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Abstract

Alead-free, non-alkali LgO;—Al,03—B,0; (LAB) glass with ALO; 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 }@BMsre between 700C and 950C and
depended greatly on the formulation. Crystalline phase La@&®) and LaALB3;Og (L2A3B) crystallized starting at 82%C and 925C,
respectively. High degree of densification and crystallization of one glag®sAbmposition (L30A) was observed with the microstructure
composed of tabular L2A3B grains interlocking with submicrop@ and LB grains.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Glass—ceramics; L®3; Al,03; B2,Os; Wetting; Densification

1. Introduction Some studies of the atomic structures of lanthanoborate
glasses have been reporfetiLa,Os has a beneficial effect
Wireless communication has grown rapidly inthe pastfew on the water resistance of alkaline-earth borate optical
years. High circuit density packages for miniaturization and glasses. Improved durability, high glass-transition tempera-
for lightweight integrated electronic assembly are required. tures (>600C), and expected low electrical conductivities
LTCC technology offers the possibility to produce compact and gas diffusivities make L&3—MO-BO; glasses attrac-
multilayer structures with buried passive componérft&or tive candidate materials for specialized hermetic-sealing
these reasons, the fabrication of LTCC substrate which reliesapplications. On the other hand, Levin efakeported the
on the properties of low-melting glassy materials has been system of LaO3—B,03 and also showed the phase diagram
much investigated. containing 3LaO3-B20O3 (3LB), Lay03-B,03 (LB), and
Glass—ceramics are polycrystalline materials prepared byLa,O3-3B,03 (L3B) compounds. There is liquid phase with
the controlled crystallization of highly viscous glass mélts, a composition near L3B. The boron-rich melt can be formed
which show wide capability of shape forming. Their proper- as low as 1132 5°C. Very limited information about the
ties depend on the glass composition, on the percentage ofjlass-forming or crystal regions has been produced. There is
crystal phases formed, and on the composition of the residualno complete ternary phase diagram 0f0g—Al,03—B203
glass and porosity. Therefore, the determination of the degreeavailable in the literatur&?
of crystallization and the investigation of the transformation Because of the high melting temperature of the@y
of the parent glass are very import4r. grains involved in the LTCC substrate, a sintering process is
necessary to transform the LTCC tape to a dense product. The
contact angle of the glass on the;® grain surface, which
* Corresponding author. Fax: +886 2 2363 2684. determines the extent of wetting, will depend on both the
E-mail address: wiwei@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, glassg temperature of the mixture was set at 1360owing to

vitrification may be initiated. some ApOs particles possibly remaining in the LAB glass if
The fabrication of glass—ceramic substrates involves pow- the melting was limited to 1300C for 1 h. After the 1350C

der preparation and shape-forming steps, followed by sinter-treatment, the melts were poured out from the Pt crucible and

ing and crystallization by appropriate heat treatments. The directly quenched on a Cu plate in air. The glass was ground

character of sintering and the following crystallization in by ball-milling with alumina grinding media. The glass sam-

LAB glass—ceramics thus are interesting and important for ple was amorphous by XRD, with no crystalline phase (4|

the development of a glass—ceramic system. The presentworlcontamination) being observed. The batch composition of

seeks a better understanding on the synthesis of chemicallymelted glasses was measured by ICP, showip@sBcon-

homogeneous LAB glasses and LAB$8); glass—ceramics,  tent reduced by 2—3%, and ADs increased by <1% with

including the thermal properties, compositional distribution, respect to the pre-melt composition. The reduction §DB

wetting measurement, and crystalline behavior. The effect of might be a result of sublimation or evaporation during the

temperature on the fabrication and crystallization of the LAB high-temperature melting (135C).

