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Anorthite-based glass-ceramics including TiO, as nucleating agent were melted and
quenched in this study. The effect of particle size on the sintering behaviour of glass
powders was investigated in order to obtain low-temperature sintered glass-ceramics.
Anorthite glass-ceramic starts to densify at the transition temperature of glass (T =770°C)
and is fully sintered before the crystallisation occurrence (880°C). Therefore, a dense and
low-loss glass-ceramic with predominant crystal phase of anorthite is achieved by using
fine glass powders (Dso =0.45 um) fired at 900°C. The as-sintered density approaches 99%
theoretical density and the apparent porosity is as low as 0.05 Vol%. The dense and
crystallized anorthite-based glass-ceramic exhibits a fairly low dielectric loss of 4 x 10~* at
1 MHz and a thermal expansion coefficient of 4.5 x 1078°C~". Furthermore, the microwave
characteristics were measured at 10 GHz with the results of K=9.8, O; = 2250, and
temperature coefficient of resonant frequency ;= —30 ppm/°C. © 2003 Kluwer Academic

Publishers

1. Introduction
Due to the high frequency transmission of signals for
wide applications in the wireless communications and
computer fields, low dielectric constant, low temper-
ature co-fired ceramics (LTCC) 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 1000°C in order to be
cofired with copper (1083°C), silver (961°C), or gold
(1061°C). Several material systems such as glass plus
ceramics [4, 5] and glass-ceramics have been developed
to meet the requirements in applications for LTCC.
Glass-ceramics formed by controlled crystallisation
of glass, are materials of high crystallinity grade.
Properties such as lower dielectric constant, appro-
priate thermal expansion coefficient and cofirability
with other materials, make glass-ceramic compatible
with the high-performance multiplayer ceramic sub-
strates [6, 7]. Anorthite (CaO-Al,03-2Si0;) based
glass-ceramic system has been investigated and re-
garded as a potential material in LTCC substrates [8, 9].
In the fabrication of desirable glass-ceramic material
used in LTCC substrates, the sintering or the com-
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plete densification stage is proceeded by nucleation and
binder burn-off, and followed by crystallisation [6]. If
crystallisation occurs before sintering is nearly com-
plete, the viscosity increases to near infinity and sinter-
ing then stops. When this occurs, products with good
sinterability and high quality will be excluded. Hence,
itis essential to understand the sintering and crystallisa-
tion behaviours of the glass-ceramics system in order to
fabricate reliable LTCC devices and then to control their
properties.

Several studies have been conducted on the nucle-
ation and crystallization of anorthite glass-ceramic
[10-12], and some are related to the low-temperature
sintering behaviour of anorthite [13, 14]. The main pur-
pose of the study is to gain a better understanding of the
sintering and crystallisation behaviours in the anorthite-
based glass-ceramic with various particle size distri-
butions. The influence of particle size distribution on
sintering to optimize the firing procedures for anorthite-
based glass-ceramic powders was investigated. In addi-
tion, the dielectric properties at 1 MHz and at the micro-
wave frequency (10 GHz) for anorthite glass-ceramics
were also evaluated by using submicron-scale size glass
powders sintered at temperatures below 950°C.
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2. Experimental procedures

The starting glass was of anorthite (CaAl,Si;Og)
composition—18.16 CaO, 32.94 Al,0Os, 38.90 SiO,
and 10.00 TiO, (wt%). TiO, was added as nucle-
ation agent. A glass batch of homogeneous mixture
was prepared by ball milling and then melted in a Pt
crucible at 1650°C for 10 hrs. To prevent the occur-
rence of any crystallisation, the melting substance was
quenched into deionized water. The as-quenched glass
was ground and screened through a 325-mesh stainless-
steel wire screen to derive glass powders with particle
size less than 44 um. By controlling ball-milling time
with zirconia media (2 mm in diameter) in deionized
water, glass powders of different particle-size distribu-
tion were obtained. The particle-size distributions of
powders were determined using laser light diffraction
particle sizer (LS230, Coulter, U.S.A.). The median
particle sizes of the ball-milled powders in this study
were 1.5,0.75,0.6 and 0.45 wm. The evaluated particle-
size distributions are shown in Fig. 1.

These powders were granulated by mixing in a
2.5 wt% poly vinyl alcohol (PVA) solution, and then
pressed into pellets with 10 mm in diameter and 4 mm
thick. The green density was 65 & 2 Vol%. Pellets were
sintered in air over a range of §70-960°C for 0.5 h at a
heating rate of 5°C/min.

