In this paper, solid solutions of Mg2SiO4-
LiMgPO4 were investigated together with their chemical
compatibilities with rutile phase. Microwave dielectric prop-
erties were also investigated for ceramics of (1�y)
[0.5Mg2SiO4-0.5LiMgPO4]-yTiO2 (y = 0-0.3).

II. Experimental Procedure

High-purity powders (≥99.9%) of Li2CO3, MgO, SiO2, TiO2

(rutile), and ammonium polyphosphate [(NH4)n+2PnO3n+1,
APP) were used as the starting materials, weighed in a stoi-
chiometric ratio and ball milled in ethanol with zirconia balls
for 1.5 h. Mg2SiO4-LiMgPO4 powders were synthesized using
the conventional solid-state reaction method by calcining in
an alumina crucible in the range 750°C–1200°C for 3 h.
Those calcined powders were ground into fine powders and
remilled with the same condition in previous process. The
chemical compatibility of Mg2SiO4-LiMgPO4 and rutile
phase was performed by mixing and homogenizing powdered
TiO2 with the calcined powder and firing at a temperature
950°C–1200°C for 3 h to achieve equilibrium. According to
the desired stoichiometry (1�y)[0.5Mg2SiO4-0.5LiMgPO4]-
yTiO2 (y = 0–0.3), the dried powders, with 6 wt% PVA
(polyvinyl alcohol) added, were pressed into rods of 10 mm
diameter and 5 mm thickness under a pressure of 20 000 psi
and these compacts were sintered at temperatures from
1025°C to 1150°C in air for 3 h.

Phase constitutions were identified by X-ray diffraction
(XRD) patterns using CuKa radiation (Rigaku D/max-IIIA,
Tokyo, Japan). The step-scan mode was used with setup of
40 kV × 40 mA, step 0.01°, 0.2 s per step.20 Rietveld refine-
ment was conducted using FullProf Suite program. The bulk
densities of the sintered bodies were determined by the Archi-
medes method. The morphologies of the polished ceramics
were examined with an ZEISS EVO 18 tungsten wire filament
scanning electron microscope and the EDS analysis was also
performed (Carl Zeiss Jena, Oberkochen, Germany). The
microwave dielectric properties were evaluated by Hakki and
Coleman’s resonator method (Agilent E8363B network ana-
lyzer, Santa Clara, CA). The temperature coefficient of reso-
nant frequency (sf) was estimated from the Eq. (1) where a is
the linear expansion coefficient (a � 10 ppm/°C), and se is the
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temperature coefficient of dielectric constant evaluated at
1 MHz by an LCR meter (HP 4288A; Agilent) equipped with
a thermostat range from 25°C to 85°C.21

sfðppm=�CÞ ¼ � aþ 1

2
se

� �
(1)

III. Results and Discussion

The crystal structure of forsterite Mg2SiO4 with A2BO4 for-
mula can be described as a hexagonal, close-packed array of
oxygen ions with one-half of the octahedral sites occupied by
Mg2+ cation in A-site and one-eighth of the tetrahedral sites
occupied by Si4+, which is in B-site.11 Considering that the
ion radius of Li+ (0.76 �A) is similar with that of Mg2+

(0.72 �A) and the ion radius of P5+ (0.17 �A) is similar with
that of Si4+ (0.26 �A),22 Mg2+ could be replaced by Li+ and
Si4+ could be replaced by P5+. The charge balance is also
obtained by replacing (Mg2+Si4+) with (Li+P5+). The solid
solution phases between Mg2SiO4 and LiMgPO4 are deter-
mined by the XRD patterns of Fig. 1. The peaks in Fig. 1
can be well indexed using standard JCPDS files (file No:
#85-1364 for Mg2SiO4 and #32-0574 for LiMgPO4), and the
diffraction patterns are attributed to orthorhombic structure
with space group Pbnm. Magnified XRD patterns of (1�x)
Mg2SiO4-xLiMgPO4 ceramics are shown in Fig. 2(a). The
diffraction peak of [130] moves to higher angle with the
increasing content of LiMgPO4 and it reveals that the related
lattice parameters decrease. The lattice parameters are deter-
mined by the Rietveld refinement method, and the cell vol-
ume decreases with the increasing content of LiMgPO4 as
shown in Fig. 2(b) and Table I. The Rietveld refinement and
the microstructure analysis of 0.5Mg2SiO4-0.5LiMgPO4 cera-
mic are also given in Fig. 3. The backscattered electron
image shows the single phase for the composition and the
EDS results confirms the coexistence of Mg, Si, and P.