system is investigated over a broad temperature interval up

to 900°C. 2.2. Shrinkage measurement

For the measurement of sintering, the sample should have

2. Experimental procedure a cross section of not more than 28 mn28 mm with a max-
imum height of 4.5 mm. An optical dilatometer (Nabatherm,
2.1. Glass powder model HT 04/17s, Germany) was used with two cameras for
the direct observation of the sintering behavior. The same in-
The starting materials included AD3, La,O3, and BO3 strument was used to measure the wetting angle. The LAB

powders. The AIOs powder was high purity APA-0.2  die-pressed blocks were placed on a flat and polished alu-
(99.97%, Ceralox Co., Arizona, USA) with a BET surface mina plate (99.9%«-Al 203, surface roughnes®4) 60 nm,
area of 34.0 fig and an average particle size around 60 nm. average grain size 2j2m). The sintering behavior was, in
Lap,O3 (99.99%, Ya-Guang Co., Chang Sha Corp., China) in addition, analyzed by using a thermal mechanical analyzer
sizes less than 325 mesh was usefBpowder (99% pure, (TMA, SETSYS TMA16/18, SETRAM Co., France), which
—40mesh, ACROS Organics, New Jersey, USA) together could operate at temperature up to 1700in atmosphere.
with Al,03 and LgO3 was dispersed in ethanol. After being The linear expansion or shrinkage of these specimens was
mixed for 6 h, the slurries were dried in an oven at 105or recorded. DSC (Netzch DSC404, Germany) was also con-
24n. ducted up to 1050C in an air furnace.

The raw powders were weighed according to the compo-
sitions shown irFig. 1to an accuracy 0f0.2%. The melt- ~ 2.3. Phase identification and microstructural

characterization
B,0 .
L - i The phases of LAB glass or LAB—AD; glass—ceramics
R ALB,0, + Al La,Os —— were identified by an X-ray diffractometer (Philips PW1710,
B Alla,05 + a-AlLO, 30 mol% ALD, Philips Co., Netherlands). The morphologies of the polished

0.8
La;033B,0,

surfaces were analyzed by scanning electron microscopy
(Leo Instrument 1530, UK) equipped with an X-ray energy
dispersive spectroscopy (EDS, DX-4, EDAX Co., USA).

3. Results and discussion
3.1. Preparation of LAB glass

Fig. 1shows the compositional diagram of LAB (@3,
Al,03 and BO3) system examined in this investigation. The
NP composition region with filled squares formed transparent
La,0, 1' c'a 0'6 Lanio, 0'4 ' 0'51AI20;13203(|]A|203 glasses when the specimen was quenched in air after melting

' Mole Fraction (mol%) ' at 1350°C for 1 h. On the other hand, the other composi-

tions showed partially crystallization (as determined by X-

ray diffraction). In the line | of the ternary diagram, the ratio

Fig. 1. Ternary compositional diagram of LAB system showing the crys- Of L8203 to Al,03 was kept constant (molar ratio 1.0). Lines
talline conditions of the glasses prepared at 1350 h in air. Il and Il mean the glass compositions prepared in a propor-
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(c) L3

(d)L10

Fig. 2. Optical images of various glasses (a) L1; (b) L2; (c) L3; and (d) L10 e@Alvafer, showing the wetting behaviors tested at 85@lass samples,
L4 and L5, showed similar images as that of the glass L3.

tion of Al,O3 mixed with La03-3B,03 and La03-B»0s3,
respectively. The BO3 used as a glass former could increase
the fluidity of the glass. In order to reduce the sintering tem-
perature and dielectric constant, the®4 content in the
glass formulation was selected lower than 30 mol% (line IV),

