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Abstract

We investigated the effect of dispersed crystalline particle volume content @ on sintering of glass matrix composites (GMC) for low-temperature co-
fired ceramics (LTCC) applications. Such composites typically consist of alumo-borosilicate glass and a-Al,O3 powders of similar average particle
size (Dsy &~ 3 wm). Sintering shrinkage was observed by dilatometry and heating microscopy and was backed up by glass viscosity measurements.
Microstructure analysis revealed that a-Al,O; particles do neither show significant dissolution into the liquid phase nor detectable crystallization
throughout LTCC firing schedules. Therefore, in this study a-Al,O; particles were treated as small rigid inclusions. It was found that @ lowers the
shrinkage rate of GMC. While the lowering is small for small @ and at the early stage of densification it progressively increases during sintering,
and final shrinkage shifts up to 170 K to higher temperatures for @ = 0.45. The behaviour observed could be explained assuming that sintering is
controlled by the effective viscosity, which progressively increases non-linearly during densification due to the gradually wetting of the surface
area of corundum particles. We could demonstrate that Al,O; cluster can cause residual pores and reduce the attainable shrinkage. The reduction

of attainable shrinkage is found to depend on @3, reaching about 8% at @ = 0.45.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Manifold ceramic applications, like sealings, coatings, rein-
forced glasses and enamels take advantage of glass matrix
composites (GMC). GMC are made by powder processing and
sintering of glass powders containing certain amounts of dis-
persed crystalline particles. Microstructure and properties of
these materials can be widely tailored by selection of appropriate
glass and crystal powders, volume fractions, powder processing
and firing schedule.

GMC typically sinter below 900 °C favoring those materi-
als for chip packaging technology as low-temperature co-fired
ceramics (LTCC).!> LTCC enable the integration of wiring,
passive components, mechanical, and fluidic functions in com-
pact 3D architectures formed by co-firing of silver conductors
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(melting point 961 °C) and other components inside stacked
ceramic tapes. In contrast to conventional polymer materials,
LTCC-multilayer provide, e.g. enhanced mechanical and ther-
mal stability, impermeability for gases and water as well as
long-life reliability. These specific advantages have lead to a
progressive use of LTCC in automotive, medicine and telecom-
munication engineering.

To match process and product property demands, LTCC are
usually composed of glass and crystalline powders of similar
small particle size (Dg7 <3 pm), which often results in com-
plex dissolution and crystallization phenomena during sintering.
Thus, various effects as the influence of glass and crystalline par-
ticle size distribution, the impact of rigid crystalline inclusions
on the effective viscous flow of the composite, partial dissolu-
tion of the dispersed crystalline particles into the liquid phase and
related consequences on its composition, viscosity and crystal-
lization behaviour as well as manifold mutual interactions have
to be controlled during firing.

Appropriate control can benefit from numerous excellent
papers on sintering of glass powders® particular with respect to
the onset* and the final state of sintering.” While in these papers
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special geometric conditions are assumed, others follow more
general stereological® or rheological’ concepts. Many specific
problems have been addressed including the sintering of nano-
sized particles,®!! the effect of bi-! and polydispersed particle
size distribution, '3 the effect of sintering anisotropy'+!> as well
as concurrent crystallization.'® Numerous papers focus on sin-
tering of GMC concerning various applicative aspects,!’” 22 the
effect of rigid inclusions on the effective composite viscosity,>3
sinter anisotropy,24 sinter retardation,25‘27 as well as the coex-
istence of solid and liquid phases.?3—32 Recently, sinter-forging
or loading dilatometry studies on LTCC were focused on the
anisotropic constrained sintering characteristics and microstruc-
ture of LTCC33-3% analyzing respective viscous properties and
sintering stress. The macroscopic description of constrained sin-
tering was based on the concept of the viscoelastic analogy>7-38
and related constitutive models.>®** This theoretical frame-
work and related experimental data were utilized to simulate
sintering® and bilayered structures.*® Comprehensive reviews
are presented in Refs. [47,48].

However, most of these sinter kinetic studies are restricted to
special limitations of powder morphology and composition and
cannot be formally adopted regardless of the particularities of the
given LTCC composition without appropriate adjustment. For
this reason, LTCC materials development is still mainly based
on empirical experiences.