The fired bulk density and apparent porosity of the
fired specimens were measured by Archimedean im-
mersion method using water as media with the accu-
racy of £0.001 g/cm?®. A differential thermal analyzer
(DTA: DTA1600, Du Pont, U.S.A.) was used to study
the crystallisation behaviour and to determine the glass
transition temperature, 7,. The DTA instrument was
previously calibrated by using Al, Ag and Zn, with
well-determined melting temperatures. The DTA anal-
ysis was carried out under a flowing atmosphere of dry
air (50 cm®/min). Glass powders were then heated at a
rate of 5°C/min up to 1100°C with a reference material
of w-alumina powders. The sintering behaviour was in-
vestigated using a dilatometer (DIL 402C, NETZSCH,
Germany) at a heating rate of 5°C/min in air (flow
rate of 50 cm?/min). The coefficient of thermal ex-
pansion was measured using a thermal analyzer (TMA
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Figure 1 Particle-size distribution of ball-milled glass powders (where
Dsy is the median particle size).
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SSC-5000, Seiko, Japan) in the temperature range of
25-300°C.

Phase identification of sintered specimens was per-
formed by powder X-ray diffraction (XRD: D/MAX-B,
Rigaku, Japan) with a wavelength of CuK, (A =
1.5406 A). The scanning rate was 2 theta/min.

The dielectric characteristics were measured us-
ing Ag electrodes in a LCR meter (HP4284A,
Hewlett-Packard, U.S.A.). In the microwave frequency
range, the dielectric characteristics (K and Qy value)
were measured by Hakki-Coleman dielectric resonator
method with a network analyzer (HP 8720C, Hewlett-
Packard, U.S.A.) in S transmission mode. A cylindri-
cally shaped specimen with an aspect ratio of 0.5 was
positioned between two silver plates [15]. The dielec-
tric properties including dielectric constant K and the
loss tan & were calculated from the frequency of the
TEg resonant mode [16].

3. Results and discussion

3.1. Crystallisation behaviour

The DTA traces recorded for anorthite-based glass pow-
ders of different median particle size are shown in
Fig. 2. Since transition temperature of glass, Ty, is de-
termined by a change in expansion behaviour, there will
be an associated shift in heat capacity behaviour. The
expansion of materials is aresult of increase in the mean
atomic vibration amplitude between atoms, and this
vibration is the mechanism of thermal energy storage
[17, 18]. For this reason, T, can be measured using DTA
and will appear as an endothermic trend with increas-
ing temperature, as shown in Fig. 2. The convention
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Figure 2 DTA records of anorthite-based glass powders with vari-
ous median particle size (a) 0.45 pum, (b) 0.6 um, (c) 0.75 pwm, and
(d) 1.5 pm.



for determining the glass transition temperature is to
extend the straight-line portions of the baseline and
the linear portion of the upward slope, marking their
intersection. It is observed that initially all anorthite-
based glass powders exhibit a transition of glass
around 770°C (Ty), followed by two exothermic trans-
formations, corresponding to crystallisation from the
glass.

DTA measurements were supplemented by XRD to
identify crystal phases. Fig. 3 presents the correspond-
ing XRD patterns for as-quenched glass and powders
treated at various temperatures. As the firing tempera-
ture was raised up to 860°C, crystal phase of anorthite
(Ca0-Al,03-2S510,) was observed. However, the other
crystal phase of perovskite (CaTiO3) was not shown
up until the temperature increased above 910°C. As
a result, the first exothermal peak, Ty;, in DTA curve
(Fig. 2) was caused by the crystallisation of anorthite
and the next smaller exothermal peak, Tx,, was related
to perovskite crystallisation from the glass. Therefore,
the non-isothermal heat-treatment is expected to pro-
duce a relative large amounts of anorthite and a small
amounts of perovskite, as shown in Fig. 3. This ob-
servation is in agreement with Topping and Richard’s
study [19], in which the predominant and major crys-
tal phase was anorthite in glass of CaO-Al,03-2Si0,
nucleated with TiO,.

It appears that peak temperatures of anorthite (7x;)
in DTA for glass powders with various particle size dis-
tributions are almost identical and close to 880°C. This
gives the evidence that the crystallisation mechanism
for anorthite phase growth from the glass nucleated with
TiO; is bulk crystallisation dominated [20]. However,
the other exothermal peak temperature for perovskite
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Figure 3 XRD patterns for as-quenched glass and powders treated at
various temperatures (l: anorthite; @: perovskite).

crystallisation, Tx», is shifted to higher temperature as
the median particle size increases. This implies that sur-
face crystallization takes place. As a result, the addition
of 10 wt% TiO, as nucleating agent renders the glass
powder to exhibit a sufficient efficiency of anorthite nu-
cleation, and thus anorthite-based glass powders with
bulk crystallisation at low temperature were achieved.
This is, in fact, an important factor in controlling the
reliability of LTCC products.

