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Abstract Unreported dielectrics based on the binary system of MgO-SiO2 were investigated as potential

candidates for microwave dielectric applications, particularly those demanding a high fired density and high

quality factors. Extensive dielectric compositions having different molar ratios of MgO to SiO2, such as 2:1, 3:1,

4:1, and 5:1, were prepared by conventional solid state reactions between MgO and SiO2. 1 mol% of V2O5 was

added to aid sintering for improved densification. The dielectric compositions were found to consist of two

distinguishable phases of Mg2SiO4 and MgO beyond the 2:1 compositional ratio, which determined the final

physical and dielectric properties of the corresponding composite samples. The increase of the ratio of MgO to

SiO2 tended to improve fired density and quality factor (Q) without increasing grain size. As a promising

composition, the 5MgO.SiO2 sample sintered at 1400 oC exhibited a low dielectric constant of 7.9 and a high

Q × f (frequency) value of ~99,600 at 13.7 GHz.
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1. Introduction

Recent developments of millimeter-wave frequency app-

lications such as dielectric resonators, ceramic substrates,

waveguides, and antennas have demanded noncon-

ventional dielectric materials that are designed to exhibit

unusual dielectric performance.1) Dielectric materials with

extremely high quality factor (Q) and low dielectric

constant (k) have been the major concern since those

dielectric properties are the primary factors in achieving

high selectivity, lowering power dissipation, and reducing

the delay time of electronic signal transmission.2-5) A

number of millimeter-wave dielectrics including Mg2SiO4,

Zn2SiO4, MgTiO3, MgAl2O4 and glass-based compounds

have been recently reported as promising candidates.4-11)

Among those candidates, forsterite (2MgO.SiO2, Mg2SiO4)

that has not only the high quality factor but also low

dielectric constant seems to be one of the ideal milli-

meter-wave dielectric materials. There have been several

reports on Mg2SiO4, basically with intention to improve

dielectric properties through compositional modification

and novel powder processing.7,8,12-16) For instance, the com-

bination of Mg2SiO4 with Zn2SiO4 was found to be an

effective way to increase physical and thus dielectric pro-

perties at relatively lower sintering temperatures.14) Sano

et al.16) reported that the use of nano-sized precursors in

preparing dense Mg2SiO4 could enhance transparency and

dielectric loss (tan δ) up to the level of 10-4.

This work deals with extended combinations of MgO

and SiO2 beyond the 2:1 molar ratio in order to investigate

potential improvement of microwave dielectric properties.

Four different MgO:SiO2 molar ratios of 2:1, 3:1, 4:1 and

5:1 are studied in terms of physical and dielectric properties.

These compositional combinations have not been con-

sidered as a dielectric candidate for high frequency app-

lications until now. 

2. Experimental Procedure

Bulk samples based on the MgO-SiO2 system were

prepared by conventional solid state reactions between

MgO and SiO2. Raw materials of reagent MgO (98%,

Aldrich Co.) and SiO2 (99.6%, Aldrich Co.) were mixed by

ball-milling in ethanol for 24 hrs to prepare four different

compositions of 2MgO.SiO2, 3MgO.SiO2, 4MgO.SiO2 and

5MgO.SiO2. 1 mol% V2O5 (99.99%, Aldrich Co.) was added

as a sintering aid through the initial mixing. The mixtures

were dried at 120 oC in an oven and calcined at 1200 oC

for 3h in ambient atmosphere. The calcined powder was

sieved and pressed uniaxially at ~80 MPa after mixing with

an 1.5 wt.% polyvinyl alcohol (PVA) solution as a binder.
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Each pellet was sintered at a temperature of 1300 oC and

1400 oC for 4 h with a fixed heating rate of 5 oC/min. 

The crystalline phases were determined using an x-ray

diffractometer (XRD; Rigaku B/Max-2500/PC, Tokyo, Japan)

with CuKα radiation. Microstructures of the sintered

samples were examined by scanning electron microscopy

(SEM; Model S-4200, Hitachi, Nissei Sangyo, Japan).