The aim of the present paper is to study the influence of rigid
inclusions similar in average size to that of the glass powder on
sintering. Accordingly, we have chosen model GMC containing
up to 45vol.% of a-Al,O3 particles immersed in a alumo-
borosilicate glass matrix which does not show noteworthy
dissolution of crystal particles into the glass and glass crystal-
lization throughout typical LTCC time—temperature schedules.
Sintering was studied during heating with 5 K/min by dilatom-
etry and heating microscopy, backed up by glass viscosity
measurements, powder and powder compact characterization
and microstructure analysis. Special attention is drawn to the
accurate measurement of basic properties important for under-
standing and kinetic modeling of GMC shrinkage. This model-
ing and the effective GMC viscosity required has been partially
discussed in Ref. [49] and will be addressed in separate papers.

2. Experimental procedure
2.1. Preparation

2.1.1. Glass

A glass batch of 2500 g was inductively melted in a 41 Pt
crucible at 1600 °C for 3 h. Homogenization of the melt was
endorsed by stirring for 1h. The glass melt was then casted
on a steel plate and the resulting bulk glass was subsequently
quenched in water. The batch composition and chemical analysis
of the glass are given in Table 1. All experiments refer to powders
made from this batch to ensure compositional homogeneity.

2.1.2. Powders
Powder preparation was carried out by several steps accord-
ing to LTCC technology. First, glass pieces were exposed to

Table 1

Chemical composition of the used alumo-borosilicate glass by batch and by XRF
analysis. The deviation to 100% in the analysis data is due to the uncertainty of
the analysis procedure.

mol% wt.% batch wt.% analysis
Si0y 63.6 50.0 49.1
B,03 15.4 14.0 12.5
BaO 12.0 24.0 22.8
AL O3 9.0 12.0 11.7

crushing (BB51, Retsch, equipped with ZrO;-plates). Subse-
quent vibration-ball milling (LS 60/Liebe) was applied to attain
the required input median diameter D5y <50 wm for attritor
milling (PE 075, Netzsch), by which the final particle size
(D50~ 3 pm and D5y~ 5 pm) was tuned. We used alcohol as
milling dispersant, which was removed by a rotation-evaporator
(Rotavapor E-131, Biichi) afterwards. The milling progress was
monitored by particle size analysis of probed powder sam-
ples. For fabrication of GMC the glass was mixed with up to
45vol.% of a-Al,O3 (Martinswerk MDS 6, Dsg ~ 6 wm, den-
sity 3.96gcm’3; volume contents @ =0.05, 0.15, 0.25, 0.35,
0.45). In order to obtain uniform particle size distribution (PSD)
for both glass and corundum particles as well as to achieve good
mixing, the desired fraction of a-Al,O3 was added when the
median particle size of the glass particles equaled that of the
corundum powder. Afterwards, the mixture was exposed to a
final mix-milling step.

2.1.3. Powder compacts

Powder compacts of cylindrical shape were made by uni-
axial pressing (60 MPa, @ =8 mm, h=5-8 mm). Cuboids were
pressed for horizontal dilatometry (5 mm x 5 mm x 15 mm). We
used Uniox 20000 (Nippon Oil & Fats Co., Ltd.) as a pressing
aid. It could be added to the milling slurry since it remains on the
surface of the particles after removing of the alcohol. Debinder-
ing of pressed compacts was achieved by heating at 2 K/min to
600 °C in air.

2.1.4. Microscopy and XRD samples

For investigation of the evolution of the microstructure during
sintering at 5 K/min, powder compacts were accordingly heated
to selected temperatures and quenched in air. This annealing
was carried out in an electric furnace (Linn Electro Therm, tube
furnace FRH-20/150/1100). Annealed specimens were embed-
ded in resin, grinded and polished afterwards. The cross-section
was observed by an environmental scanning electron microscope
(ESEM-FEQG, Philips-XL 30, Eindhoven).

2.2. Glass properties and GMC sintering

2.2.1. Glass viscosity

The glass viscosity was determined by complementary
methods. 7y was determined by a horizontal dilatometer
(Netzsch 404 E, AT, ~ £ 3 K). Bending beam viscometry was
utilized for the range n=10'22 to 10°Pas (Bihr VIS 401,
Alogn~=0.15). In the range n=10° to 107 Pas, Parallel
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Plate viscometry (Biahr VIS 404, Alogn~=£0.15) and for
n<10°Pas (T>1000°C) concentric cylinder viscometry
(Haake VT550/BAM, Alogn~=+0.1) was applied. Heating
microscopy was used to determine characteristic viscosity
fixed points of powder compacts (sinter onset point: = 1089,
final sinter point n=10%8 Pas, minimal point: n=10**Pas,
hemisphere point: n=10>3 Pas, flow point: n=10>C Pas).

2.2.2. Glass density

Glass density was measured from powders <40 pm
by means of a pycnometer (Accupyc 133V.1.03, He,
Ap~+0.001 gcm™3).