3.2. Sintering properties

For sintering at a constant heating rate of 5°C/min,
the linear shrinkage of the specimens with different
median particle size can be evaluated using dilato-
metric measurement. Fig. 4 shows the corresponding
shrinkage curves with respect to (a) Dso=1.5 um,
(b) D5 =0.75 Mm, (C) D5() =0.6 Mm and (d) Dsy=
0.45 pwm, where Ds is the median particle size of pow-
ders. It is evident that the specimen contraction is ini-
tially rapid at 770°C, which is congruent with the glass
transition temperature 7, determined by DTA. It is be-
lieved that during the firing process for glass powders,
sintering occurs by viscosity flow.

However, the shrinkage rate becomes sluggish as
approaching near-full density. The densification rate
(dL/dr) reaches its maximum and starts to decrease at
the saddle point (880°C) of curve (e) in Fig. 4, which is
equal to the peak temperature of anorthite crystallisa-
tion (7y;) determined by DTA. This indicates that the

dL/L, (%)

L
=}
1

Densification rate, dL/dt

— T T T T T T T
600 650 700 750 800 850 900 950 1000

Temperature ("C)

Figure 4 Dilatometric curves of anorthite based glass powders with
the median particle size of (a) 1.5 um, (b) 0.75 pum, (c) 0.6 um, and
(d) 0.45 pm, and (e) the derivative curve (dL/dt) of powders with the
median particle size of 0.45 pum.

695



occurrence of crystallisation would degrade the densifi-
cation rate. On the basis of the above results, it appears
that the effective densification can be achieved from
770°C (Ty) to 880°C (Tx;) in this study.

For specimens undertaken the effective densifica-
tion range from 770 to 880°C at a constant heating
rate of 5°C/min (which means the duration time was
identical for all specimens), the one with higher sin-
tering rate would exhibit more feasibility to be fully
densified than that with smaller sintering rate. If fir-
ing is carried out to complete densification, the frac-
tional porosity originally present is equal to the vol-
ume shrinkage occurred during firing. For all unfired
specimens, the green density was about 65 Vol%, and
the probably maximum value of volume shrinkage was
35 Vol%, which is equivalent to 12% of linear shrinkage
if isotropic shrinkage is assumed. In Fig. 4, the linear
shrinkage in anorthite based glass with various parti-
cle size of (a) 1.5 um, (b) 0.75 um, (c) 0.6 um and
(d) 0.45 pm is evaluated to be 10, 13.8, 14.2 and 15%,
respectively. The measured shrinkage in the range of
10-15% is quite closed to the estimated value of 12% as
mentioned above. In fact, for powders with smaller me-
dian particle size, the less porosity and near-full dense
glass-ceramic could be obtained.

The sintered densities of the specimens as a function
of firing temperature are plotted in Fig. 5 with respect
to various particle size. Examination of sintered spec-
imens show that the sample with the larger size, such
as 1.5 and 0.75 pm, exhibits 3.4 and 6.8 Vol% poros-
ity or 92.6 and 95.8% theoretical density, respectively.
Only for glass powders with a median particle size of
0.45 pm, a final state with a relative theoretical density
0f99.0% and apparent porosity less than 0.05 Vol% can
be achieved at temperature lower than 880°C. Theoreti-

. - 100
28 "D _=045um -
(@) g—"

— cge] 96 2
g 27+ o—* 4 'z
5 D,;=0.75um z
o . A %4 3
R A/‘ =~
2284 S ae—AD =1 5um 1 §
A a w3
Q -
A 2.5 4 _ g

’/ 86 =
2.4 0/ - X
A 82
23 PARN [N WY U TN NN TR AN SR N SN [T SN Y TN AU G RN
860 870 880 890 900 910 920 930 940 950 960
Firing temperature ("C)
ot e,
£ 1210 O“O\
2] A
7 104 T~ _
§ A\ D,,=1.5um
2 9] : e
= A
5 61 \
e "] D,;=0.76um
S
< o
] D,,=0.45um
04 0 o o o
PURN [N TN SN SRR NN VRN AN SR NN SN [T T AN S NN S N

860 870 880 890 900 910 920 930 940 950 960
Firing temperature (°C)

Figure 5 Bulk density and apparent porosity of fired specimens. (Dsg
indicates median particle size of glass powders.)
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cal density (2.86 g/cm?) of the specimen was calculated
from the ideal mineral composition [14].

The optimum heat-treatment procedures for a dense
and crystallized glass-ceramic could be developed by
considering the following factors. (i) Transition tem-
perature of glass, T;: It determines the starting sinter-
ing temperature. In forming useful LTCC substrates, it
is important that no sintering occurs before the com-
plete binder burnout [6]. The binder decomposition
temperature are usually in the range of 400-700°C.
(i) Crystallisation temperature (7%;): It determines the
temperature that the crystal phase starts to grow. When
crystallisation occurs, it would decrease the densifica-
tion. Usually the crystallisation temperature must be
below 950°C for LTCC application. (iii) Sintering rate:
Whether glass-ceramic powders can be fully sintered
before densification stops depends on the sintering rate.
It is revealed that both factors (i) and (ii) contribute the
temperature region for efficient densification.

