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ABSTRACT

Glass systems based on Ca, Sr, Ba, and Zn modified alumino-boro silicates were investigated in order to improve the dielectric

and mechanical properties of a typical LTCC (low temperature co-fired ceramic) which was developed for high frequency highly-

integrated modules. The glass was prepared by a typical melting procedure and then mixed with cordierite fillers to fabricate

glass/ceramic composite-type LTCC materials. The amount of cordierite filler was fixed at 50 volumetric%. For an optimal glass

composition of 7.5% CaO, 7.5% BaO, 5% ZnO, 10% Al
2
O

3
, 30% B

2
O

3
, and 40% SiO

2
 in mole ratio, the resultant LTCC composite

showed a dielectric constant of 5.8 and a dielectric loss (tanδ) of 0.0009 after firing at 900oC. An average bending strength of 160 MPa

was obtained for the optimal composition.
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1. Introduction

TCC (Low Temperature Co-fired Ceramic) is a firing

technology that is used to make resistors, inductors

and capacitors in 3 dimensional modules using ceramic

sheets sintered at a temperature under 950oC. In contrast,

the conventional HTCC (High Temperature Co-fired Ceramic)

method requires very high sintering temperature over

1300oC and also needs a reduced atmosphere for preventing

oxidation of W or Mo conductor. LTCC ceramic technology

involves low sintering temperature and also uses conductors

that have high conductivity such as Ag which are not easily

oxidized. By applying LTCC technology good insulation and

conductivity performance can be achieved simply and eco-

nomically. Thus, LTCC provides a unique solution for

highly-integrated passive components and devices that

require high reliability and low cost metallization.1-4)

On the basis of research and development in recent years,

operating frequencies are becoming higher for broadband

wireless multi-media services and it has been found that

the development of low k-low loss components is necessary

for high speed transmission.5) Among the materials that can

potentially satisfy these requirements are glass-ceramic6)

and glass/ceramic composites. While glass/ceramic compos-

ites offer a very low dielectric constant, they show a low Q

value.7-9)

In this study, we designed new glass/ceramic composite

material, which has a low dielectric constant and a high Q

value at high frequency. We also investigate the relation-

ships among thermal properties, the microstructures,

dielectric properties and mechanical properties of the evalu-

ated compositions.

2. Experimental

The glass was mixed with a cordierite filler to fabricate

glass/ceramic composite-typed LTCC materials. A glass

batch of alumino-borosilicates, a typical glass for commer-

cial low k LTCC materials was prepared by the common

glass melting procedure.

Raw materials for the glass frit were CaO (98%, Junsei

Chemical Co., Ltd. Japan), BaCO
3 
(99%, Yakuri Pure Chem-

icals Co., Ltd. Japan), SrCO
3 
(95%, Yakuri Pure Chemicals

Co., Ltd. Japan), ZnO (99%, Junsei Chemical Co., Ltd.

Japan), Al
2
O

3
 (Extra pure, Junsei Chemical Co., Ltd.

Japan), B
2
O

3
 (95%, Junsei Chemical Co., Ltd. Japan), and

SiO
2
 (Extra pure, Junsei Chemical Co., Ltd. Japan).

Compositions of the alumino-borosilicate glass in the

study are given in Table 1. G-4 glass is made by removing

ZnO from G-3 glass and then adding 5% of B
2
O

3
. G-5 glass is

made by reducing 10% of B
2
O

3 
in G-1 glass. Weighed materials

were mixed by hand shaking and then melted in an alumina

L

Table 1. Composition of Glasses in this Study (mol%)

Glass
ID

CaO SrO BaO ZnO Al
2
O

3 
B

2
O

3 
SiO

2

G-1 glass 7.5 7.5 5 10 30 40

G-2 glass 7.5 7.5 5 10 30 40

G-3 glass 7.5 7.5 5 10 30 40

G-4 glass 7.5 7.5 10 35 40

G-5 glass 8.4 8.4 7.4 11.2 19.6 44.9
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crucible for 2 h at 1500oC, followed by quenching. Quenched

glass was first dry-milled roughly with zirconia balls of

Φ20 mm and subsequently with zirconia balls of Φ10 mm. Dry-

milled glass was then wet-milled in ethanol for 24 h with zirco-

nia balls of Φ10 mm and dried for 24 h at 100oC. Glass powder

was sieved and the obtained mean particle diameters were as

follows; 3.65 µm (G-1), 3.15 µm (G-2), 1.5 µm (G-3), 2.46 µm (G-

4) and 1.17 µm (G-5). The powder size was measured with a

particle size analyzer (Mastersizer2000, Malvern, U.K).

