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Abstract

A lead-free, non-alkali La2O3–Al2O3–B2O3 (LAB) glass with Al2O3 filler had been investigated for low temperature co-firing ceramic (LTCC)
application. The glass forming window and several physical properties of the LAB systems were investigated by ICP, TMA, XRD, DSC,
and SEM/EDS. The results show that the densification and crystallization temperatures of LAB/Al2O3 were between 700◦C and 950◦C and
depended greatly on the formulation. Crystalline phase LaBO3 (LB) and LaAl2B3O9 (L2A3B) crystallized starting at 825◦C and 925◦C,
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espectively. High degree of densification and crystallization of one glass–Al2O3 composition (L30A) was observed with the microstruc
omposed of tabular L2A3B grains interlocking with submicron Al2O3 and LB grains.
2004 Elsevier Ltd. All rights reserved.

eywords: Glass–ceramics; La2O3; Al2O3; B2O3; Wetting; Densification

. Introduction

Wireless communication has grown rapidly in the past few
ears. High circuit density packages for miniaturization and
or lightweight integrated electronic assembly are required.
TCC technology offers the possibility to produce compact
ultilayer structures with buried passive components.1,2 For

hese reasons, the fabrication of LTCC substrate which relies
n the properties of low-melting glassy materials has been
uch investigated.
Glass–ceramics are polycrystalline materials prepared by

he controlled crystallization of highly viscous glass melts,3

hich show wide capability of shape forming. Their proper-
ies depend on the glass composition, on the percentage of
rystal phases formed, and on the composition of the residual
lass and porosity. Therefore, the determination of the degree
f crystallization and the investigation of the transformation
f the parent glass are very important.4,5

∗ Corresponding author. Fax: +886 2 2363 2684.

Some studies of the atomic structures of lanthanob
glasses have been reported.6,7 La2O3 has a beneficial effe
on the water resistance of alkaline-earth borate op
glasses. Improved durability, high glass-transition temp
tures (>600◦C), and expected low electrical conductivit
and gas diffusivities make La2O3–MO–BO3 glasses attrac
tive candidate materials for specialized hermetic-sea
applications. On the other hand, Levin et al.8 reported the
system of La2O3–B2O3 and also showed the phase diag
containing 3La2O3·B2O3 (3LB), La2O3·B2O3 (LB), and
La2O3·3B2O3 (L3B) compounds. There is liquid phase w
a composition near L3B. The boron-rich melt can be for
as low as 1132± 5◦C. Very limited information about th
glass-forming or crystal regions has been produced. Th
no complete ternary phase diagram of La2O3–Al2O3–B2O3
available in the literature.8,9

Because of the high melting temperature of the Al2O3
grains involved in the LTCC substrate, a sintering proce
necessary to transform the LTCC tape to a dense produc
contact angle of the glass on the Al2O3 grain surface, whic
determines the extent of wetting, will depend on both
E-mail address: wjwei@ccms.ntu.edu.tw (W.-C.J. Wei). material characteristics of the glass and the surface properties
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of the solid. Furthermore, as the temperature decreases, glass
vitrification may be initiated.

The fabrication of glass–ceramic substrates involves pow-
der preparation and shape-forming steps, followed by sinter-
ing and crystallization by appropriate heat treatments. The
character of sintering and the following crystallization in
LAB glass–ceramics thus are interesting and important for
the development of a glass–ceramic system. The present work
seeks a better understanding on the synthesis of chemically
homogeneous LAB glasses and LAB/Al2O3 glass–ceramics,
including the thermal properties, compositional distribution,
wetting measurement, and crystalline behavior. The effect of
temperature on the fabrication and crystallization of the LAB
system is investigated over a broad temperature interval up
to 900◦C.