Both the above results of EDS and XRD patterns show
the complete solid solution could be obtained when substitut-
ing (LiP) for (MgSi) in Mg2SiO4. However, comparing with
the sample fired at 1150°C, the composition of 0.5Mg2SiO4-
0.5LiMgPO4 calcined at 900°C shows the different crystal
chemistry. As shown in Fig. 4(a), the splitting of diffraction
peaks is observed for the sample calcined at 900°C and it is
attributed to the coexistence of Mg2SiO4-rich phase and
LiMgPO4-rich phase. The splitting of diffraction peaks disap-
pears when the firing temperature increases to 1150°C
[Fig. 4(b)] and the solid solution of (Mg0.75Li0.25)(Si0.5P0.5)O4

is obtained.

Both Mg2SiO4 and LiMgPO4 have a negative temperature
coefficient of sf, so rutile phase of TiO2 with a positive sf can
be incorporated to adjust sf of the solid solution of
Mg2SiO4-LiMgPO4 to near zero. The chemical compatibili-
ties at sintering temperature between (1�x)Mg2SiO4-
xLiMgPO4 and TiO2 are investigated by the XRD patterns
as shown in Fig. 5. When x = 0.1 and 0.3, MgTi2O5 (JCPDS
files No: #79-0832) is observed and only trace of TiO2 is
observed at x = 0.1. As mentioned by Tsunooka et al.,1

MgTi2O5 phase was created in the reaction between Mg2SiO4

and TiO2 and TiO2 does not exist as a single phase until over
50 wt% according to the MgO-SiO2-TiO2 ternary phase dia-
gram. When x = 0.5, 0.7 and 0.9, solid solution of forsterite
phase is chemical compatible to the rutile phase. When
x = 1, LiTiPO5 (JCPDS files No: #77-0789) is observed as a
secondary phase and it is very different from the result of
Thomas et al.19

As mentioned above, Mg2SiO4 will react with TiO2 at high
temperature to form MgTi2O5. It means the Mg–O bond is
easy to be broken and Mg is released to react with TiO2.
Average bond length could be used to evaluate the resistance
to disruption of oxygen polyhedra in crystal structures.23

Considering the cell volume of Mg2SiO4 and LiMgPO4

[Fig. 2(b)], the average bond strength of A–O in LiMgPO4

will be higher than that in Mg2SiO4 because of the shorter
average bond length of A–O in LiMgPO4. For LiMgPO4, the
larger LiO6 octahedron with larger ion radius of Li+ will
compress the MgO6 octahedron and it can also strengthen
the Mg-O bond. In LiMgPO4, the average bond distance of
Li (M1 site)-O and Mg (M2 site)-O is 2.1427 �A and
2.1053 �A, respectively.18 In Mg2SiO4, the average bond dis-
tance of Mg1 (M1 site)-O and Mg2 (M2 site)-O is 2.0942

Fig. 1. XRD patterns of (1�x)Mg2SiO4-xLiMgPO4 ceramics fired
at different temperature: (a) x = 0.1 at 1200°C, (b) x = 0.3 at
1200°C, (c) x = 0.5 at 1150°C, (d) x = 0.7 at 1100°C, (e) x = 0.9 at
1000°C, and (f) x = 1.0 at 950°C.

Fig. 2. (a) Magnified XRD patterns of (1�x)Mg2SiO4-xLiMgPO4

ceramics in the range 32°–38°; (b) the cell volume of (1�x)Mg2SiO4-
xLiMgPO4 ceramics.
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and 2.1287 �A, respectively.24 The different bond distance and
bond strength of Mg (M2 site)-O contributes to the differ-
ence crystal chemistry between LiMgPO4 and Mg2SiO4.
When incorporating LiMgPO4 into Mg2SiO4, the solid solu-
tion for x ≥ 0.5 has good chemical compatibility with TiO2

due to the improved Mg–O bond strength.
Because the reported Q 9 f value of Mg2SiO4 is higher

than that of LiMgPO4,
1,19 the composition of x = 0.5 is

selected in further research considering it more close to
Mg2SiO4 together with the chemical compatibility with rutile.
To make the temperature coefficient of resonant frequency
adjustable, 0.5Mg2SiO4-0.5LiMgPO4 should be chemical
compatible with various content of rutile. XRD patterns of
(1�y)[0.5Mg2SiO4-0.5LiMgPO4]-yTiO2 (y = 0–0.3) ceramics
are shown in Fig. 6 and the results reveal only TiO2 phase

and forsterite phase are found. So, it is possible to develop a
composition with sf near zero by incorporating rutile into
0.5Mg2SiO4-0.5LiMgPO4.

