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Abstract

Aqueous alumina slurry was prepared with a commercial powder of elongated particles, which has the aspect ratio ranging from 1 to 3.5 with
the mean of 1.6, to examine the effect of forming conditions on the particle alignment in green tapes. The slurry appeared pseudoplastic with a
yield stress, but showed no thixotropic behavior. Its flow curve fitted very well to the Herschel-Bulkley model approximation, which suggested
shear-thinning constant of 0.54. Polarized microscopy with the liquid immersion technique was applied to examine the particle orientation through
the direction along the tape thickness. In the absence of coquette flow, randomly oriented particles were noted in the tape. At the top surface,
particles were aligned with their long-axes (a-axis) along the casting direction. The variation in the degree of orientation was 6.8 & 1.2. In the area
near the Mylar carrier, a-axis of particle made an angle to the carrier surface with the degree of orientation about 5.8 & 1.0. As the combination
of pressure flow and coquette flow, tape cast with casting velocity of 2.5 and 91.5 cm/min, which respectively resulted in shear rate of 1.38 and
50.8 5!, were observed. The orientation was significant near the top surface and was higher than that above the carrier surface. The a-axis of
particles above the carrier surface was inclined to the surface at low shear rate (1.38 s7!), but was nearly parallel at high shear rate (50.8s7").

Nevertheless, the orientation varies with the location in the tape prepared at the shear rate of 50.8s7!.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Delamination, warpage and cracks are often noted in the
tape casting products. Mismatch in sintering kinetic, sin-
tering stresses, density variation between tape layers are
well documented to play an important role in the curvature
development.'> Non-uniform shrinkage and resultant deforma-
tion in individual tape itself must also be important for the
formation of these defects. Recent studies showed anisotropic
packing structure of particles and its influence on the anisotropic
shrinkage.>™ The powder characteristic, especially the parti-
cle shape also played an important role.® Thus, understanding
the tape texture during forming is very important to diminish
undesirable deformation.

In this study, alumina powder is chosen as a starting pow-
der for aqueous slurry. The powder is often employed in tape
casting process for alumina-based layer composites such as
Al,03/Zr0O,, Al,O3/Y-TZP, Al,O3/TiC, Al;O3/MoSi, and so
on.”"12 The powder has a slightly anisotropic shape and may
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orient in the shear field with only a few degree. Since, c-plane
of alumina shows only very weak peak in the X-ray diffrac-
tion analysis, which makes difficulty on accurate evaluation of
particle orientation. A special characterization method based on
optical microscopy had to be employed to evaluate for the par-
ticle orientation. The main objective of this study is to evaluate
the particles packing structure in aqueous alumina green sheet.
The packing structure of the cross-section of the casting direc-
tion will be mainly examined because it represents for the slurry
flow below the doctor blade.

2. Experimental procedure
2.1. Slurry and sample preparation

Alumina green tapes were prepared from a-alumina powder
(AL160SG1, Showa Denko, Japan). Nominal average parti-
cle size and the specific surface area of the powder were
0.6 wm and 6m?/g, respectively. The particle shape includ-
ing length and width was observed with SEM (JSM-T100,
JEOL, Japan). Aqueous alumina slurry with the solid loading
of 43 vol% was prepared with ammonium polyacrylate (D305,
Chukyoyushi, Japan) as the dispersant (0.6 wt.%), polyvinyl
alcohol (LA-0O5GP, Shin-Etsu Chemical, Japan) as the binder
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Fig. 1. Notation of (a) tape axes in three-dimension and (b) outline of sample
preparation.

(11 wt.%) and glycerol (Kanto Chemical, Japan) as the plasti-
cizer (1 wt.%).

The slurry viscosity was measured by a viscometer (VT550,
Haake, Germany) with a coaxial cylinder sensor system
(ISO3219/DIN53019). The sample was left to equilibrium
25+ 0.5°C before measurement. The profile of shear rate in
the measurement was as follows; the shear rate was increased
from 0 to 500s~! in a time period of 5 min, and then reversed
to 0s~! in 5 min, followed by a rest for 1 min, and then the next
cycle was performed in the same manner. The second cycle of the
measurement was used to analyze the flow behavior of the slurry.
The thixotropic behavior was investigated in the controlled shear
rate of 1 and 55s~! at constant temperature of 25 +0.5°C.