2.2.3. Particle size

The particle size distribution of all obtained powders was
measured by laser diffraction (He—Ne laser, A =633 nm, Mas-
tersizer S, Malvern Instruments GmbH). This method was also
applied for monitoring the milling progress by using sampled
powders.

2.2.4. Compact density

Bulk density of green and sintered specimens was obtained
from sample geometry (measuring or heating microscope) and
weight. Relative density was calculated from the ratio of bulk
density to theoretical density. Theoretical density was obtained
from the volume ratio and single densities of glass and alu-
mina. In some cases, sintered specimens were grinded, polished
and the cross-section was imaged by a visible light microscope
(12x objective) to detect and quantify porosity using the soft-
ware Image C/a4i (Image C, aquinto AG). The software was
also applied to selected ESEM pictures in order to determine
amount and distribution of crystalline particles in dense sintered
specimens. Errors in volume amount measurement depend on
operator and were estimated to be lower than 2% for this work.

2.2.5. Sintering

Shrinkage of cylindrical powder compacts was measured at
5 K/min by different methods. First we used vertical dilatome-
try (Linseis L70/BAM). The load applied by the sample holder
varied from 1 to 3 cN; respective pressures on the sample were
from 0.2 to 0.6 kPa for 50.3 mm? sample diameter. Furthermore,
a horizontal dilatometer (802-S Béhr) was used. Load applied
was 4 cN; respective pressure on the sample was 1.6 kPa (4 cN
per 25 mm? frontal area). Finally, heating microscopy image
analysis was used. To investigate precision and reproducibil-
ity of this method, measurements were done by two devices,
a semi-automated one at BAM (Leitz Heating Microscope,
Novocontrol temperature controller), and a fully automated
one at TU Clausthal (Hesse Instruments, Osterode, Germany).
Both devices are equipped with optical data acquisition and
image analysis allowing to measure axial and radial strain. The
accuracy of optical detection of sample geometry changes cor-
responds to a shrinkage error of £0.1%.

Sample temperature was measured at different positions
and did not deviate more than about 5K. Nevertheless,
non-homogeneous temperature distribution within the powder
compact can influence sintering. This effect should be most

pronounced at low temperature for the non-isothermal sintering
considered here. Thus, with increasing temperature, heat trans-
fer is accelerated due to decreasing porosity as well as to the
increased contribution of heat radiation. We estimate that the
maximum temperature deviation between the sample surface
and the interior is in the order of 10 K. This estimation is based
on temperature gradient measurements reported in Ref. [13],
where powder compacts similar in size to the present case were
exposed to temperature steps of ~200K and reached thermal
equilibrium within ~100s.

2.2.6. Crystallization

To detect the onset of crystallization during sintering at
5 K/min, powder samples were studied by means of DTA (TAG
24 Setaram, sample weight 25 mg). Differently annealed powder
compacts, prepared as described in Section 3.1, were studied by
XRD (Philips PW 1710 Cu Ka).

3. Results
3.1. Glass properties

Newtonian viscosity n was determined in the range from
101230 t0 10'-93 Pas. The temperature dependence was analysed
using a Vogel-Fulcher—-Tammann (VFT) equation. Log n is best
fitted by logn=—4.27+7487/(T —202) (in units of Pas and
°C, solid line of Fig. 1). Important for investigation and kinetic
modeling of shrinkage of LTCC-GMC is the viscosity in the
temperature range 750-900 °C (see Figs. 8 and 9), about 100 K
above glass transition temperature 7. In this range, the viscos-
ity is often interpolated between T, and viscosity data obtained
from concentric cylinder experiments as emphasized in Fig. 1
(dashed line). In order to minimize potential errors resulting
from this procedure, we also directly measured viscosity within

Ig 1 (n in Pas)
©
T

600 800 1000 1200 1400
Temperature (°C)

Fig. 1. Glass viscosity vs. temperature obtained from different methods. Solid
square: T (horizontal dilatometer), open circles: bending beam, solid spheres:
parallel plate (force controlled), open diamond: parallel plate (path controlled),
solid triangles: heating microscope, crossed open spheres: concentric cylinder
viscometry. Fits of Vogel-Fulcher—Tamann equation: solid curve — all data
(A=—4.27, B=7487°C, C=202°C) and dashed curve — T and rotational
viscometry only.
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Fig. 2. Particle size distribution of glass (1-3) and GMC (4) powder after dif-
ferent milling steps. 1: jaw crushing, 2: vibration ball milling, 3: attritor milling
to Dsp =5 pm and 4: attritor mix-milling to Dsp =3 pm.

that temperature range by parallel plate viscometry (Fig. 1, solid
points). Density at room temperature is 2.707 & 0.001 gcm™3,
the coefficient of thermal expansion is (4.6 £0.25) x 1070 K~!
and glass transition temperature is 666 °C for thermal cycling at
5 K/min.

