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bstract

Two types of frits with different compositions were used to develop a high strength substrate in electronic packaging using a low temperature
o-fired ceramic process. In order to reveal the crystallization stage during heating to approximately 900 ◦C, a glass–ceramic consisting of the two
ypes of frits, which had been crystallized to diopside and anorthite after firing, was tested at different mixing ratios of the frits. The exothermal

eaks deconvoluted by a Gauss function in the differential thermal analysis curves were used to determine the onset point of crystallization of
iopside or anorthite. The onset points of crystallization were affected by the mixing ratio of the frits, and the microstructure of the glass–ceramic
epended on the onset point of crystallization. It was found that when multicrystalline phases appear in the microstructure, the resulting complex
icrostructure could be predicted from the onset point of crystallization obtained by differential thermal analysis.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Substrates for the system-on-package require several proper-
ies; a low coefficient of thermal expansion (CTE), high strength,
ow dielectric constants, high quality factor and a stable tem-
erature coefficient due to the high reliability and high signal
ropagation speed in the electronic industry [1,2]. The proper-
ies of many ceramic packaging systems with potential substrate

aterials have been reported [1,2]. The low temperature co-fired
eramic (LTCC) substrate is focused on the system-on-package
ue to the possibility of firing with high conductive electrodes,
uch as silver and copper (<900 ◦C).

LTCC substrates have been developed using a number of
lass matrix/ceramic composites with the aim of improv-
ng the properties of packaging devices: glass matrix–Al2O3,
ordierite (2MgO–2Al2O3–5SiO2) fillers [3], glass matrix–AlN
ller [4], glass–ceramic matrix–AlN filler [5] and glass–ceramic

atrix–Al2O3 filler [6,7]. Several studies on the applications of

lass–ceramics based on the diopside and anorthite system have
een carried out [4,8]. However, the increasing requirements for
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igh performance substrates have highlighted the need to opti-
ize the properties of glass–ceramics, such as the strength and

eliability which are related to high densification, microstruc-
ure and fabrication factors in LTCC substrates. As a further
mprovement in the substrate properties, we recently reported
hat high densification and strength of LTCC substrates could be
chieved using a mixture of the two frits with the anorthite and
iopside compositions, and alumina [9]. Unfortunately, there is
nsufficient information to explain the crystallization phenom-
na derived from the two different glass powder compositions
hrough glass sintering and crystallization during firing.

This study examined the mechanism that governs the material
ehavior with the microstructure using a mixture of two frits with
wo different crystal phases (anorthite and diopside) after firing
t 900 ◦C. The microstructure of the complex glass–ceramics
as investigated by thermal analysis. In particular, differential

hermal analysis and X-ray diffraction were used to confirm the
rystallites in the glass–ceramics based on the DTA analysis.
. Experimental procedure

The raw materials used for the glass frits were high purity
5SiO2–7Al2O3–23CaO–10MgO–3Na2O–2Fe2O3 (CMS, in

mailto:kimhs@inha.ac.kr
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Fig. 2. DTA curves of the powders with the heating profile (heating rate of
1 ◦ ◦
C
x

pulverized using a planetary mono mill (Pulverisette5, Fritsch,

F
(

ig. 1. DTA curves of the CMS and CAS frits with fine and coarse powders with
ncreasing temperature at a heating rate of 10 ◦C/min: (a) CMS frit-25 �m, (b)
MS frit-106 �m, (c) CAS frit-25 �m and (d) CAS frit-106 �m.

ol.%) and 50SiO2–22Al2O3–23CaO–5B2O3 (CAS, in mol.%)

Aldrich, USA). The batches were melted in a platinum crucible
t 1500 ◦C for 3 h. The molten glasses were poured quickly
nd quenched on a ribbon roller. The glass cullets were then