Bulk density was determined by using the Archimedes

principle. Microwave dielectric properties of the sintered

samples were measured using a network analyzer (Agilent

8720ES, Palo Alto, CA). Dielectric characteristics, such as

dielectric constant k and quality factor Q, were determined

by the Hakki-Coleman dielectric resonator method in the

S21 transmission mode.17)

3. Result and discussion

Figs. 1 and 2 show XRD patterns of the 2MgO.SiO2,

3MgO.SiO2, 4MgO.SiO2 and 5MgO.SiO2 samples sintered

at 1300 oC and 1400 oC for 4 h, respectively. As expected,

the 2MgO.SiO2 composition showed phase-pure Mg2SiO4

(forsterite) at both temperatures. All other samples showed

the mixture of Mg2SiO4 and residual MgO phases regard-

less of sintering temperature. It indicates that further

increase in the content of MgO relative to SiO2 beyond 2:1

does not create any unexpected phase except for the

Mg2SiO4 and residual MgO. The relative peak intensity

of MgO phase was found to increase proportionally with

increasing the content of MgO in the MgO-SiO2 system

at both temperatures. The relative content of the Mg2SiO4

phase was roughly calculated by comparing the strongest

peak intensity of each phase using the following simple

equation,

forsterite phase % (1)

where IMg2SiO4 and IMgO are the strongest intensity peaks

of the Mg2SiO4 and MgO phases, respectively. These %

contents of each phase estimated for all compositions at

both temperatures are summarized in Table 1. These cal-

culated values are actually invariant at both temperatures

and are reasonable when each reaction sequence is con-

sidered. For example, the relative content of Mg2SiO4

phase was obtained as ~33% in 4MgO.SiO2 at both tem-

peratures and the value must be expected from the reaction

sequence of 4MgO + SiO2 = Mg2SiO4 + 2MgO. Note that

the molar ratio of Mg2SiO4 to MgO after the reaction is

1:2. Accordingly, the phase development of the MgO-

SiO2 system essentially leads to the composite between

Mg2SiO4 and MgO and the relative content of each phase

in the composite can be easily assumed from the simple

IMg
2
SiO

4

IMg
2
SiO

4

IMgO+
------------------------------------- 100×=

Fig. 1. XRD patterns of the (a) 2MgO.SiO2, (b) 3MgO.SiO2,

(c) 4MgO.SiO2 and (d) 5MgO.SiO2 samples sintered at 1300 oC

for 4 h.

Fig. 2. XRD patterns of the (a) 2MgO.SiO2, (b) 3MgO.SiO2,

(c) 4MgO.SiO2 and (d) 5MgO.SiO2 samples sintered at 1400 oC

for 4 h.
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reaction between MgO and SiO2. 

Table 1 also shows the physical properties, i.e., relative

fired density and liner shrinkage, of the samples sintered

at 1300 and 1400 oC for 4 h. The relative density was ex-

pressed in percentage relative to the theoretical value

calculated from the composite composition consisting of

the two Mg2SiO4 and MgO phases. It is clear that the

density value tends to be improved by adding the excessive

Mg contents compared to that of 2MgO.SiO2 composition.

This increasing tendency became more apparent at 1400
oC

where the 5MgO.SiO2 composition reached a maximum

density of 96.3%. The shrinkage values also followed the

similar trends with density, but there was no significant

change among the 3MgO.SiO2, 4MgO.SiO2 and 5MgO.SiO2

samples. 

Fig. 3 shows surface microstructures of the samples

sintered at 1300 oC for 4 h. Microstructural characteristics

depended on each composition. All samples shows the pro-

mising surface microstructural characteristics, which can

be featured with denser grain structures with low porosity.

The 2MgO.SiO2 composition seemed to be less densified

compare to the other compositions. The trend of surface

densification depending on the composition is well sup-

ported by the measured density and linear shrinkage values

Fig. 3. Surface microstructures of the (a) 2MgO.SiO2, (b) 3MgO.SiO2, (c) 4MgO.SiO2 and (d) 5MgO.SiO2 samples sintered at

1300 oC for 4 h.

Table 1. Estimated phase contents and physical properties of the MgO-SiO2 samples sintered at 1300 and 1400 oC for 4 h.

MgO : SiO2

(mol %) 

Sintering Temp.

 (oC) 

Estimated 

phase content (%) Relative density 

(%)

x-y shrinkage

(%) 

Grain size

(µm)
Mg2SiO4 MgO

2:1 1300 100 0 91.1 15.1 2.7

3:1 1300 50.6 49.4 93.7 16.6 1.5

4:1 1300 33.1 66.9 93.5 16.8 1.3

5:1 1300 24.5 75.5 93.8 17.0 1.2

2:1 1400 100 0 93.1 15.5 5.1

3:1 1400 51.6 48.4 95.2 17.9 2.6

4:1 1400 32.8 67.2 95.7 18.1 2.1

5:1 1400 24.5 75.5 96.3 18.3 1.6
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in Table 1. 