3.2. Particle size distribution

The evolution of the PSD shows that the applied milling
progress causes an increase of smaller particle size fractions at
the expense of coarser fractions (Fig. 2). This way, the broad and
asymmetric initial PSD (curve 1) is narrowed and transformed
to a more symmetric shape (curve 4). The most frequent par-

10 F

relative frequency [%]
(o2

1 10
Particle Diameter [um]

Fig. 3. Particle size distribution of composite powders with alumina particle
volume contents @ = 0-0.45 milled to Dsp =3 wm. The alumina particle volume
content (Al,03) is listed in the legend.

ticle size and the average particle size, which is common used
to characterize ceramic powders, converge to be similar below
an average size around 5 pwm. We could tune the particle size of
GMC powders to almost the same final PSD for @ from 0 to
0.45 by varying the milling time (Fig. 3).

3.3. Microstructure evolution
Micrographs of polished cross-sections of GMC illustrate

the microstructure evolution during sintering for @ =0.15, 0.35,
and 0.45, respectively (Figs. 4-6). The samples were heated

Fig. 4. ESEM-micrographs of polished cross-sections of powder compacts (¢ = 0.15) after heating at 5 K/min to temperatures indicated and subsequent air quenching.
Relative density of powder compacts: 61.1% at 775 °C, 66.4% at 800 °C, 80.2% at 825 °C, 93.6% at 850 °C. Bright: Al,O3, grey: glass and dark: pores.
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Fig. 5. ESEM-micrographs of polished cross-sections of powder compacts (¢ = 0.35) after heating at 5 K/min to temperatures indicated and subsequent air quenching.
Relative density of powder compacts: 60.2% at 775 °C, 70.8% at 825 °C, 80.6% at 850 °C, 91.7% at 900 °C. Bright: Al,O3, grey: glass and dark: pores.

at 5K/min to the temperature indicated and air-quenched cessing resulted in equally sized particles of glass (grey) and
immediately. a-Al, O3 particles (white), which confirms the narrow PSD
shown in Fig. 3. Despite size similarity, particle shape differs

(1) Images of the microstructures of the early stage (top left between glass and corundum. A specific number of corun-
micrographs in Figs. 4-6) show that the applied powder pro- dum particles show preferred platelet-like fracturing, while

Fig. 6. ESEM-micrographs of polished cross-sections of powder compacts (@ = 0.45) after heating at 5 K/min to temperatures indicated and subsequent air quenching.
Relative density of powder compacts: 59.8% at 800 °C, 68.2% at 850 °C, 78.6% at 900 °C, 85.0% at 950 °C. Bright: Al,Os3, grey: glass and dark: pores.
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milled glass grains exhibit mostly triangular or more com-
plex shapes of dominating intersections. Some corundum
platelets seem to have remained in neighbored positions
and form closely packed stacks, which do not bear essential
cavity. Treating these stacks as one particle, most corun-
dum particles are fully surrounded by glass indicating good
mixing, at least on a scale above the mean particle size.

(ii) Intermediate stages of sintering include first particle con-
tacts (upper right and lower left micrographs in Figs. 4-6),
e.g. at 775°C (@=0.15), where the glass viscosity 7,
is ~10°Pas and particles are sharp edged. At 800°C
(n~ 1082 Pas), glass particles are slightly rounded and
form more sintering contacts. The cross-section at 825 °C
indicates the occurrence of closed porosity. At this temper-
ature, were glass viscosity is about 10”7 Pas (Fig. 1), glass
particles are fully rounded, forming dense large agglomer-
ates as well as a thoroughly connected matrix.

Micrographs of intermediate stages in Figs. 4-6 also allow
observing corundum-—glass contact angles. Although the pic-
tures do not allow a quantitative evaluation, the angles seem
to scatter roughly around 90°. This indicates similar energies
at the crystal/pore and crystal/liquid interfaces. At least, the
observed contact angles may explain why the kinetics of sin-
tering of the GMC under study at 5 K/min could be modeled
neglecting the contribution of the crystal/pore and crystal/liquid
interfacial energy.49 We are aware, however, that the kinetics of
wetting can intricately depend on time and temperature.”®