2. Experimental procedure

2.1. Glass powder

The starting materials included Al2O3, La2O3, and B2O3
powders. The Al2O3 powder was high purity APA-0.2
(99.97%, Ceralox Co., Arizona, USA) with a BET surface
area of 34.0 m2/g and an average particle size around 60 nm.
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ing temperature of the mixture was set at 1350◦C owing to
some Al2O3 particles possibly remaining in the LAB glass if
the melting was limited to 1300◦C for 1 h. After the 1350◦C
treatment, the melts were poured out from the Pt crucible and
directly quenched on a Cu plate in air. The glass was ground
by ball-milling with alumina grinding media. The glass sam-
ple was amorphous by XRD, with no crystalline phase (Al2O3
contamination) being observed. The batch composition of
melted glasses was measured by ICP, showing B2O3 con-
tent reduced by 2–3%, and Al2O3 increased by <1% with
respect to the pre-melt composition. The reduction of B2O3
might be a result of sublimation or evaporation during the
high-temperature melting (1350◦C).

2.2. Shrinkage measurement

For the measurement of sintering, the sample should have
a cross section of not more than 28 mm× 28 mm with a max-
imum height of 4.5 mm. An optical dilatometer (Nabatherm,
model HT 04/17s, Germany) was used with two cameras for
the direct observation of the sintering behavior. The same in-
strument was used to measure the wetting angle. The LAB
die-pressed blocks were placed on a flat and polished alu-
mina plate (99.9%,�-Al2O3, surface roughness (Ra) 60 nm,
average grain size 2.2�m). The sintering behavior was, in
addition, analyzed by using a thermal mechanical analyzer
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a2O3 (99.99%, Ya-Guang Co., Chang Sha Corp., Chin
izes less than 325 mesh was used. B2O3 powder (99% pure
40 mesh, ACROS Organics, New Jersey, USA) toge
ith Al2O3 and La2O3 was dispersed in ethanol. After be
ixed for 6 h, the slurries were dried in an oven at 105◦C for
4 h.

The raw powders were weighed according to the com
itions shown inFig. 1 to an accuracy of±0.2%. The melt

ig. 1. Ternary compositional diagram of LAB system showing the c
alline conditions of the glasses prepared at 1350◦C/1 h in air.
TMA, SETSYS TMA16/18, SETRAM Co., France), whi
ould operate at temperature up to 1700◦C in atmosphere
he linear expansion or shrinkage of these specimens
ecorded. DSC (Netzch DSC404, Germany) was also
ucted up to 1050◦C in an air furnace.

.3. Phase identification and microstructural
haracterization

The phases of LAB glass or LAB–Al2O3 glass–ceramic
ere identified by an X-ray diffractometer (Philips PW17
hilips Co., Netherlands). The morphologies of the polis
urfaces were analyzed by scanning electron micros
Leo Instrument 1530, UK) equipped with an X-ray ene
ispersive spectroscopy (EDS, DX-4, EDAX Co., USA).

. Results and discussion

.1. Preparation of LAB glass

Fig. 1shows the compositional diagram of LAB (La2O3,
l 2O3 and B2O3) system examined in this investigation. T
omposition region with filled squares formed transpa
lasses when the specimen was quenched in air after m
t 1350◦C for 1 h. On the other hand, the other comp

ions showed partially crystallization (as determined by
ay diffraction). In the line I of the ternary diagram, the ra
f La2O3 to Al2O3 was kept constant (molar ratio 1.0). Lin

I and III mean the glass compositions prepared in a pro
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Fig. 2. Optical images of various glasses (a) L1; (b) L2; (c) L3; and (d) L10 on Al2O3 wafer, showing the wetting behaviors tested at 850◦C Glass samples,
L4 and L5, showed similar images as that of the glass L3.

tion of Al2O3 mixed with La2O3·3B2O3 and La2O3·B2O3,
respectively. The B2O3 used as a glass former could increase
the fluidity of the glass. In order to reduce the sintering tem-
perature and dielectric constant, the Al2O3 content in the
glass formulation was selected lower than 30 mol% (line IV),
as shown inFig. 1.