In present study, anorthite-based glass powders have
been evaluated in an efficient densification range from
770-880°C (Ty~Tx1). This meets the requirements of
factors discussed above and is suitable for using in
LTCC substrates fabrication. Depending on different
mechanism, the sintering rate, i.e. factor (iii), usually
exhibits the complex relationship with temperature,
time, surface energy, viscosity, diffusivity . . . etc. [21].
Most of these parameters are interacted with each other
and it is thus rather difficult to control without chang-
ing the original designed properties in glass-ceramic.
In general, time is not a critical variable for process
control, since it is impracticable in industry to improve
the properties by merely prolonging the sintering time.
Thus, more focuses are directed to decrease the particle
size to improve the sintering rates [22], and to obtain re-
producible processing and densification for the desired
properties.

Full densification specimens can be achieved before
the occurrence of anorthite crystallisation at 880°C in
this work using submicron-scale glass powders. A com-
pletely sintered glass-ceramic with anorthite phase is
obtained between 900-950°C. The crystallisation be-
haviour is illustrated with the aid of a DTA curve as
shown in Fig. 6a, and the overall heat-treatment proce-
dures are suggested in Fig. 6b. It should be noted that
the heating rates would change the glass transformation
temperature 7, and crystallisation temperature of glass
powders. Thus, densification region may be different
depending on heating rates of the heat-treatment. The
corresponding particle size distribution for complete
sintering would also be modified.

3.3. Dielectric properties of sintered
samples

Fig. 7 presents the correlations between the dielectric
property and sintered specimens with various particle
distributions. The dependence of dissipation loss on the
particle size is also indicated. It is revealed that only
dense glass-ceramic shows a low loss and better dielec-
tric property. The major contributor to dielectric loss is
the porosity in specimen. In general, the dielectric con-
stant would be underestimated for porous ones, since
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Figure 6 (a) A typical DTA curve for glass-ceramic powders; (b) the overall heat-treatment procedures.

the dielectric constant of the air in pores is assumed to

be unity.

The well-sintered anorthite glass-ceramic exhibits
the reliable dielectric properties. The dielectric loss of
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Figure 7 Dielectric properties of sintered anorthite-based glass-ceramic

with various particle size.

Particle size (um)

0.0004 equals a high quality factor of 2500 at 1 MHz,
which is very attractive in LTCC application. The ther-
mal expansion coefficientis 4.5 x 1076°C~!, very close

to that of Si (3.0 x 1076°C~1).

TABLE 1 Properties of anorthite-based glass-ceramic

Composition (Wt%)

CaO

Al O3

SiO,

TiO; (Nucleating agent)
Glass transformation temperature (°C)
Sintering temperature (°C)
Bulk density (g/cm?)
Relative theoretical density (%)
Apparent porosity (Vol%)
Thermal expansion coefficient ©ch
Volum resistivity (€2 - cm)
Dielectric constant (at 1 MHz)
Dielectric loss (at 1 MHz)
Dielectric constant (at 10 GHz)
Qr (at 10 GHz)
75 [—25°C-125°C] (ppm/°C)

18.16
32.94
38.90
10.00

770
900-950
2.83

99%

0.05
45%x107°
>1013
10.5
0.0004

9.8

2250

—30
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Microwave dielectric properties were measured at the
resonant frequency of 10 GHz. The values of dielectric
constant and tan § are 9.8 and 0.00045 (Q¢ = 2250).
The temperature coefficient of resonant frequency t¢
are determined as —30 ppm/°C in the range from —55
to 125°C. Table I lists the summarized characteristics
of the anorthite-based ceramic. The overall dielectric
and thermal expansion properties in addition to the
process advantages are potentially attractive in LTCC
application.

4. Conclusions

The sintering and crystallisation behaviours for
anorthite-based glass-ceramic were investigated with
various particle size distributions. Complete sintering
was achieved in the range from the glass transforma-
tion temperature (770°C) to crystallisation temperature
(880°C) in glass-ceramic powders. The particle size
plays an important role in the sintering rate, which
is the crucial controlling parameter in achieving full
densification. An optimized sintering profile for glass
powders with anorthite composition containing 10 wt%
TiO, was established. In order to have full densifica-
tion before crystallisation, it is necessary to decrease
the particle size down to submicron scale to enhance
the sintering. After complete sintering, the fully dense
glass-ceramic with crystallised anorthite was success-
fully fabricated at relative low temperature. Superior
and reliable properties such as low temperature sin-
terability, thermal expansion coefficient, and dielectric
properties at 1 MHz and 10 GHz, were successfully
derived in the dense specimen prepared from anorthite-
based glass-ceramic powders.
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