The ceramic material, used as a filler, was a commercial

cordierite ceramic powder (171206-4, Chun Yang Glass Ind.,

Japan). The mean particle diameter was 3.29 µm. The glass

powder and ceramic material (50:50, vol.%) were dispersed

for 24 h in a mixed solvent of toluene (99.5%, Daejung Chemi-

cal and Metals Co., Ltd. Korea) and ethanol (95%, Daejung

Chemical and Metals Co., Ltd. Korea) with a dispersant

(SN-9228, San Nopco Korea, Japan) of 0.5% to powder

weight (toluene: ethanol=6:4). Binder (polyvinyl butyral,

BM-SZ, Sekisui, Japan) and plasticizer (dibutyl phthalate,

Daejung Chemical and Metals Co., Ltd. Korea) were added

into the dispersed slurry and mixed for an additional 24 h.

The prepared slurry was tape-casted at 2.0 m/min to a

thickness of 100 µm, and dried at 75oC. The green sheet was

cut to dimensions corresponding with ISO 14704 (40 mm

×4 mm×3 mm), which is a standard for ceramic bending

tests, considering shrinkage during sintering. Cut and

stacked sheets were fired (binder burn-out) at 500oC for 1 h.

Specimens were continuously heated up to two different

temperatures, 850 and 900oC, at a rate of 5oC/min and held

for 1 h, and then naturally cooled to room temperature.

The glass transition temperature (Tg) of the glass was

measured using a differential thermal analyzer (STA409C,

Netzsch, Germany) and the softening temperature (Ts) of

glass was measured with a thermo-mechanical analyzer

(TMAQ400, TA Instrument, U.S.A). The microstructures

were examined using a scanning electron microscope

(SM300, TAPCON, Japan). The crystal phases of the sam-

ples were analyzed by an x-ray diffractometer (M03XHF22,

MAC Science Co., Ltd. Japan). Fired density was measured

by the Archimedes method. The x-y shrinkage values of the

samples were obtained by measuring diameters of the pel-

lets before and after sintering. Dimension changes in the z

direction were recorded at a heating rate of 5oC/min by a

thermo-mechanical analyzer (TMAQ400, TA Instrument,

U.S.A.). The 3-point bending strength was evaluated by a

universal testing machine (4202, Instron, U.S.A.). Dielectric

properties were measured on a network analyzer (HP

4991A, Agilent Technologies, U.S.A.). The average number

of the testing specimens was 10. 

3. Results and Discussion

Variation of Tg and Ts with the glass composition is

shown in Figs. 1(a) and (b), respectively. Since the single

bonding energy of strontium and barium is lower than that

of calcium, respectively, Tg appeared to decrease as the

amount of each was increased. In G-1 and G-5 glass, Tg

decreased with an increase of B
2
O

3
 and this is thought to be

due to disconnection of Si linkages with increasing addition

of boron as a glass modifier.10) For the glass/ceramic sinter-

ing process, densification occurs due to the viscous flow,

which instigates the coalescence of powders and removes

the pores in the sintered bodies. Thus, the viscosity of glass

influences the densification behavior.11) However, such high

content of B
2
O

3 
is detrimental to the resistance to acids and

humidity erosion. When comparing G-3 with G-4 glass, Tg

of G-4 glass is lower than that of G-3 glass. G-4 glass is

made by removing ZnO from G-3 glass and adding 5% of

B
2
O

3
. But, the role of ZnO in the glass structure has not

been defined.12,13) Most Ts changes were found to correspond

well with Tg changes, except for the case of G-3 glass of

698oC (Fig. 1(b)). 