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, esg900°C for
LTCC application. InFig. 3@a), the LAB glasses could be

as shown irFig. 1 160
Different crystalline phases were founded in the for- 1
mulations. As the heat treatment was conducted, several 140 1
crystalline phasesafAl2O3, LaBOs, AlxolaxOs6) could N 7 .
nucleate from the glassy matrix by the help of the high- T 120__ S
melting-temperature ingredients 4@z and AbOs3. Two 2 400
phases,a-Al2,03 and LaBQ@, were found in the sam- g {hen-yeting
ples L6-L8, L10, and L13-L16. However, L9 showed £ 80~
a-Al203 and minor ApoLa,Os3s phase. Basically, the 8 7
Al2oLaxO36 phase could be produced in the Al-rich o ]
composition according to ADs—LayOs3 phase diagram. 40
Several possibilities are responsible for the formation of )
the AlpsLaxO36 phase. The phase is the final product of the 20
reaction between AD3 with La—B—glass by the peritectic 1
reaction: 0720 " 80 840 880 920
(a) Temperature (°C)
13Al203 +2LaB0z — Al22La2036+ Al4B20g 1) 160 LABOS LAB 04 LAB03 LABO02 LAB 01
N ; ; I I 1
Because AIB,Og was not identified, the first reaction could - _' i i 3
be the one occurred at 1350. | | |
~ 1201 K 1]
— | |
3.2. Wetting behaviors of LAB glasses o 100 - ) | :
(= non-wetting
E T wetting ;
In order to find out an appropriate composition and sinter- g 87 |
ing temperature for the glass for LTCC, the details of the 5 i :
shrinkage and morphological change of the LAB glasses \ :
in the temperatures ranging from 750 to 900°C were !
recorded by optical dilatometry. A few typical images are ®800°C ‘
shown inFig. 2 Basically, these glassy specimens could melt # 85070 !
on an AbOs plate and shrink as the temperature reaching s
850°C. G‘05 lO:SSI 0I6 IGIBS' D]T I(JIT’SI UIB IO:BSI OaQ |095
Basically, the L1 and L2 glasses wetted well on the@y (b) Content of B,0, (mol%)

plate. The wetting was apparent from 72ZDto 900°C. It
was noted in contrast that the shape of the L10 sample block
had no change even at 830. The compositions, e.g., L5,

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

L15 and L10, were accordingly inappropriate in preparing and L5) on AbOs wafer at 800C, 850°C, or 900°C in air. The variation

the mixture of glass—ceramics.

of the contact angle measurement-3°.
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Mag= 80X  EHT=1500kv
WD=_ 8mm Signal A = QBSD L2-glass
e LG o S

Fig. 4. (a) Optical and (b) SEM pictures illustrating the morphologies of L2 glass gh:Alafer after tested at 85C.

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

A setoftypical optical and SEM micrographs of L2 glasses
melted on AbO3 at 850°C are shown irFig. 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. 5 -
These cracks extend to several hundred micrometers. Such T
defect would result in many problems, such as poor density Q
and poor dielectric properties. Similar poor features were & .7 ‘———=——F==F——1——————T——1—
observed near the interface between the L1 and L12 glasses 0 100 200 300 400 500 60O 700 80O 900 1000 1100
and the ApO3 substrate. Temperature (°C)

In general, the BO3 modifier could increase the fluidity
of the glass and the pores were correspondingly coalesce
during melting. In addition, increase of the®z content
can lower the dielectric constant of the sample. However, the
vaporization of BOs and the possible cracking induced by
glass reaction may degrade the sintering properties. Appar-
ently, the contact angles of LAB glasses show temperature- 40 ]
and B0Os-dependence. On the other hand,@®4 is used as 400
a filler to improve the mechanical strength of the glass. It is
necessary to find a compromise for the contentsy@$and
Al>0O3 in the fabrication of LTCC materials. Therefore, the
L2 glass (La0O3:10%, AbO3:10%, B,0O3:80%) is preferred
in this study.

Ty = 697°C

T, =822°C

<+— Heat flow (mW/mg)— EXO

o)

1 ‘ L2 glass: To - Tg = 125°C

d:ig. 5. DSC curve of L2 glass powder tested at a heating rate o€Afin;
depicting Ty: transition temperature (or onset of viscous-flo#); onset
temperature and@ly: peak temperature in the diagram.

