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Abstract The effects of replacement of MgO by CaO on
the sintering and crystallization behavior of MgO-Al,03—
SiO, system glass-ceramics were investigated. The results
show that with increasing CaO content, the glass transition
temperature firstly increased and then decreased, the
melting temperature was lowered and the crystallization
temperature of the glass-ceramics shifted clearly towards
higher temperatures. With the replacement of MgO by less
than 3 wt.% CaO, the predominant crystalline phase in the
glass-ceramics fired at 900 °C was found to be «-cordierite
and the secondary crystalline phase to be p-cordierite.
When the replacement was increased to 10 wt.%, the pre-
dominant crystalline phase was found to be anorthite and
the secondary phase to be o-cordierite. Both thermal
expansion coefficient (TCE) and dielectric constant of
samples increases with the replacement of MgO by CaO.
The dielectric loss of sample with 5 wt.% CaO fired at
900 °C has the lowest value of 0.08%. Only the sample
containing 5 wt.% and10 wt.% CaO (abbreviated as sam-
ple C5 and C10) can be fully sintered before 900 °C.
Therefore, a dense and low dielectric loss glass-ceramic
with predominant crystal phase of o-cordierite and some
amount of anorthite was achieved by using fine glass
powders (Dsyo =3 um) fired at 875-900 °C. The as-sin-
tered density approaches 98% theoretical density. The
flexural strength of sample C5 firstly increases and then
decreases with sintering temperature, which closely cor-
responds to its relative density. The TCE of sample C5
increases with increasing temperature. The dielectric
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property of sample C5 sintered at different temperatures
depends on not only its relative density but also its crys-
talline phases. The dense and crystallized glass-ceramic C5
exhibits a low sintering temperature ( < 900 °C), a fairly
low dielectric constant (5.2-5.3), a low dielectric loss
(<107 at 1 MHz, a low TCE (4.0-4.25 x 10°° K™"),
very close to that of Si (3.5 x 10°K™), and a higher
flexural strength (=134 MPa), suggesting that it would be a
promising material in the electronic packaging field.

Introduction

Due to the high frequency transportation for wide appli-
cations in the wireless communications and computer
fields, low dielectric constant, low temperature co-fired
ceramics (LTCCs) package have been developed to
achieve the requirements of high signal propagation speed,
good reliability and low cost [1-3]. ‘‘Low temperature’’
means that ceramic substrates should be sintered at less
than 1,000 °C in order to be co-fired with copper
(1,083 °C), silver (961 °C), or gold (1,061 °C). Several
material systems such as glass plus ceramics [4, 5] and
glass-ceramics have been developed to meet the require-
ments in applications for LTCCs. Glass-ceramics formed
by controlled crystallization of glass, are materials of high
crystalline grade. Properties such as low dielectric con-
stant, appropriate thermal expansion coefficient (TCE) and
cofirability with other materials, make glass-ceramic
compatible with the high performance multiplayer ceramic
substrates [6, 7].

Cordierite (2MgO-2A1,05-5510,) based glass-ceramics
are attractive materials for preparing low firing temperature
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substrates due to their low dielectric constant and matching
TCE of single crystal silicon [1, 6, 7]. However, cordierite
glass has a high melting temperature (21,600 °C).It is
difficult to obtain dense glass-ceramics below 1,000 °C
because the cordierite-based glasses have high viscosity
and narrow sintering temperature range [3]. Because glass
powder sintering proceeds by viscous flow [8], the
decreasing glass viscosity shows good effect on its sinter-
ability. In order to fabricate dense glass-ceramics, it may be
a critical factor to select adequate glass composition and
flux, which reduces glass viscosity.