Fig. 4 shows the surface microstructures of the MgO-

SiO2 samples sintered at the higher temperature of 1400 oC

for 4 h. The microstructural development with increasing

sintering temperature can be explained as typical sintering

behavior that can be characterized by the temperature-

dependant transition from small grains to large ones with

accompanying reduction of porosity. Calculated grains sizes

for the samples sintered at both temperatures are repre-

sented in Table 1. There was a distinct trend of reducing

grain size with increasing the relative content of MgO in

the material system at both temperatures. This result may

be reasonable because MgO itself is very refractive and

hard to be densified in this temperature range of 1300 to

1400 oC.18,19) It is likely that MgO acts as a grain growth

inhibitor and lead to small grain sizes depending on the

content of residual MgO. However, it is still interesting

to note that the use of excessive MgO does not create low

density or low shrinkage even the overall grain size tends

to become smaller. For example, the 5MgO.SiO2 sample

showed the smallest grain size of 1.6 µm while having the

highest relative density of 96.3% at 1400 oC. 

Fig. 5 shows the variation of microwave dielectric pro-

perties, i.e., dielectric constant and Q × f (frequency), for

the MgO-SiO2 samples at both temperatures. Overall

dielectric properties of the samples seemed to be pro-

mising at the high resonant frequencies > 10 GHz, which

can be highlighted specifically with high Q × f values

Fig. 4. Surface microstructures of the (a) 2MgO.SiO2, (b) 3MgO.SiO2, (c) 4MgO.SiO2 and (d) 5MgO.SiO2 samples sintered at

1400 oC for 4 h.

Fig. 5. Dielectric constant and Q × f values as a function of

MgO/SiO2 ratio for the samples sintered at 1300 and 1400 oC

for 4 h.



554 Deuk Ho Yeon, Chan Su Han, Sung Hoon Key, Hyo Eun Kim, Jong Yun Kang and Yong Soo Cho

greater than 60,000. Specifically, the dielectric properties

of the MgO-SiO2 system must be understood as deter-

mined by respective contributions of Mg2SiO4 and residual

MgO as well as the degree of densification. Dielectric

constant of the samples apparently increased with increasing

the ratio of MgO to SiO2. It was difficult to correlate the

observed dielectric properties of the composite system in

conjunction with the mixing rule of two phases, forsterite

and MgO, since the dielectric constant of highly-anisotropic

MgO is unknown at GHz. The dielectric constant ~6.6 of

the 2:1 composition, i.e., stoichiometric forsterite, is com-

parable to the reported dielectric constant.7) Similarly, the

Q × f values also tended to be enhanced with increasing

the ratio of MgO to SiO2. This is an unexpected desirable

result, which must be useful in designing microwave devices

a higher quality factor. There was no significant difference

in dielectric properties between 1300 and 1400 oC except

for the 5MgO.SiO2 sample. As the most promising result,

the 5MgO.SiO2 sample sintered at 1400 oC exhibited a

low dielectric constant of 7.9 and a high Q × f value of

~99,600 at 13.7 GHz. The TCF value measured was ranged

of -30 to -56 ppm/K without a distinct dependence of com-

positional ratio between forsterite and MgO.

4. Conclusions

New composite-typed dielectric materials based on the

MgO-SiO2 system were investigated over the extensive

compositional range from 2:1 to 5:1. As expected, 2MgO.

SiO2 composition showed pure Mg2SiO4 phase but all

other phases consisted of Mg2SiO4 and unreacted MgO

phases. The reaction sequence of xMgO + SiO2 = Mg2

SiO4 + (x - 2)MgO was confirmed by the simple estimation

of the relative content of each phase on the basis of XRD

patterns obtained at both sintering temperatures of 1300

and 1400 oC. Even though the residual MgO does not react

with Mg2SiO4, it was found that densification can be

improved even in the 5MgO.SiO2 sample by reducing

porosity effectively while keeping grain size smaller. As

an example of enhanced dielectric properties compared to

the 2MgO.SiO2 (Mg2SiO4) composition, 5MgO.SiO2 demon-

strated a dielectric constant of 7.9 and a Q × f value of

~99,600 at 13.7 GHz after sintering at 1400 oC for 4 h.
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