SEM photographs of glass/ceramic composite samples sin-

tered at 850oC and 900oC are shown in Fig. 2, and Fig. 3.

When sintered at 850oC, the G-1 and G-4 samples showed

good surfaces but accompanied by some pores. The same

samples exhibited well-densified surfaces with no pores

when sintered at 900oC (Figs. 3(a) and (d)), as is typically

Fig. 1. (a) T
g
 and (b) T

s
 changes with glass composition.
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obtained at sufficiently high temperature and observed with

viscous flow-driven microstructure. The G-2, G-3, and G-5

samples, however, exhibited rough surfaces with many

residual pores when sintered at 850oC (Figs. 2(b), (c) and (e)).

As the sintering temperature was increased, the numbers

and sizes of pores also increased for both G-3 and G-5, while

the pore size was somewhat increased for G-2. In the cases

of G-3 and G-5, the numbers and sizes of pores were

expected to be decreased, as the glass softening tempera-

tures of G-3 glass and G-5 glass are higher than those of G-

1, G-2, and G-4.

The glass softening temperature decreases in the order of

Ca, Ba, and Sr.14) However, contradictory results were

shown. The observation of increased numbers and sizes of

pores was verified by the results of other properties such as

density, 3-point bending strength, and dielectric behavior.

Two reasons are thought to account for the increase of pore

size in G-2. One is over-firing, as the Ts value of G-2 glass is

low when compared to that of other glasses. The other

appears to be out-gassing of residual gas in the glass frit, as

two kinds of carbonate materials, BaCO
3
 and SrCO

3 
, were

used for G-2 whereas only one type of carbonate material

was incorporated in the other glasses. The usage of a large

amount of raw carbonate material might increase the

amount of residual gas, i.e., CO
2 , 

emitted from the glass frit

during a high temperature sintering process.15) However, in

the case of G-2, the effects of increasing pore size on the

properties of the sintered body were not significant relative

Fig. 2. SEM photographs of the samples of (a) G-1, (b) G-2, (c) G-3, (d) G-4, (e) G-5, sintered at 850oC.

Fig. 3. SEM photographs of the samples of (a) G-1, (b) G-2, (c) G-3, (d) G-4, (e) G-5, sintered at 900oC.
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to G-3 and G-5. 

Crystallization behavior at the two different sintering tem-

peratures of 850oC and 900oC was identified as shown in the

XRD patterns of Fig. 4. As expected, only cordierite peaks

were identified up to 900oC, because all the glass samples are

stable glasses. Furthermore, the intensity of the cordierite

crystalline phase did not change with an increase of sintering

temperature. From this, it appears that sintering tempera-

ture does not affect the formation of other crystalline phases

or hinder viscous flow through the crystalline phases.16)

The variations of relative density and x-y shrinkage of the

samples as a function of firing temperature and glass com-

position are shown in Figs. 5(a) and (b). The relative density

equals the apparent density of a sample divided by its theo-

retical density. As anticipated from the SEM photographs

in Fig. 2 and Fig. 3, the density increased due to the

decrease of pore number and size. In the cases of G-1 and G-

4, as the sintering temperature was increased from 850oC to

900oC, the relative densities also increased. However, in the

cases of G-2, G-3, and G-5, the relative densities decreased,

as seen in the related SEM images. The decrements in the

G-3 and G-5 cases were especially large (Fig. 5(a)). The gen-

eration of additional pores leads to a decrease in the relative

density values. These low densities are thought to be the

cause of the low strength and the poor dielectric properties

of the sintered bodies. The overall tendency of x-y shrinkage

change corresponded well with that of density variation

over the investigated temperature range as shown in Figs.

5(a) and (b). X-y shrinkage decreased as the number and the

size of the pores increased.