Several studies have been conducted on the nucleation
and crystallization of cordierite glass-ceramics, and some
are related to the low-temperature sintering behavior of
cordierite-based glass-ceramics [9-13]. It was found that
an addition of CaO in the MgO-CaO-Al,03-Si0,-TiO,
and ZnO-Al,05-Si0, system glass-ceramics can lower the
melting temperature and glass transition temperature and
decrease dielectric loss as well as adjust the TCE and of
glass-ceramics [14, 15]. Hu et al. [16] have found that the
replacement of MgO by BaO in the MgO-Al,05-SiO,
system glass-ceramics can improve the sintering densifi-
cation, decrease dielectric loss and adjust the TCE of glass-
ceramics. According to our knowledge, both Ca®* ion and
Ba”" ion have a similar characteristic, it is expected that the
replacement of MgO by CaO in the MgO-Al,03-SiO,
system glass-ceramics has a helpful effect on low tem-
perature sintering and some properties.

The aim of the present study was to investigate the ef-
fect of replacement of MgO by CaO on sintering and
crystallization behavior of MgO-Al,05-Si0O, system glass-
ceramics. The physical properties such as dielectric prop-
erties and thermal expansion characteristics were also
evaluated.

Experimental

In the present investigation, the following composition was
prepared (in wt.%): (21 — x) MgO-xCa0-26A1,03-53S10,-
5 (B,05 + P,0Os5) with x =0, 1 wt.%, 3 wt.%, 5 wt.%,
10 wt.%. The starting materials were analytical grade:
Si02, A1203, MgO, CaCO3, H3BO3, NH4H2PO4 and
Sb,03-Sb,0; was added due to its promising clarifying
effect. The powder batches were mixed with alcohol
medium in a ball mill for 6 h, dried with infrared lamp, and
then melted in corundum crucibles. The powder batches
were first held at 900 °C for 1 h for reaction, followed by
heating to 1,520-1,540 °C for 4 h in an electric furnace,
and then quenched in distilled water to form frits, which
were crushed and wet-milled for 48 h. The mean particle
sizes of the glass powders were measured with a particle
size analyzer to be about 3 pum. Non-isothermal reaction
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analysis of the glass powders was investigated using a
thermoanalyzer with a heating rate of 10 °C/min in air.
To prepare the bulk samples, the obtained glass powders
were granulated with 3% poly (vinyl alcohol) (PVA) and
then were pressed into disks and rectangle strips under a
uniaxial pressure of 100 MPa. Glass-ceramics were ob-
tained by isothermal heat treatment of the samples between
room temperature and 900 °C at a heating rate of 3—5 °C/
min in air. Phase evolution in the samples was identified by
X-ray powder diffraction (D8-Advance, Bruker) using Cu-
Ko radiation. Density of the bulk samples was measured by
the Archimedean method using distilled water as medium.
Dielectric properties were measured by a LCR meter
(HP4292A, Aglient) at 1 MHz and at room temperature.
Average liner TCE from room temperature to 300 °C was
measured in air at a heating rate of 10 °C/min using a
dilatometer (DIL 402C, NETZSCH). The flexural strength
was measured using a 3-point bending strength with a span
of 30 mm at a crosshead speed of 0.5 mm/min. The
micrographs of the glass samples were examined by
scanning electron microscopy (JSM-5610LV, JOEL).

Results and discussion
Crystallization behavior
Figure 1 shows the DTA traces of glasses under a non-
isothermal heat-treatment at a constant heating rate of