G
0
a

ig. 3. Isothermal DTA curves at 900 ◦C and the deconvoluted exothermal peaks usin
a) x = 0.1, (b) x = 0.3, (c) x = 0.5 in wt% and (d) difference of the time, onset point of c
0 C/min, holding at 900 C for 1 h); the powders have a different mixture: x
MS frit and (1 − x) CAS frit (a) x = 0, (b) x = 0.1, (c) x = 0.3, (d) x = 0.5 and (e)
= 1 (wt%).
ermany) for 7 h. The (x) CMS frit and (1 − x) CAS frit (x = 0,
.1, 0.3, 0.5, 1) were mixed using a ball mill for 24 h and dried
t 130 ◦C for 24 h. The mixture powders were dried, and pellets

g the Gauss function for powders consisting of x CMS frit and (1 − x) CAS frit
rystallization between T01 and T02 at 900 ◦C with the two types of frit in vol%.
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curves of the mixed frits were deconvoluted using a Gauss func-
tion for two peaks, respectively (Fig. 3). The T02 of the mixed
frits shown in Fig. 3 was observed in the asymmetrical DTA
ig. 4. X-ray diffraction patterns of the frits containing the materials: x CMS
rit and (1 − x) CAS frit (a) x = 0, (b) x = 0.1, (c) x = 0.3, (d) x = 0.5 and (e) x = 1
n wt% after firing at 900 ◦C for 1 h.

20 mm in diameter) were made by uniaxial pressing (62 MPa).
he pellets were sintered at 900 ◦C for 1 h at a heating rate of
0 ◦C/min.

The particle size distribution of the powder was determined
sing a particle size analyzer (LS230 & N4PLUS, Coulter Cor-
oration, USA). The glass transition temperature (Tg) and onset
oint of crystallization (Tc) were determined using a differential
hermal analyzer (DTA, TG 8120, Rigaku Co, Japan) at a heat-
ng rate of 10 ◦C/min. The microstructures of the sintered pellets
ere characterized by scanning electron microscopy (SEM,
ITACHI, Japan), and the phases of the glasses, sintered and
uenched samples were identified by X-ray powder diffraction
XRD, Rigaku DMAX 2500, Japan).
. Results and discussion

The CMS and CAS frits have significantly different thermal
roperties. These include the glass transition temperature (Tg)

ig. 5. Normalized ratio of the XRD intensity of the anorthite and diopside
eaks determined from the frits after firing at 900 ◦C for 1 h.

F
2
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nd onset point of crystallization (T0), as shown in Fig. 1. The
g and T0 for the CMS frits were observed at 688 and 886 ◦C,
espectively. The Tg (756 ◦C) and T0 (945 ◦C) for the CAS frits
ere higher than that of the CMS frits. A comparison of the Tg

nd T0 between the fine and coarse powders showed that each
f the CMS and CAS frits have the same Tg and T0. Therefore,
rystallization of the CMS and CAS frits in each of the glass
ystems was the result of bulk crystallization rather than surface
rystallization [10,11].

When the temperature was held at 900 ◦C, the onset point of
rystallization appeared within 30 min in the frits without the
MS frit, which had crystallized before reaching 900 ◦C. How-
ver, the DTA results of the mixed frits showed asymmetrical
urves (Fig. 2). The DTA curves of the exothermal peaks should
e asymmetrical considering that the two crystallization pro-
esses in the mixed frits occur concurrently. In order to show
he hidden onset point of crystallization, the asymmetrical DTA
ig. 6. X-ray diffraction patterns of the mixed frits fired at 900 ◦C for 0 and
0 min: x CMS frit and (1 − x) CAS frit (a) x = 0.3, (b) x = 0.1 in wt%.
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urves using this method. Fig. 3 (d) shows the difference between
he time for T02 and T01 as a function of the ratios of the frits
n vol%. The T02 was activated by adding up to 35 vol% of the
MS frit. The time for T02 in the glass–ceramic was influenced
y the CMS and CAS frit ratios.

After firing at 900 ◦C for 1 h, the CAS and CMS frits were
ransformed into a glass–ceramic containing anorthite and diop-
ide, respectively (Fig. 4). This shows that the onset points of
rystallization with the CAS and CMS frits were assigned to the
ormation of the anorthite and diopside. Moreover, the XRD
atterns of the mixed frits fired at 900 ◦C for 1 h were similar
o anorthite despite the inclusion of the CMS frit. However, a

ixed frit containing 0.5 wt% CMS frit and 0.5 wt% CAS frit
howed the peaks for diopside after firing (Fig. 4(d)). This sug-
ests that the mixed frits have two crystal phases after firing
t 900 ◦C; anorthite and diopside from the CMS and CAS frits,

espectively. Moreover, the T01 and T02 shown in Fig. 3 indicate
he time for the formation of diopside and anorthite, respectively
t 900 ◦C. The main peaks for diopside were difficult to deter-

t

f

ig. 7. Schematic model of the microstructure of the mixed frits as a function of tem
t%, SEM images of the sintered bodies at 900 ◦C for 1 h etched by 0.5% HNO3; x C
Acta 469 (2008) 104–108 107

ine in the XRD pattern shown in Fig. 4 (b) and (c). The reasons
re that the content of the CMS frit was smaller than that of the
AS frit and the CMS frit can crystallize at that time [12,13].