Intermediate stages of microstructural evolution are further
characterized by progressive wetting of corundum particles. To
quantify this effect we introduce the wetted fraction f of the
corundum particle surface area. f was obtained from the cross-
sections by means of image analysis. Results are presented in
Fig. 7 for @=0.15 (solid spheres) and 0.35 (open spheres). In
order to avoid errors caused by spatial density fluctuations, f
and the local relative density, p, were determined from the same
micrograph. Nevertheless, large data scatter is evident. The accu-
racy of porosity measurement is affected by depth of focus and

T T T T T T T T T
@ ©=015 @

100 |
O ©=035 VL e

f (%)

05 06 0.7 0.8 0.9 1.0
p (%)

Fig. 7. Wetted fraction f of corundum particles vs. relative density p. Dashed
curve: according to Eq. (1) with A =2 and pg =0.5; solid curves according to 0
for different coordination (Z=6 and Z=8).

changes in contrast of used ESEM micrographs resulting in an
inaccuracy of p of up to £0.1.

fis about O at the initial stage of sintering where the relative
density, p, still equals the green density, pg. With increasing p, f
approaches =1 for p ~ 1 at the final state of sintering. Between
these limits f steadily increases. The p-dependence of the wet-
ted fraction f can be described phenomenologically by Eq. (1)
(dashed line in Fig. 7):

_ A
f= [‘; p"} M
)

The solid lines refer t0,°° who calculated the equilibrium
contact area for a powder compact of spheres for different coor-
dination numbers, Z. It is reasonable, that the measured f data
fall below this prediction: first, initial particle rearrangement
may yield an increase of Z (Z=6 simple cubic lattice corre-
sponding to a green density of pg=0.52, and Z=28 b.c.c. lattice
with pg=0.68), and second,® does not take into account the
presence of rigid inclusions.

Progressive wetting of corundum particles during sintering
could influence the effective viscosity of the powder compact.
Corundum particles, which are almost non-wetted (circles in
Fig. 4, 825 °C) or those surrounded by other corundum particles
cannot fully interact with the viscous matrix and should there-
fore not increase the effective viscosity of the composite to the
extent known from non-porous disperse systems.’! With con-
tinued wetting of the Al,O3 particles progressive increase of the
effective viscosity should be to expect.

(iii)) The final stage of sintering is reached at 850°C
(7~ 1072 Pass). Quite similar microstructure evolution was
observed for @ =0.35 (Fig. 5) and @ =0.45 (Fig. 6). One
may note that the glass particle or pore shape is identical
for a given temperature independent of @. Corresponding
stages of densification, however, are shifted to higher tem-
perature and glass viscosity and the end of shrinkage is
attained at 925 and 1050 °C, respectively (see Fig. 12). This
means that the force for local material transport by viscous
flow remains the same but macroscopic flow conditions are
changed by the presence of rigid inclusions.

The final stage of sintering (bottom right micrographs in
Figs. 4-6) most strikingly indicates the occurrence of 3- or 4-
particle corundum clusters bearing remaining pores. Increased
alumina particle volume content @ leads to more frequent occur-
rence of such AlpOs3 clusters. Nevertheless, this effect may be
partially reduced by the related lower glass viscosity or better
wetting at the extended temperature range of final densification.

3.4. Shrinkage

Initially, the influence of load on the axial shrinkage of glass
powder compacts (D59 =5 wm) was investigated using heating
microscopy (load free), vertical dilatometry (sintering pressure
was 0.2 and 0.6 kPa) and horizontal dilatometry data (sintering
pressure was 1.6 kPa) (Fig. 8). Additional to the axial shrinkage,
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Fig. 8. Axial shrinkage, s, of glass powder compacts (Dso=5 wm) during
heating at 5 K/min. Open circles: heating microscope (pressure free), solid
line: vertical dilatometer (1 cN=0.2kPa), dashed line: vertical dilatometer
(3cN=0.6kPa) and dotted line: horizontal dilatometer (4 cN=1.6kPa). The
right ordinate presents the relative density, p, calculated from the linear shrink-
age shown by the left ordinate and a compact green density of 63% according
to Eq. (1).

s, we also present in Fig. 8 the relative density p, which is given

for isotropic sintering according to'#
1/3
s(t)=1—<p0> )
plt]

With increasing load, the axial shrinkage rate increases. Fur-
thermore, the load-induced axial flow strongly affects the final
stage of sintering. Thus, maximum linear shrinkage of about
14% was measured by means of load free heating microscopy
which correlates to the value expected from Eq. (2) for pg =0.63.
For a sintering pressure of 0.2 kPa, the axial shrinkage obtained
by vertical dilatometry is about the same size as s(¢) from heat-
ing microscopy, especially in the onset range and the range of
maximum densification velocity. One may estimate the temper-
ature of final shrinkage from the inflexion point of the s(¢) curve
(Fig. 8). In the range of final densification, however, 217% max-
imum shrinkage is evident, which pretends p > 100% in terms of
Eq. (2). For increasing loading (0.6 and 1.6 kPa) the final stage
of shrinkage could not be detected from the shrinkage curve.