10 °C/min. From Fig. 1, it is observed that all glass pow-
ders exhibit a transition of glass between 880 °C and
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Fig. 1 DTA traces of the glass powders with various CaO content at
a heating rate of 10 K/min
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905 °C, followed by one exothermic transformations, cor-
responding to crystallization of a-cordierite from the glass.
With increasing CaO content from O to 3 wt.%, both glass
transition temperature (7,) and crystallization peak tem-
perature (T},) of glass samples increase as shown in Fig. 1.
As increasing CaO content from 5 wt.% to 10 wt.%, the
glass transition temperature (7,) decreases from 888 °C to
886 °C and the crystallization peak temperatures (7},) also
decrease and its intensity steps down. It is clear that the
crystallization peak gets to broadening with an increase
content of CaO. The above results indicate that the
replacement of MgO by CaO influences the crystallization
process of the glasses. It was believed that 5 wt.% CaO
substituting for MgO can reduce transition temperature of
the glass, retard the crystallization of the glass, increase a
range between T, and T}, and improve the sintering densi-
fication of glass-ceramics. Whereas, overfull CaO
(10 wt.%) will greatly inhibit the crystallization of glasses
and finally increase the TCE of samples as well as decrease
the flexural strength of samples. On the other hand, addi-
tion of a small amount of CaO (less than 5 wt.%) will
increase the glass viscosity and finally restrain the sintering
densification of glass-ceramics. This is attributed to the
stuffing effect of the Ca element on the glass network.

Calcium ion is one of the larger ions and its effective
radius is close to those of Ba** and Pb®*, which show a
very limited mobility in the glass network and thus
blocking the jumping of alkali ions [10]. Such a blocking
effect would hinder the jumping of Mg ions and the for-
mation of a-cordierite. This results in the increase of the
glass transition temperature and the crystallization peak
temperature with an increase in the CaO content
(0 ~ 3 wt.%). However, Ca is a modifying cation and the
number of non-bridging oxygens (NBO) in the glass
structure would increase with increasing the CaO content.
The glass network, therefore, would become looser with
increasing the number of NBO, and thus decreasing its
viscosity. This would result in the decrease in glass tran-
sition temperature with increasing the CaO content (more
than 3 wt.%), as seen in Fig. 1. The stuffing effect of Ca
ions on the glass network would be degraded in the looser
glass structure by increasing the number of NBO. The
variation in the glass structure would act upon the forma-
tion of the predominant phase which is controlled by the
diffusion process.

Figure 2 shows the XRD patterns of each glass powders
after heat treatment. From Fig. 2a, it was found that the
predominant crystalline phase in sample with 0 wt.% and
1 wt.% CaO was a-cordierite and the minor crystalline
phase was u-cordierite. In sample with 3 wt.% CaO, the
phase was only a-cordierite. In sample with 5 wt.% CaO,
a-cordierite still as the main phase, anorthite occurred here.
In sample containing 10 wt.% CaO, the main phase had
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Fig. 2 XRD patterns of the samples after heat treatment (a) Heated at
900 °C for 2 h (b) Heated at 950 °C for 2 h

become anorthite, o-cordierite obviously decreased. When
the glass powders heated at 950 °C for 2 h as shown in
Fig. 2b, the main phase was a-cordierite in sample with 0—
3 wt.% CaO. With increasing CaO content substituting for
MgO (from 5 wt.% to 10 wt.%), anorthite evidently in-
creased, and a-cordierite clearly decreased. It means that
addition of CaO would impede the formation of o-cordie-
rite. On the other hand, addition of CaO would promote the
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formation of anorthite in the Mg deficient region. The
reaction in the crystallization process can be expressed as
follows:

MgO + AlLO; + SiO, — Mg,AlsSisO;g(p - cordierite)

(1)
Mg, Al4SisOgg (u - cordierite) — Mg, Al4Si50;3
(o - cordierite) Forlower CaO content (2)
CaO + Al,0O3 + SiO, — CaAl,SipOg(anorthite)
For higher CaO content (3)

The crystallization of cordierite is usually though sur-
face crystallization between glass particles and is retarded
by CaO addition. It is clear from the above reactions that
the type of phase formation in the crystallization process
depends on the kind of coordinated elements for SiO,. This
result is in agreement with the report by Hu [16].