Considering that the intensity of the strong peaks for both
rystalline phases corresponds to the contents of the crystal
hases, the relative ratio between the anorthite and diopside con-
ent can be plotted as a function of the frit ratios, as shown in
ig. 5 [11]. The experimental error resulted from the calcula-

ion using various and shifted peaks in Fig. 4. The decrease in
northite was attributed to a decrease in the CAS frit from the
ormalized ratio of the XRD intensity of the anorthite and diop-
ide peaks determined from the frits after firing at 900 ◦C for
h. Furthermore, there is a critical point in the ratio between

he anorthite and diopside content. The addition of 40 vol% of
he CMS frit to the mixture of frits fired at 900 ◦C for 1 h made
significant contribution to decreasing the anorthite content in
he glass–ceramic.
Isothermal DTA curves of the mixed frits show that the mixed

rit containing 0.3 CMS frit and 0.7 CAS frit in wt % crystallized

perature and time: x CMS frit and (1 − x) CAS frit (a) x = 0.1 and (b) x = 0.3 in
MS frit and (1 − x) CAS frit (c) x = 0.1 and (d) x = 0.3 in wt%.
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nto diopside and anorthite at 900 ◦C after 3.5 min. This was con-
rmed by XRD, as shown in Fig. 6(a). However, crystallization
f the mixed frit fired at 900 ◦C occurred immediately, which
ight be due to experimental error. The XRD patterns of the
ixed frit, which was fired at 900 ◦C for 20 min, show two crys-

alline phases, anorthite and diopside. The anorthite and diopside
how significantly different XRD intensities, which suggests that
northite crystal growth begins within 20 min.

Fortunately, there was no noticeable crystal phase in the XRD
atterns of the mixed frit containing 0.1 CMS frit and 0.9 CAS frit
red at 900 ◦C for 0 min (Fig. 6b). This agrees with the isother-
al DTA curve that the onset point of crystallization (T02), i.e.

he formation of anorthite, appears after 4.33 min. Therefore,
he mixed frit containing CMS and CAS frits (in wt%) should be
ssociated with the onset point of crystallization.

Fig. 7 shows a schematic model of the effect of the onset point
f crystallization with the microstructure based on the present
esults. The mixing ratio of the frits contributed to the changes in
02. In addition, the anorthite content in the frits fired at 900 ◦C
or 1 h was dependent on the CMS: CAS ratio. With increasing
emperature, the CMS frit transformed to a glass matrix in the

ixed frits due to the lower Tg than the CAS frit, which had
elted into the glass matrix. The melted CAS frit affects the

rystallization of diopside. In the melted frits, there are chemical
eactions between the melted frits, which results in the later
ormation of diopside compared with the CMS frit. After the
ormation of diopside, the residual glass from the melted CMS
rit contributes to the formation of anorthite. Moreover, crystal
rowth occurs after the formation of anorthite and diopside. The
ize of the crystals is dependent on the rate of crystal growth. If
he rate of crystal growth is the same at any condition, the size of
he crystals would be determined by the time of crystallization.
ig. 7(c) and (d) shows that the microstructure of the fired frit
t 900 ◦C for 1 h with the ratio of the frits is the same as that
hown in the schematic model.

DTA, XRD and SEM showed that the microstructure of the
lass–ceramic was dependent on the onset point of crystalliza-
ion. Furthermore, the onset points of crystallization could be

etermined using a deconvoluted method with a Gauss func-
ion. Therefore, thermal analysis can be used to predict the

icrostructure of the glass–ceramic in LTCC materials with a
omplex microstructure.

[
[

[
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. Conclusion

Multicrystalline phases for high strength LTCC materials
ere examined by DTA, XRD and SEM. Based on these results,

n invisible onset point of crystallization was observed in the
symmetrical DTA curves using a deconvoluting method with a
auss function. We propose a schematic model for the effect of

he onset point of crystallization on a complex microstructure of
wo frits, which had crystallized to anorthite and diopside. This

odel can predict the complex microstructure in high strength
TCC materials using thermal analysis.
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