The sintering of the GMC under study (Dso=3pm;
@ =0-0.45, Fig. 9) shows a similar trend. Thus, the tempera-
ture, e.g. at which a shrinkage of 12% is attained, decreases
by ~20K with increasing load (Fig. 9, ®=0) and, for each
@, the highest mean densification rate is evident for horizon-
tal dilatometer measurements (1.6 kPa). The axial shrinkage is
obviously affected by load-induced creep as most easily seen
at the final stage of shrinkage. The intensity of this creep
reduces withincreasing @. The shrinkage detected by the vertical
dilatometer (0.2 kPa) shows good agreement with axial heating
microscope data. Although the temperature of minimal vertical
dilatometer shrinkage rate of can be used as a rough estimate of
the temperature of maximum axial shrinkage, no saturation of
shrinkage is actually detectable with this method.

Hence, load free shrinkage measured by heating microscopy
is essential for kinetic modeling of shrinkage. These data, how-
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Fig. 9. Linear shrinkage vs. temperature of composite powder compacts (& =0,
0.15,0.45) during heating at 5 K/min. Spheres: heating microscopy radial shrink-
age (pressure free), squares: heating microscopy axial shrinkage (pressure free)
and light grey: Berlin. Dark grey: Clausthal. Solid line: vertical dilatometer
(1 cN=0.2 kPa), dashed line: horizontal dilatometer (4 cN = 1.6 kPa). Green den-
sity po see legend.
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ever, reveal systematic differences between radial and axial
strain. Thus, radial shrinkage tends to start earlier, at least for
@ <045 (Fig. 9). This trend, however, is compensated by an
increased axial to radial shrinkage rate ratio with increasing ®.
As a result, there is a systematic trend concerning the attain-
able maximum axial and radial shrinkage. The maximum radial
shrinkage of the composites @ =0-0.05 (not shown) is higher
than the maximum axial shrinkage. By contrast, the maximum
radial shrinkage of the composites @ =0.15-0.45 is less than the
maximum axial shrinkage. Note that this result is confirmed by
two different heating microscopes (circles and cubes by Fig. 9).

3.5. Dissolution

Sintering of the GMC under study can be influenced by dis-
solution of the corundum particles into the glass. Since such
a dissolution will decrease @, we applied image analysis (soft-
ware Image C) to polished cross-sections of sintered composites
with @=0.35 in order to measure the alumina volume fraction
after sintering. Eventual dissolution during sintering should be
easy observable since the initial alumina volume fraction was
chosen to be rather high and the whole temperature range of
LTCC sintering was covered. Measured @, however, was 0.36
(image analysis, no standard deviation) after heating at 5 K/min
to 900°C, which is very close to the initial value of 0.35.
Accordingly, dissolution of corundum particles, under these
firing conditions is lower than 1vol.% and was regarded as
negligible.

3.6. Glass crystallization

Sintering of GMC can be further influenced by simultane-
ous crystallization.'® Crystallization should be best detectable
in composites containing high amounts of corundum particles
(®=0.35 and 0.45). DTA curves of glass powder compacts
as well as of composites with @=0.15 and 0.45 show no
crystallization peaks (Fig. 10). Therefore, crystallization was

DTA-signal (V)

&d = 0.05
exo

. L e B N B S B
600 700 800 900 1000 1100
Temperature (°C)

Fig. 10. Thermal analysis (DTA) of composite powder compacts @ =0-0.45.
The week endothermal step around 800 °C indicates a change of heat capacity
due to decreasing porosity during sintering.
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Fig. 11. X-ray pattern (XRD) of composite powder compacts @ =0.35 and
@ =0.45 isothermally (20 min) sintered to maximum density at 850 and 950 °C,
respectively. The pattern of @ =0.35 contains corundum peaks of the regu-
lar 0.35-fraction only. The pattern of @ =0.45 additionally contains peaks of
Bay Al SiOg close to the detection limit of 2-5% by mass.

considered to be negligible. Additionally, dense sintered spec-
imens of powder compacts with @=0.35 and 0.45 (sintered
for 20 min at 850 and 950 °C, respectively) were grinded to a
flat shape and subjected to XRD. The composite with @ =0.35
shows corundum peaks only (Fig. 11, top). The XRD patterns for
@ =0.45 (Fig. 11, bottom) shows additionally weak peaks indi-
cating minor amounts of BaAl,Si,Og, but near to the detection
limit.