= T86°C(L2)

3.3. Thermal behavior

Displacement Rate (um/min)

Thermal analysis of various LAB glass is shown in 50
Figs. 57 Fig. 5 shows the DSC result of amorphous L2
glass at a heating rate of 1G/min tested in air. Distinct L r,= essocia)
glass-transition (first endothermic peak) and exothermic crys- -50 e
tallization of L2 sample are observed from the curve. The en- 640 880 720 760 800 840 880 920
dothermic reaction at 69C in the DSC curve corresponds JomperatarEict)

to' the glass-'fransmon temperaturgy). The first e?(other- Fig. 6. Differential TMA curves showing the shrinkage rate of LAB glasses
mic peak depicts the O_nselt temperature of Cry5t3:|||zaﬁ9h ( asafunction of temperature with a load of 10 gf (1.2 kPa) and a heating rate
at 822°C. The crystallization peak temperature is at 880  of 10°C/min to 900°C in air. Tys is the temperature of maximum shrinkage

(Ty). rate.

0
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The shrinkage results of seven glasses are showigirb.

100

The DTMA curves represent the derivative of the displace- 2] [ o5

ment with respect to sintering time under a continuous heat- 4 g [ %0
ing rate of 100C/min. The threshold temperature 685 1 - -
of the L2 curve (nearly equal tdy in Fig. 5 is marked §1'6__ r% g
on the TMA curve inFig. 6. The onset of viscous-flow 51-4 7 : I 80 2
is consistent with they (697°C). The maximum shrink- 540 : L5 £
age rate temperaturé,s (785°C) is also marked on the § 1 ! L 7o g
DTMA curve. There is a processing region from 785 £ ] ’,———J."—ﬂ“—- (o5 2
to 822°C, which can be utilized for liquid phase (viscous) go.s - g = —“ID“ TG --g - %
sintering. A o [%0 @

. ‘e._ i | (Dgreen = 1.86 giem® [ 5%

3.4. Effects of AlO; filler S e

0.2 | |Dgn(L40A) = 3.65 glem3|L- 45

In order to understand the interaction and effect iy o i Cull P24 Z3 9T 40

filler to the glass matrix, two fundamental tests were con- 850 700 750 800 850 900 950 1000

ducted. First, a linear shrinkage of the glass—ceramic as a
function of heating temperature for the L30A (glass with
30% Al,O3), L40A and L50A was measured, as shown in Fig. 8. Density and densification factor (DF) of L30A, L40A and L50A
Fig. 7. The L40A and L50A show two-step shrinkage, and as a function of sintering temperature. The sintering was conducted all for
display different linear shrinkages of 14.1% and 9.9%, re- 30min.

spectively. We thought that the shrinkage of L40A and L50A
in the early stages of sintering at temperatures between the
Ty (glass-transition temperature) afigh (maximum shrink-

age rate temperature) should bring about insignificant shrink-
age. Initially, the sintering might reduce the capillary driving

Temperature (°C)

force for densification first by increasing the necking between
the glass particles. As the amount of,8% filler is >40%,
the melting glass could not wet the A&); particles com-
pletely, and the AlO3 particles therefore move and rearrange /| i
slowly. Fast shrinkage of L40 and L50 is hence delayed. The  |aLaalg.0,
L30A shows in contrast only one-step shrinkage and the final
shrinkage is 19.3%. 3 925%C
=
;)
2 3
< \ =
I [P p—— — = 875%
2+
£
L -6
% 4
X -8 4
£ 1
&7 | ﬁ 775%
s 127 Ste
1 p1 |Step2 | Smax
2 -14 - |L30A|B90°C| -- 19.3%
g 4 | L40A|700°C|770°C [14.1% 725°C
-16 - | L50A[705°C|795°C | 9.9%
-18 - (= LAB/30AIp0q
1 | — LAB/40AI203 - green L30A
20 7| - - LAB/50AI,05 L
R T T T T T T T T T ke e
0 100 200 300 400 500 600 700 800 900 1000 10 20 30 40 50 50 70 80 90
Temperature (°C) 260

