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ABSTRACT

Varying quantities of a high-thermal-expansion glass, 50CaO-20ZnO-20B
2
O

3
-10SiO

2
 (CZBS), were added to alumina and sin-

tered at 875oC for 2 h for low temperature co-firing ceramic (LTCC) applications. As the amount of glass addition increased from

40 wt% to 70 wt%, the apparent density of the sintered product increased from 88.8% to 91.5%, which was also qualitatively con-

firmed by microstructural observation. When the glass addition was very high, e.g., 70 wt%, an apparent formation of secondary

phases such as CaZn
2
AlZnSiAlO

7
, Ca

2
Al(AlSi)O

7
, Ca

2
Al

2
SiO

7
, Ca

2
ZnSi

2
O

7
 and ZnO, was observed. Both the dielectric constant and

the coefficient of thermal expansion increased with the glass addition, which was qualitatively consistent with the analytical

models, while the experimental values were lower than the predicted ones due to the presence of pores and secondary phases.
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1. Introduction

ow temperature co-firing ceramic (LTCC) technology

has received a great deal of interest for the fabrication

of passive electronic components.1,2) In current LTCC appli-

cations, various devices such as diodes can be assembled on

top of the LTCC modules via metal wiring. In such a case,

misfit thermal stress between metal wiring and LTCC

materials needs to be minimized by increasing the coeffi-

cient of thermal expansion (CTE) of the LTCC materials. In

a more general case, LTCC modules are currently assem-

bled to printed wire board (PWB) via ball grid arrays com-

prised of multiple solder joints, while PWB materials

possess a high coefficient of thermal expansion (CTE) of

12~20×10-6/K. In cases where misfit thermal stress exists

between the LTCC modules and the PWB, substantial

cracking or electrical failures may result.3,4) As a solution to

minimize the misfit thermal stress, a ceramic substrate

with a high CTE of above 9×10-6/K is required.3)

Based on the effective thermal expansion coefficient

(Appen’s constant5)) of various oxide constituents in glass,

we recently designed a calcium zinc borosilicate glass

composition with a high CTE: 50CaO-20ZnO-20B
2
O

3
-

10SiO
2
 (CZBS), which demonstrated a CTE of 12.8 × 10-6/

K.6) It is of interest to test the feasibility of using this

glass as the LTCC glass to host a representative dielectric

filler, Al
2
O

3
. Here, we report the fabrication, thermal

expansion, and dielectric properties of CZBS glass-added

Al
2
O

3
 composites.

2. Experimental Procedure

CZBS glass with the nominal composition of 50CaO-

20ZnO-20B
2
O

3
-10SiO

2
 was fabricated as described in the

previous work.6) It was pulverized by mortar and pestle to

pass a 30 micron sieve. Varying quantities of CZBS glass

frit (40 wt%, 50 wt%, 60 wt%, and 70 wt%) and Al
2
O

3
 pow-

der (assay of 99.9%; average diameter of 6 micrometers;

Temen Technology, Inc., Gangneung, Republic of Korea)

were ball milled using zirconia balls in an ethanol solu-

tion (95%) for 6 h. The dried composite powder was uniax-

ially pressed in a mold with a diameter of 20 mm at

100 MPa. The disk specimens were sintered at 875oC for

2 h in air. 

The apparent density of the sintered specimens was

measured by Archimedes principle. The microstructure of

the specimens was observed by FE-SEM (Model S-4700,

Hitachi, Tokyo, Japan). The coefficient of thermal expan-

sion of the sintered specimens was measured by a horizon-

tally loading dilatometer (Model DIL 402, Netzsch

Instruments, Berlin, Germany), and the CTE was deter-

mined at the heating rate of 5oC/min in the temperature

range of 200oC~ 400oC. After applying silver paste to both

sides of the disk specimens, the dielectric properties of the

sintered disk specimens were measured by using an

Impedance phase Analyzer (Model 4192A, Hewlett Pack-

ard, Yokohama, Japan). The sintered specimen was pul-

verized and mixed with 20 wt% silicon, which was

subjected to XRD. 

L
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3. Results and Discussion

The relative densities of the sintered specimens are shown

in Table 1. The relative density varies from 88.8% to 91.5%

as the glass addition increases from 30 wt% to 70 wt%. In

Table 1, the theoretical density was determined by assum-

ing that the alumina and glass are sintered together with-

out any reaction. The microstructure of the sintered Al
2
O

3
-

glass composite specimens is shown in Fig. 1. With increas-

ing glass addition, porosity is found to decrease, which is

qualitatively consistent with the change in relative density

(Table 1). 

XRD patterns of sintered specimens (with 20 wt% silicon

internal standard) are shown in Fig. 2. Only the diffraction

peaks of Al
2
O

3
 are observed up to the addition of 60 wt%

CZBS glass, while many secondary phases such as

CaZn
2
AlZnSiAlO

7
, Ca

2
Al(AlSi)O

7
, Ca

2
Al

2
SiO

7
, Ca

2
ZnSi

2
O

7
,

and ZnO appear at the glass addition of 70 wt%. 