4. Discussion
4.1. Shrinkage data correction

Any discussion of shrinkage data, e.g. kinetic modeling of
shrinkage, is limited by the experimental accuracy. Using heat-
ing microscopy, one can minimize falsifying effects of load on
sintering experiments. These data, however, still includes sys-
tematic differences between radial and axial shrinkage (Fig. 9).
Non-isotropic features of the specimen’s green body microstruc-
ture may explain that radial shrinkage starts earlier.!> Although
no orientation might be to appear at a first glance in the micro-
graphs of polished cross-sections, the radial packing might be
somewhat lower than the axial packing caused by non-spherical
particles and uniaxial pressing. The initial sintering force is
then higher in radial direction. With increasing @, this effect is
overlapped by progressively accelerated axial shrinkage. These
phenomena are not understood so far.

Anisotropy effects discussed above can falsify linear shrink-
age by up to 5%. These data is therefore not appropriate for
the discussion of the effect of @ on the shrinkage behaviour of
LTCC GMC. To overcome this, we calculated volume shrinkage
from axial and radial heating microscopy data (Clausthal mea-
surements, dark grey points in Fig. 9). This volume shrinkage
was recalculated to the linear shrinkage, which is to expect for
isotropic sintering. In order to account for the scatter in green
density within the sample set, this linear isotropic shrinkage was
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Fig. 12. Linear shrinkage vs. temperature of composite powder compacts
(®=0-0.45) during heating at 5 K/min. Corrected heating microscopy data.
Squares: @ =0, spheres: @=0.05, up triangles: @=0.15, down triangles:
@®=0.25, diamonds: ®=0.35 and hexagons: ©=0.45. The right ordinate
presents the relative density, which was calculated from the linear shrinkage
shown by the left ordinate and a compact green density of 57%.

then corrected with respect to the mean green density of 57%
by constant factors reflecting the different attainable isotropic
shrinkage s; for different green density according to Eq. (1).
Suchwise corrected linear shrinkage data are shown in Fig. 12.

4.2. Effect of small rigid inclusion on shrinkage

The effects of small rigid inclusions are discussed here in
terms of corrected linear shrinkage (Fig. 13). The composites
@ <0.15 show very small effects on strain as well as no essen-
tial reduction of attainable shrinkage. For @ > 0.15 the shrinkage
rate starts to decrease significantly during later stages. By con-
trast, the early stage of sintering is much less influenced. For
example, the early stage shifts for @ = 0.45 around 20 K to higher
temperature. During the intermediate stages the shrinkage rate
is progressively lowered. The temperature of the final stage of
shrinkage of @ = 0.45 shifts by up to 170 K. In general, the inflex-
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Fig. 13. Reduced maximal shrinkage §s™* vs. & of composite powder compacts
according to Eq. (2). Spheres: this work (data taken from Fig. 12). Squares:
calculated from GMC sintering data reported by Jean and Gupta 0.

ion point of shrinkage vs. temperature curve shifts to higher
temperatures whereas the onset temperature of sintering remains
at the same level resulting in rather concave strain curves with
increasing @. These observations indicate, that @ has a com-
plex influence on the effective GMC viscosity. Related studies
have been made for the present system and will be reported in a
separate paper.

Despite its marked influence on strain rate, @>0.15 also
reduces the attainable total shrinkage. The latter effect can be
quantified by the reduced maximal shrinkage, 35" (®)

SmQX(@)
—_— 3
sgmx ( )

"Dy =1—
where s"™(®) is the maximum shrinkage of the GMC and
so/** the maximum shrinkage of glass powder compacts. 8s™
obtained from Fig. 12 is shown in Fig. 13 vs. @ (open spheres).
The error bar indicates the average deviation of §s"*** obtained
in two independent series of sintering experiments. The open
squares were calculated from shrinkage data reported in Ref.
[28] for Cordierite crystals dispersed in borosilicate glass. The
microstructure reported there is similar to the present case.
It is interesting to note that, despite some scatter, §s™* is
roughly proportional to @>. The reduced densification, which
was attributed to residual pores stabilized by corundum cluster
(see Figs. 4-6), supports the dependence of 85 on &°.