Fig. 4. XRD patterns of the samples of (a) G-1, (b) G-2, (c) G-3, (d) G-4, (e) G-5, as a function of sintering temperature.
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Fig. 6 shows the changes in the z shrinkage (thickness

shrinkage). Densification behaviors appear to be associated

with the softening point and crystallization behavior.17,18)

Densification starts earlier in G-2 than in the other speci-

mens because the G-2 glass has the lowest Ts, i.e., 635oC. At

temperatures above the glass softening point, viscous flow

causes shrinkage of the samples. All the samples show sub-

stantial shrinkage of more than 17% below 900oC. Although

the systems show similar percentages of sintering shrink-

age as seen in Fig. 6, high densification was achieved for G-

1 and G-4 as determined from the SEM photographs shown

in Figs. 2 and 3. 

Variation of 3-point bending strength changes with glass

composition and sintering temperature is shown in Fig. 7.

G-1 and G-4 showed higher strength than the other speci-

mens. For specimens sintered at 900oC, the strengths of G-3

and G-5 were lower than those sintered at 850oC, while for

G-1, G-2 and G-4, the strengths were higher than the values

at 850oC. Strength decreased prominently in the cases of G-3

and G-5. These findings could be predicted from the results of

the sintered densities and the SEM images. G-2 showed lower

strength due to its large pores but the variation with sintering

temperature was not substantial compared to G-3 and G-5. 

Variations of the dielectric constant and dielectric loss

measured at 1 GHz for the samples are plotted with the

change of glass composition in Figs. 8(a) and (b). For G-1, G-

2, and G-4, the dielectric constant did not change by more

than 0.4 with variation of the sintering temperature. How-

ever, for both G-3 and G-5, the dielectric constant decreased

due to incomplete sintering as the sintering temperature

was increased (Fig. 8(a)). With the equation of Appen and

Bresker19), it could be anticipated that the specimen with

numerous pores would have a low dielectric constant, given

that the dielectric constant of air in pores is ‘1’. Thus, the

dielectric constants of 5.8 for G-1 and 5.4 for G-4 are thought

to represent the intrinsic dielectric properties of the sintered

bodies themselves. Fig. 8 (b) shows the variation of dielectric

loss. Porosity was thought to be responsible for the higher

values and as sintering was completed, the dielectric loss

appeared to decrease. The higher values of (c) and (e) were

thought to be due to porosity. As shown in Figs. 2 (b) and 3

(b), the pore sizes increased with the increasing of sintering

temperature, and hence a slightly higher dielectric loss was

obtained at 900oC rather than at 850oC in the case of G-2. As

with the results of the dielectric constants, G-1 and G-4 are

Fig. 5. (a) Relative density and (b) shrinkage changes as a function of sintering temperature and glass composition.

Fig. 6. Shrinkage behavior of G-1, G-2, G-3, G-4, and G-5,
obtained by TMA measurement.

Fig. 7. Variation of 3-point bending strength as a function of
sintering temperature and glass composition.
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thought to represent the intrinsic dielectric properties of the

sintered bodies themselves in the dielectric loss values. For

both G-1 and G-4, the optimum value of the quality factor at

1 GHz was determined to be 1110 (tanδ= 0.0009).

4. Conclusions

In this study, specimens were fired with ceramic filler in

order to obtain a low loss and high Q LTCC material and

the amounts of RO components such as CaO, SrO, BaO, and

ZnO were optimized in terms of realizing low K, low loss

and high strength characteristics based on an alumino-boro-

silicate (Al
2
O

3
-B

2
O

3
-SiO

2
) glass system.

Employing cordierite as a ceramic filler, G-1 glass in the

CaO-BaO-ZnO-Al
2
O

3
-B

2
O

3
-SiO

2
 system showed a dielectric

constant of 5.8 and a quality factor of about 1100 (tanδ=

0.0009) when measured at 1 GHz, as well as a maximum

bending strength of 160 MPa when fired at 900oC. G-4 glass

in the CaO-SrO-Al
2
O

3
-B

2
O

3
-SiO

2
 system also showed opti-

mum properties when fired at 900oC. But the higher content

of B
2
O

3
 (35 mol%) compared to G-1, potentially leading to

gelation of the slurry in slip casting process. Therefore, G-1

was thought to be a suitable material for LTCC using high

frequency highly-integrated modules.
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