The change in CTE of the Al
2
O

3
-CZBS glass composites is

shown in Fig. 3 as a function of glass addition. The mea-

sured CTE increases with glass. In order to understand the

increase of CTE, the CTE was predicted by Turner’s analyt-

ical model,7)

(1)

where α is CTE, V is volume fraction, K is bulk modulus, E

is elastic modulus, ν is Poisson’s ratio, and the subscripts c,

f, and g denote the composite, Al
2
O

3
 filler, and glass, respec-

tively. Material properties used in the Turner’s model are

shown in Table 2, and the predicted result based on the

Turner’s model is included in Fig. 3 as a solid line. In Fig. 3,

αc

αfVfKf αgVgKg+

VfKf VgKg+
-----------------------------------------     K

E
3 1 2v–( )
---------------------= =

Fig. 1. FE-SEM images of the sintered specimens. (a) glass
40 wt%+Al

2
O

3
 60 wt%, (b) glass 50 wt%+Al

2
O

3
 50 wt%,

(c) glass 60 wt%+Al2O3 40 wt%, and (d) glass 70 wt%+
Al

2
O

3
 30 wt%.

Fig. 2. XRD patterns of sintered specimens with 20 wt% sili-
con as internal standard.

Fig. 3. Change in CTE of Al2O3-glass composites as a func-
tion of glass addition.

Table 2. Material Properties Used in the Analytical Models

Elastic modulus (glass) 70 GPa

Elastic modulus (Al
2
O

3
) 370 GPa

Bulk modulus (glass) 11.66 GPa

Bulk modulus (Al
2
O

3
) 50 GPa

CTE (glass) 12.8×10-6/K

CTE (Al
2
O

3
) 7.90×10-6/K10)

Dielectric constant (glass) 13.5

Dielectric constant (Al2O3) 9.9

Poisson’s ratio (glass and Al2O3) 0.25

Table 1. Density of Sintered Specimens

No.
Glass

addition 
(wt%)

Theoretical 
density
(g/cm3)

Apparent 
density
(g/cm3)

Relative
density

(%)

1 40 3.6 3.2 88.8

2 50 3.5 3.2 90.3

3 60 3.5 3.1 90.9

4 70 3.4 3.1 91.5
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the experimental result is qualitatively consistent with the

model; the CTE of the specimen increases by the addition of

the high CTE-glass. However, on a quantitative base, the

experimental results are lower than the predicted values by

roughly 0.6×10-6/K. As the pores in the sintered body do not

influence the CTE, the discrepancy of the experimental

results from those of the model is ascribed to the change in

glass composition by the possible partial dissolution of the

glass and the formation of the secondary phases. It is highly

probable that the secondary phases have a lower overall

CTE value than the Al
2
O

3
.

The change in dielectric constant of the sintered Al
2
O

3
-

CZBS glass composites is shown in Fig. 4 as a function of

glass addition. The measured dielectric constant increases

with the glass addition. Included in Fig. 4 are the predicted

results by various models: parallel, serial, Maxwell, and log-

arithmic models,11) respective formula of which are

described as follows. 

(2)

(3)

 

(4)

(5)

where k is the dielectric constant, V is the volume fraction,

and the subscripts c, f, and g denote the composite, Al
2
O

3

filler, and glass, respectively. Material properties used in

the models are shown in Table 2. 

In Fig. 4(a), although the experimental results follow the

model qualitatively, the experimentally determined dielec-

tric constant is lower than the model by about 4. Apparently

the presence of the pore in the sintered specimen lowers the

dielectric constant from that of the model because the

dielectric constant of the pore is unity. In light of the mod-

els, the porosity of the specimen has to be at least about 20%

in order to get the experimentally determined dielectric con-

stants of the specimens. However, the porosity of the speci-

mens is roughly about 10% (Table 1). From this observation,

it is highly probable that the overall dielectric constant of

the secondary phases is lower than that of Al
2
O

3
. Another

reason that the dielectric constant is lower than that of the

model may be ascribed to the change in glass composition

due to the possible partial dissolution of Al
2
O

3
. The dielec-

tric loss is minimal at a 50 wt%~60 wt% addition of glass

(Fig. 4(b)). As the glass addition increases, the competition

between the dielectric-loss-decreasing source (e.g., densifi-

cation) and the dielectric-loss-increasing source (e.g., forma-

tion of the secondary phases) can be thought as the

plausible scenario for the minimal dielectric loss at

50 wt%~60 wt% glass addition, while further work is neces-

sary to clarify this issue. In summarizing the representative

properties of the fabricated composites, the 60 wt% CZBS

glass-added composites yielded a porosity of roughly 9%, a

dielectric constant of 6.4, a dielectric loss of 0.009, and a

coefficient of thermal expansion of 8.51×10-6/K.

4. Conclusions

The feasibility of the newly reported high-thermal-expan-

sion (12.8×10-6/K) glass composition, i.e., 50CaO-20ZnO-

20B
2
O

3
-10SiO

2 
(CZBS), was tested as a low-temperature-co-

firing-ceramic (LTCC) glass for Al
2
O

3
 dielectric filler. As the

amount of the glass addition increased from 40 wt% to

70 wt%, the apparent density of the sintered product

increased from 88.8% to 91.5%. When the glass addition

was very high, e.g., 70 wt%, an apparent formation of sec-

ondary phases such as CaZn
2
AlZnSiAlO

7
, Ca

2
Al(AlSi)O

7
,

Ca
2
Al

2
SiO

7
, Ca

2
ZnSi

2
O

7
 and ZnO, was observed. Both the

dielectric constant and the coefficient of thermal expansion

increased with the glass addition, which is qualitatively
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Fig. 4. Change in (a) dielectric constant and (b) dielectric loss of
Al

2
O

3
-glass composites as a function of glass addition.
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consistent with the analytical models, while the experimen-

tal values were lower than the predicted ones due to the

presence of pores and secondary phases. When 60 wt% of

the CZBS glass was added, the dielectric constant, dielectric

loss, and coefficient of thermal expansion were 6.4, 0.009,

and 8.51×10-6/K, respectively.
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