4.3. Mixing and wetting

The proportionality 85" ~ & observed in Fig. 13 can be
expected when (i) three-particle corundum clusters, which occur
with a probability of @3 for ideal mixing and (ii) form rigid
central pores. In fact, three-particle corundum clusters bear-
ing residual pores are evident from the electron micrographs
(Figs. 4-6). Further, this images show good mixing. Good mix-
ing can also be anticipated for LTCC systems fabricated in an
industrial process. The formation of residual pores by three-
particle clusters, however, must not be treated as a general rule
for LTCC. In the present case, this behaviour could be related
to the platelet-like shape of corundum particles, which can form
cavities more easily than, e.g. spheres. For better-rounded corun-
dum particles, more than 3 neighbored particles may be required
to form a remaining cavity and &8s ~ @" with n>3 could
appear.

On the other hand, n should depend on the glass—corundum
contact angle 6. If 9 is slightly above 90°, even spaces formed by
parallel walls will be not wetted. If 6 decreases with increasing
temperature as indicated by previous studies?®—2 §¢”* could
increase, e.g. with @ for small @, i.e. for low-temperature range
of sintering, whereas a > may dominate else. Such trend might
even be inferred from Fig. 13.

For other wetting behaviour, particle shapes and size relation,
the dependence of 8¢”* upon @ may differ. >3

Another effect which could limit the densification is a partial
local dissolution of Al,Os3 into the glass phase. Although we
did not find indications pointing to that, liquid phase volumes
next to Al,O3 particle surfaces may undergo a limited alumina
enrichment, which will be enhanced in surroundings of particle
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clusters and at elevated temperatures. In this case, the flow of
the alumina enriched liquid phase into particle clusters can be
hindered by increased viscosity.

In general, such behaviour can be quite complex and is basi-
cally bound between two limiting cases. As the upper bound,
3s™** should be proportional to @ if bad mixing causes com-
plete agglomeration of dispersed crystal particles and strong
non-wetting behaviour and/or a viscosity increase prevents the
glass from penetrating the agglomerates. In this case, the crystal
particles fix porosity proportional to @ (straight line in Fig. 13).
As the lower bound, §s™# is expected to stay zero for spread-
ing and/or an unchanged or lowered viscosity. In any case, the
measure of 3s™**(®) and its discussion based on microstruc-
ture analysis data is quite important to ensure sinter Kinetic
understanding and modeling.

5. Conclusions

We studied sintering of glass matrix composites (GMC) for
LTCC applications, which are typically obtained from glass
and crystal powders of similar and small average particle size
(Ds5p~ 3 um). To reveal the effect of such small rigid inclu-
sions on sintering, we studied a non-reactive GMC obtained
from up to 45 vol.% Al,O3 (@ =0.45) and alumo-borosilicate
glass powders, which do not show detectable chemical solution
of crystal particles into the glass and crystallization during the
time-temperature scale of LTCC sintering as checked by DTA
and XPD measurements.

Glass viscosity was measured by complementary meth-
ods. All measured data well fit the VFT-equation log
(n/Pas)=A+B/(T—C) with A=-4.27, B=7484°C and
C=202°C within 0.2 log units accuracy. Microstructure anal-
ysis confirms good powder mixing and a small and similar
particle size as measured by laser scattering methods. Al,O3 par-
ticle clusters bearing residual pores become more frequent with
increasing @. For the temperature range of sintering, medium
wetting is indicated by the glass/Al,O3 contact angle 6, which
roughly scatters around 90°.

Shrinkage was measured from uniaxially pressed powder
compacts by dilatometry and heating microscopy. Even for
the small sintering loads applied, dilatometer shrinkage data
were falsified by load-induced viscous flow. Thus, heating
microscopy turned out best appropriate despite non-isotropy of
sintering even there. In order to account for this effect and for
scatter in green density, an isotropic linear shrinkage was cal-
culated from axial and radial shrinkage data. This shrinkage
was then corrected by a constant factor reflecting the differ-
ent attainable isotropic shrinkage for different green density.
Thus corrected isotropic shrinkage data showed that increasing
dispersed crystalline particle volume content @ has deceler-
ating influence on sintering. Whereas this effect is small for
@ <0.15, the end of shrinkage shifts to higher temperatures by
up to 170K for @ =0.45. Furthermore, the attainable shrink-
age progressively reduces with increasing @ as residual pores
enveloped by at least three Al,O3 particles become more fre-
quent. The reduce roughly increases with @3, reaching about
8% for @ =0.45.

Although many features of the model system under study
are typical for LTCC applications, the presented results are
restricted to the given shape of corundum particles, degree of
mixing, wetting and chemical interaction between the dispersed
rigid particles and the glass matrix. Further studies are required
with respect to chemical solution during sintering and its con-
sequences on the glass viscosity, the wetting behaviour and the
effective viscosity of GMC.
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