The densities of (1�y)[0.5Mg2SiO4-0.5LiMgPO4]-yTiO2

ceramics sintered at different temperature are shown in
Fig. 7. When y = 0, the maximum of density is obtained at
1150°C which is quite lower than the sintering temperature
for densified Mg2SiO4 ceramic. It is found that the addition
of rutile phase can decrease the sintering temperature of
0.5Mg2SiO4-0.5LiMgPO4 ceramics from 1150°C to 1050°C–
1100°C. When y = 0.2–0.3, the stable densities for ceramics
sintered at 1050°C–1125°C reveal the widened sintering tem-
perature window.

Table I. Crystal Lattice Parameters of (1 – x)Mg2SiO4-xLiMgPO4

x a (�A) b (�A) c (�A) Cell volume (�A3) Rp (%) Rwp (%) Rexp (%)

0.1 4.7460(5) 10.2007(6) 5.9706(1) 289.05(7) 10.6 9.94 8.41
0.3 4.7391(6) 10.2068(3) 5.9595(2) 288.27(3) 13.4 13.0 8.56
0.5 4.7212(3) 10.1874(1) 5.9329(8) 285.35(9) 12.7 14.3 8.40
0.7 4.7073(1) 10.1753(7) 5.9222(6) 283.66(8) 17.2 14.8 9.45
0.9 4.7014(8) 10.1617(6) 5.9153(0) 282.60(5) 13.1 13.7 9.33
1 4.6950(5) 10.1491(1) 5.9086(9) 281.55(2) 17.9 17.8 9.22

(a)

(b)

Fig. 3. (a) Rietveld refinements; (b) backscattered scanning electron
micrograph and EDS analysis of the 0.5Mg2SiO4-0.5LiMgPO4

ceramics.

Fig. 4. XRD patterns of 0.5Mg2SiO4-0.5LiMgPO4 ceramics fired at
(a) 900°C; (b) 1150°C.

Fig. 5. XRD patterns of 0.9[(1�x)Mg2SiO4-xLiMgPO4]–0.1TiO2

ceramics: (a) x = 0.1, (b) x = 0.3, (c) x = 0.5, (d) x = 0.7, (e) x = 0.9,
and (f) x = 1.0 fired at 950°C–1200°C for 3 h in air.
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Microwave dielectric properties of (1�y)[0.5Mg2SiO4-
0.5LiMgPO4]-yTiO2 ceramics were shown in Table II. With
the increasing rutile content, the dielectric constant of ceram-
ics increases from 6.7 to 11.4 and the temperature coefficient
resonant frequency reduced from �79 to �4 ppm/°C. The
highest Q 9 f value is obtained for the ceramics without
rutile addition. The sintering temperature has also an influ-
ence on the microwave dielectric properties such as for
y = 0.3. The optimized microwave properties were obtained
for the composition of y = 0.3 sintered at 1050°C such as
low sf (�4 ppm/°C), high value of Q 9 f (31 800 GHz) and
low dielectric constant (11.4). For the composition of
y = 0.3, the calculated volume fraction of TiO2 (0.16) is
slightly higher than the volume fraction of TiO2 (0.12) in
LiMgPO4-TiO2 to get near zero sf.

19

IV. Conclusion

In present work, Mg2SiO4-LiMgPO4-TiO2 composite ceram-
ics were fabricated by solid-state reaction method. The solid
solutions of (1�x)Mg2SiO4-xLiMgPO4 (x = 0.1–0.9) are con-
firmed by the XRD patterns. The coexistence of Mg2SiO4-
rich phase and LiMgPO4-rich phase for 0.5Mg2SiO4-
0.5LiMgPO4 calcined at 900°C shows the temperature depen-
dence of the phase constitution. The compatibility test
between (1�x)Mg2SiO4-xLiMgPO4 and TiO2 shows the solid
solution for x ≥ 0.5 has good chemical compatibility with
TiO2 due to the improved Mg–O bond strength. The opti-
mized microwave dielectric ceramics sintered 1050°C for
composition of 0.35Mg2SiO4-0.35LiMgPO4–0.3TiO2 shows
low dielectric constant (11.4), high-quality factor
(31 800 GHz), and low-temperature coefficient of resonant
frequency (�4 ppm/°C).
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