Different crystalline phases were founded in the for-
mulations. As the heat treatment was conducted, several
crystalline phases (�-Al2O3, LaBO3, Al22La2O36) could
nucleate from the glassy matrix by the help of the high-
melting-temperature ingredients La2O3 and Al2O3. Two
phases,�-Al2O3 and LaBO3, were found in the sam-
ples L6–L8, L10, and L13–L16. However, L9 showed
�-Al2O3 and minor Al22La2O36 phase. Basically, the
Al22La2O36 phase could be produced in the Al-rich
composition according to Al2O3–La2O3 phase diagram.
Several possibilities are responsible for the formation of
the Al22La2O36 phase. The phase is the final product of the
reaction between Al2O3 with La–B–glass by the peritectic
reaction:

13Al2O3 + 2LaBO3 → Al22La2O36+ Al4B2O9 (1)

Because Al4B2O9 was not identified, the first reaction could
be the one occurred at 1350◦C.
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The results of optical dilatometric measurement are sum-
marized inFig. 3. It is essential to have glass wetting at the
ceramic filler at the sintering temperature, e.g.,≤900◦C for
LTCC application. InFig. 3(a), the LAB glasses could be

Fig. 3. (a) Contact angle of LAB glasses as a function of the holding tem-
perature in air and (b) wetting behaviors of various glasses (L1, L2, L3, L4
and L5) on Al2O3 wafer at 800◦C, 850◦C, or 900◦C in air. The variation
of the contact angle measurement is±3◦.
.2. Wetting behaviors of LAB glasses

In order to find out an appropriate composition and sin
ng temperature for the glass for LTCC, the details of
hrinkage and morphological change of the LAB gla
n the temperatures ranging from 750◦C to 900◦C were
ecorded by optical dilatometry. A few typical images
hown inFig. 2. Basically, these glassy specimens could m
n an Al2O3 plate and shrink as the temperature reac
50◦C.

Basically, the L1 and L2 glasses wetted well on the Al2O3
late. The wetting was apparent from 720◦C to 900◦C. It
as noted in contrast that the shape of the L10 sample
ad no change even at 850◦C. The compositions, e.g., L
15 and L10, were accordingly inappropriate in prepa

he mixture of glass–ceramics.
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Fig. 4. (a) Optical and (b) SEM pictures illustrating the morphologies of L2 glass on Al2O3 wafer after tested at 850◦C.

separated into two categories by the definition of wetting
(θ < 90◦) and non-wetting (θ ≥ 90◦). So L1, L12, and some
extent of L2 show good wettability at temperatures greater
than 800◦C. On the contrary, L3, L4, L5 and L10 appear poor
wetting.

A set of typical optical and SEM micrographs of L2 glasses
melted on Al2O3 at 850◦C are shown inFig. 4. Those show
the nearly dense morphology decorated with tiny pores on
the surface (Fig. 4(b)). In contrast, L1 and L12 specimens
show different morphology, i.e., cracks, on the top surface.
These cracks extend to several hundred micrometers. Such
defect would result in many problems, such as poor density
and poor dielectric properties. Similar poor features were
observed near the interface between the L1 and L12 glasses
and the Al2O3 substrate.

In general, the B2O3 modifier could increase the fluidity
of the glass and the pores were correspondingly coalesced
during melting. In addition, increase of the B2O3 content
can lower the dielectric constant of the sample. However, the
vaporization of B2O3 and the possible cracking induced by
glass reaction may degrade the sintering properties. Appar-
ently, the contact angles of LAB glasses show temperature-
and B2O3-dependence. On the other hand, Al2O3 is used as
a filler to improve the mechanical strength of the glass. It is
necessary to find a compromise for the contents of B2O3 and
Al O in the fabrication of LTCC materials. Therefore, the
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Fig. 5. DSC curve of L2 glass powder tested at a heating rate of 10◦C/min;
depictingTg: transition temperature (or onset of viscous-flow);To: onset
temperature andTp: peak temperature in the diagram.