Sintering behavior

The relative density for the fired samples in the tempera-
ture range between 750 °C and 950 °C is illustrated in
Fig. 3. The relative density equals the theoretical density
of a sample divided by its apparent density. The relative
density for the samples increased as the CaO content in-
creased. It was found that high densification rate in all
samples took place between 850 °C and 900 °C. It is
interesting that both sample with 5 wt.% CaO and sample
with 10 wt.% CaO have better sintering behavior. At
875 °C, the relative density of both of the samples has
reached 98.0%, which indicates that the samples get to
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Fig. 3 Relative densities of the samples heated at various temper-
atures
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almost full densification. Such a high rate of densification
for two samples is thought to be attributed to the larger
gaps between glass transition temperature and crystalliza-
tion onset temperature (as seen in Fig. 1) and the viscous
glass phase during the firing process [7, 13]. With
increasing temperature to 900 °C, the relative density of
the sample with 5 wt.% CaO has reached a maximum
value of 98.5%, and the relative density of the sample with
10 wt.% CaO slightly decreases. When sintering temper-
ature exceeds 900 °C, the relative density of samples with
5 wt.% and 10 wt.% CaO obviously decrease. This might
be due to the fact that overheat results in an increase in the
ringent pores derived from inner close pores in the dense
samples, which is agreement with the result reported by
Wang et al. [17]. It was observed that other samples had
not become full densification though the sintering tem-
perature reached 950 °C.

The optimum heat-treatment procedures for a dense and
crystallized glass-ceramic could be developed by consid-
ering the following factors. (1) Transition temperature of
glass, T, It determines the starting sintering temperature.
In forming useful LTCC substrates, it is important that no
sintering occurs before the complete binder burnout [16].
The binder decomposition temperature is usually in the
range of 400-700 °C. (2) Crystallization temperature (7}):
It determines the temperature that the crystal phase starts to
grow. When crystallization occurs, it would decrease the
densification. Usually the crystallization temperature must
be below 950 °C for LTCC application. (3) Sintering rate:
Whether glass-ceramic powders can be fully sintered be-
fore densification stops depends on the sintering rate. It is
revealed that both factors (1) and (2) contributes the tem-
perature region for efficient densification.

In present study, both samples with 5 wt.% and 10 wt.%
CaO have been evaluated in an efficient densification be-
fore 900 °C. This meets the requirements of factors dis-
cussed above and is suitable for using in LTCC substrates
fabrication. Full densification specimens can be achieved
before the occurrence of crystallization in this work using
micron-scale glass powders. A completely sintered sample
with a-cordierite and some amount of anorthite phases is
obtained at 900 °C. Figure 4 shows the SEM of fractured
surface of samples with different CaO content sintered at
900 °C. It can be seen that the porosity decreased with
increasing CaO content and the sample with 5 wt.% CaO
has the lowest porosity than the others. This result corre-
sponds to the relative density of samples as shown in
Fig. 3.

Physical properties

The thermal expansion coefficients (TCE, 25-300 °C) of
samples sintered at 900 °C for 2 h are shown in Fig. 5. The
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Fig. 4 SEM photographs of
fresh fractured surface of
sample with different CaO
contents sintered at 900 °C for
2 h: (a) X = 0 wt.%, (b)

X =3 wt.%, (¢) X =5 wt.%,
d) X =10 wt.%
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Fig. 5 Thermal expansion coefficient of samples with CaO contents

TCE value of glass-ceramics obviously increases with the
addition of CaO content. Since TCE of crystalline cordie-
rite has a lower value (~1-2 X 107° K_l) [6, 7] and TCE of
crystalline anorthite has a higher value (4.8 x 10 K™
[18], residual glass phase and anorthite would be respon-
sible for the variation in TCE, as shown in Fig. 5.