Fig. 7. TMA dilatometric curves of three glass—ceramic samples showing Fig. 9. XRD spectra of the L30A glass—ceramics heat-treated at different
the linear shrinkage of the specimens plotted against sintering temperature temperatures for 30 min in air.
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G

Mag= 3.00KX  EHT = 15.00 kV
WD= 9mm Signal A = QBSD

S~1aAl,B40,

N g Rl

Mag= 10.00 KX  EHT =15.00 kV

WD= 8mm Signal A= QBSD
(b) T IS S

Fig. 10. SEM micrographs imaging by BSE mode showing the microstructure of the L30A sintered &#®530 min in air. The description of pores,&)3
filler, LaBO3 and LaAbB3QOg is shown in the text.

The dilatometric curves suggested that the sudden stop inspecimens, a densification factor (DF) was introdutd.
the final stage of shrinkage (above 8%%) corresponded to

the crystallization of a new phase. The temperature’€ded _ Dp— Dy @
to rapid particle rearrangement during liquid phase sintering " D — Dy

of the L2—glass—ceramic. On the other hand, the L40A and
L50A commenced apparent sintering at aroundT@0As a whereDy, is the bulk density of the sintered sampi®, is
consequence, the sintering of L40A and L50A was stopped the green density anBy, is the theoretical density of the
and their densification was not completed. The L30A com- composite calculated by the mixing rule. The DF is shown in
position showed the lowest initial sintering temperature and Fig. 8for the samples sintered at temperatures from"&7t®
extended shrinkage in this study. 950°C. The densification factor of L30A was 0.97. The DF
Fig. 8 shows the densification results of different compo- increased rapidly initially and then leveled to a value close to
sitions (L30A, L40A and L50A) sintered either at 675 or 1.0.
at the temperatures up to 950 for 30 min. A nearly full The densification pattern of L30A and L40A is different
density (98.6%Dy,) of L30A can be obtained at 85C. In from that of L50A. The densification of L30A is owing to
order to compare the densification behavior among different viscous-flow, resulting in coalescence of filler particles and
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the remove of pores in the compact bodies. Therefore, the ra-3. The wetting behavior of the LAB glasses up to 900
tio between glass/filler and the wetting/viscosity of the glass  has been investigated. The L2 ((g: 10%, AL O3: 10%,
has a greatinfluence on the densification behavior. Therefore, B20s3: 80%) glass showed an optimal wetting behavior in
L30A appears the optimal composition that promises agood the ternary LAB system.

densification at 850C in 30 min. 4. The L2 glass mixed with 30 mass% ob&; filler (L30A)

was the best composition for 85Q sintering. The sin-
3.5. Phase and microstructural evolution of L30A tering behavior could reach 98.68%, and 19.3% linear
sample shrinkage at 850C for 30 min.

5. Two crystalline phases, LaBCand LaAbB3Og, were
In order to verify the dependence of crystallization on tem- crystallized in the L30A glass—ceramic during sintering
perature, a series of XRD tests for L30A glass—ceramics was at>825°C and>925°C, respectively.

conducted, as representedHig. 9. Except for thex-Al203 6. The microstructure of L30A sintered at 83D showed

phase, no crystalline peaks were identified in the green L30A  that tabular LaAdB304, equiaxial AbOs and LaBQ

sample. As the temperature increased, an additional crys- grains formed an interlocking microstructure. Very lit-
talline phase, LaBg) found at temperatures from 826 to tle glass was found in the sintered glass—ceramic
925°C (i.e., abovdy,). Moreover, a LaAdB30Og phase started sample.

to form above 928C, but the LaBQ@ peaks became weaker.

The formation of LaA}B3Og (L2A3B) might involve the
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