Fig. 6. Differential TMA curves showing the shrinkage rate of LAB glasses
as a function of temperature with a load of 10 gf (1.2 kPa) and a heating rate
of 10◦C/min to 900◦C in air.Tvs is the temperature of maximum shrinkage
rate.
2 3
2 glass (La2O3:10%, Al2O3:10%, B2O3:80%) is preferre

n this study.

.3. Thermal behavior

Thermal analysis of various LAB glass is shown
igs. 5–7. Fig. 5 shows the DSC result of amorphous
lass at a heating rate of 10◦C/min tested in air. Distinc
lass-transition (first endothermic peak) and exothermic

allization of L2 sample are observed from the curve. The
othermic reaction at 697◦C in the DSC curve correspon

o the glass-transition temperature (Tg). The first exother
ic peak depicts the onset temperature of crystallizationTo)
t 822◦C. The crystallization peak temperature is at 840◦C
Tp).
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The shrinkage results of seven glasses are shown inFig. 6.
The DTMA curves represent the derivative of the displace-
ment with respect to sintering time under a continuous heat-
ing rate of 10◦C/min. The threshold temperature 685◦C
of the L2 curve (nearly equal toTg in Fig. 5) is marked
on the TMA curve inFig. 6. The onset of viscous-flow
is consistent with theTg (697◦C). The maximum shrink-
age rate temperature,Tvs (785◦C) is also marked on the
DTMA curve. There is a processing region from 785◦C
to 822◦C, which can be utilized for liquid phase (viscous)
sintering.

3.4. Effects of Al2O3 filler

In order to understand the interaction and effect of Al2O3
filler to the glass matrix, two fundamental tests were con-
ducted. First, a linear shrinkage of the glass–ceramic as a
function of heating temperature for the L30A (glass with
30% Al2O3), L40A and L50A was measured, as shown in
Fig. 7. The L40A and L50A show two-step shrinkage, and
display different linear shrinkages of 14.1% and 9.9%, re-
spectively. We thought that the shrinkage of L40A and L50A
in the early stages of sintering at temperatures between the
Tg (glass-transition temperature) andTvs (maximum shrink-
age rate temperature) should bring about insignificant shrink-
age. Initially, the sintering might reduce the capillary driving
f een
t
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L final
s
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Fig. 8. Density and densification factor (DF) of L30A, L40A and L50A
as a function of sintering temperature. The sintering was conducted all for
30 min.

Fig. 9. XRD spectra of the L30A glass–ceramics heat-treated at different
temperatures for 30 min in air.
orce for densification first by increasing the necking betw
he glass particles. As the amount of Al2O3 filler is ≥40%,
he melting glass could not wet the Al2O3 particles com
letely, and the Al2O3 particles therefore move and rearra
lowly. Fast shrinkage of L40 and L50 is hence delayed.
30A shows in contrast only one-step shrinkage and the
hrinkage is 19.3%.

ig. 7. TMA dilatometric curves of three glass–ceramic samples sho
he linear shrinkage of the specimens plotted against sintering tempe
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Fig. 10. SEM micrographs imaging by BSE mode showing the microstructure of the L30A sintered at 850◦C for 30 min in air. The description of pores, Al2O3

filler, LaBO3 and LaAl2B3O9 is shown in the text.

The dilatometric curves suggested that the sudden stop in
the final stage of shrinkage (above 820◦C) corresponded to
the crystallization of a new phase. The temperature 690◦C led
to rapid particle rearrangement during liquid phase sintering
of the L2–glass–ceramic. On the other hand, the L40A and
L50A commenced apparent sintering at around 790◦C. As a
consequence, the sintering of L40A and L50A was stopped
and their densification was not completed. The L30A com-
position showed the lowest initial sintering temperature and
extended shrinkage in this study.