Figure 6 shows the dielectric properties of the samples
with different CaO contents. For a glass-ceramic material,
many factors will affect the dielectric properties, including
the content of the individual crystalline, glass phases,
and the degree of densification. With an increase of CaO
content, the dielectric constant of samples increases. As

0.7
584 Y n
{06

~ 56

§ 4 0.5 ;\3\
3 &
£ 541 . {04 8
L V. K
5 52 ><./ 108 3
ko) ko)
[} (¢}
5 50- 102 8

SN o

0 2 4 6 8 10
CaO content (wt%)

4.8

Fig. 6 Dielectric properties of the samples with CaO contents
sintered at 900 °C for 2 h

both anorthite and residual glass have a higher dielectric
constant(anorthite, ~6 [18]; residual glass, ~5 [16, 19]), the
increase in density and in residual glass phase and the
formation of anorthite would be responsible for the varia-
tion in dielectric constant of samples, as shown in Fig. 6. It
was found that the dielectric loss of samples with low CaO
content ( <5 wt.%) obviously decreased, which may be
attributed to the porosity decrease and the increase of
anorthite having the lower dielectric loss [16] and the
dielectric loss of the sample with 10 wt.% CaO content
slightly increased, which may be due to the increase in the
residual glass phase and pores which contribute to the sites
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Table 1 Some properties of the sample with 5 wt.% CaO sintered at different temperatures for 2 h

Sintering temperature (°C)  Linear shrinkage (%)

Dielectric constant

Dielectric loss (%) TCE (x10° K™!)  Flexural strength (MPa)

25 °C, 1 MHz 25 °C, 1 MHz (25-300 °C)
850 11.2 4.87 0.36 5.00 86
875 18.5 5.25 0.14 4.07 134
900 18.7 5.34 0.08 4.25 145
950 18.4 5.36 0.16 5.04 128

for carriers to move. The samples with 5 wt.% CaO have
the lowest dielectric loss of 0.08%. The dielectric constant
of all the samples is in the range 4.8-5.8.

Some of the other important properties of the sample
with 5 wt.% CaO are listed in Table 1. It is observed that
the dielectric constant increases with increasing sintering
temperature. The dielectric loss of the sample with 5 wt.%
CaO sintered at 875-900 °Creaches the lower value.
Dielectric properties were found to be depended upon the
relative density, the type of crystalline phases and residual
glass phase [16, 20]. The TCE of glass-ceramics chiefly
depends on its crystalline phase and residual glass phase.
The flexural strength of glass-ceramics mainly depends on
its relative density [21]. The flexural strength of the sample
with 5 wt.% CaO firstly increases and then slightly de-
creases with sintering temperatures as shown in Table 1,
which closely corresponds to the relative density as seen in
Fig. 3. It is clear that the sample with 5 wt.% CaO sintered
at 875-900 °C has the best dielectric property, and is
preferred as the material for LTCCs. Firstly, it possesses
the lowest dielectric loss lower than 0.001 at 1 MHz, which
is desirable for reducing heat generation at high frequency;
Secondly, its low dielectric constant (5.25-5.34), which is
lower than that of alumina (~9), is absolutely necessary to
reduce the propagation delay and parasitic capacitance (Cp)
between internal conductor patterns of LTCCs and to
achieve the requirements of high signal propagation speed.
Thirdly, it possesses a low thermal expansion coefficient
(TCE, 4.0-4.25 x 107° K™, very close to that of Si (3.0—
3.5 x 10 K™") and a higher flexural strength; Lastly, its
low sintering temperature ( < 900 °Cenables the usage of
Ag and Cu electrodes.

Conclusions

The sintering and crystallization behaviors for MgO-
Al,03-Si0, system glass-ceramics containing CaO were
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investigated. The replacement of MgO by CaO can lower
the melting temperature and glass transition temperature of
the glass-ceramics as well as promote sintering densifica-
tion. An optimized sintering profile for glass powder with
5 wt.% CaO was established. The fully dense glass-cera-
mic with crystallized o-cordierite and a small amount of
anorthite was successfully fabricated at relative low tem-
perature ( < 900 °C) Superior and reliable properties such
as low temperature sinterability, thermal expansion coef-
ficient, dielectric properties, and flexural strength were
successfully derived in the dense specimen prepared from
MgO-Al,0O5-Si0, system glass-ceramic powder with the
replacement of 5 wt.% CaO.
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