Fig. 8shows the densification results of different compo-
sitions (L30A, L40A and L50A) sintered either at 675◦C or
at the temperatures up to 950◦C for 30 min. A nearly full
density (98.6%Dth) of L30A can be obtained at 850◦C. In
order to compare the densification behavior among different

specimens, a densification factor (DF) was introduced.10

DF = Db − Dg

Dth − Dg
(2)

whereDb is the bulk density of the sintered sample,Dg is
the green density andDth is the theoretical density of the
composite calculated by the mixing rule. The DF is shown in
Fig. 8for the samples sintered at temperatures from 675◦C to
950◦C. The densification factor of L30A was 0.97. The DF
increased rapidly initially and then leveled to a value close to
1.0.

The densification pattern of L30A and L40A is different
from that of L50A. The densification of L30A is owing to
viscous-flow, resulting in coalescence of filler particles and
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the remove of pores in the compact bodies. Therefore, the ra-
tio between glass/filler and the wetting/viscosity of the glass
has a great influence on the densification behavior. Therefore,
L30A appears the optimal composition that promises a good
densification at 850◦C in 30 min.

3.5. Phase and microstructural evolution of L30A
sample

In order to verify the dependence of crystallization on tem-
perature, a series of XRD tests for L30A glass–ceramics was
conducted, as represented inFig. 9. Except for the�-Al2O3
phase, no crystalline peaks were identified in the green L30A
sample. As the temperature increased, an additional crys-
talline phase, LaBO3, found at temperatures from 825◦C to
925◦C (i.e., aboveTo). Moreover, a LaAl2B3O9 phase started
to form above 925◦C, but the LaBO3 peaks became weaker.
The formation of LaAl2B3O9 (L2A3B) might involve the
reaction of Al2O3 grains with La–B–O glass or with the
LaBO3 phase. The dissolution of Al2O3 in the glass matrix
or the reaction with LaBO3 at higher firing temperature is
possible.

Two magnified back-scattered electron (BSE) images of
a polished surface of the L30A sample are shown inFig. 10.
The particle size and morphologies of the Al2O3 grain appear
as the darkest contrast, as proven by EDS analysis. Besides,
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3. The wetting behavior of the LAB glasses up to 900◦C
has been investigated. The L2 (La2O3: 10%, Al2O3: 10%,
B2O3: 80%) glass showed an optimal wetting behavior in
the ternary LAB system.

4. The L2 glass mixed with 30 mass% of Al2O3 filler (L30A)
was the best composition for 850◦C sintering. The sin-
tering behavior could reach 98.6%Dth and 19.3% linear
shrinkage at 850◦C for 30 min.

5. Two crystalline phases, LaBO3 and LaAl2B3O9, were
crystallized in the L30A glass–ceramic during sintering
at≥825◦C and≥925◦C, respectively.

6. The microstructure of L30A sintered at 850◦C showed
that tabular LaAl2B3O4, equiaxial Al2O3 and LaBO3
grains formed an interlocking microstructure. Very lit-
tle glass was found in the sintered glass–ceramic
sample.
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. Conclusions

The La2O3/Al2O3/B2O3-based glass–ceramic system
een fabricated and investigated. Appropriate glass me

emperature and formulation were determined and sele
ense glass–ceramic bulky samples could be prepare
ensity better than 98%. The results can be summariz

ollows:

. The processing window of the LAB glasses with co
positions of Al2O3 less than 30 mol%, La2O3 less than
25 mol%, and B2O3 more than 70% were used. So
crystalline phases, including�-Al2O3, LaBO3, Al4B2O9,
and Al22La2O32 were identified in the LAB formulatio
at 1350◦C.

. The initial shrinkage temperature of the LAB glas
could be as low as 690◦C, and was dependent on
content of B2O3.
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