Tape casting was performed with a laboratory tape cast bench
with a stationary double blade system (DP-150, Sayama Riken,
Japan). The tape axes were referred to x-axis for the casting
direction, y-axis for the cross-casting direction, and z-axis for
the tape thickness direction, illustrated in Fig. la. The blade
geometry is as described in Fig. 2. Slurries were cast on a
silicone coated Mylar sheet moving at a constant velocity of
2.5 and 91.5 cm/min. The green tapes, with x—y dimensions of
90cm x 15 cm, were allowed to dry at an ambient temperature

Slurry Flow Direction

Fig. 2. Blade geometry (dimension unit in mm).

for 24 h. The tapes thickness was measured with a microm-
eter. To examine the structure in x—z plane of the cast tape,
the green tapes were cut into sections with x—y dimension of
10mm x 3 mm. Each section was placed into alumina gran-
ules (TM-DS6, Taimai Chemical Co., Ltd., Japan), which show
optically isotropic characteristic when observe under polarized
light microscope with the liquid immersion technique, to facili-
tate handling during grinding. The disc-like specimen (Fig. 1b)
was obtained after uniaxially pressed at ~3 MPa, followed by
heated up to 1000 °C with the heating rate of 10°C/min in
order to remove organic components and allow inter-particles
contact. Prior to measurement of particle orientation by optical
microscopy technique, the discs were thinned with an abrasive
paper to the thickness of 300-500 pm.

2.2. Particle orientation measurement

The particle orientation was observed by polarized light
microscope with the liquid immersion technique.!? The thinned
specimen was immersed into diiodomethane (Refractive index
1.77) for 15 min to make a nearly transparent sample. The align-
ment of alumina particles, in the cross-section parallel to the
casting direction (x—z plane), was observed under a crossed
polarized light microscope (OPTIPHOT2-POL, Nikon, Japan)
with a white light in the transmission mode.

The concept of measurement based on the ray-velocity sur-
face, sphere whose radius is proportional to the velocity of light.
Diagram illustrated the concept of ray-velocity surface for pos-
itive uniaxial crystal is shown in Fig. 3a. The c-axis of alumina
hexagonal crystal is identical to the optical axis. The ray-velocity
surface for ordinary ray (o-ray) is a sphere indicates for the
equal velocity in all direction, while the ray-velocity surface
for extraordinary ray (e-ray) is an ellipsoid which represents
for the varying of velocity in different directions. In the opti-

(a) (b)
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Fig. 3. The ray-velocity surface (a) 3D Ray-velocity surface of positive uni-
axial crystal, (b) light direction makes some angle to optical axis and (c) light
propagates in optical axis direction.
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cal axis direction, the velocities of the o-ray and the e-ray are
equal. If polarized light propagates along an off-axis direction
in an uniaxial crystal, the optical path difference or retardation
is introduced from velocity difference between the o-ray and
the e-ray.'* Fig. 3b shows light passing through the crystal at a
certain angle to the optical axis, and finally creates retardation.
Fig. 3c shows light traveling in the optical axis direction. Both
rays travel at the same velocity, thus there is no retardation.

A Berek compensator was used to measure the retardation
angle. The retardation (R) of the sample can be calculated from
relationship between the retardation and birefringence (An) of
the sample, shown in Eq. (1),

R = dpAn (D

where, dis the sample thickness and p is the relative density mea-
sured by the Hg-porosimeter (Model 9310, Shimadzu, Japan).
Orientation degree (f), defined as the ratio between the birefrin-
gence of sample and the birefringence of alumina single crystal
(0.0075), was calculated from Eq. (2)

A
_ DMsample % 100. )
An single crystal

(%) =

3. Results and discussion
3.1. Alumina particle characteristic

Fig. 4 shows the aspect ratio distribution. Alumina powder
composes of agglomerated particles and shows elongated shape.
Length and width of 210 particles were measured, resulted in
aspect ratio from 1 to 3.5 with a mean of 1.6.

3.2. Slurry characteristic

Fig. 5 shows apparent viscosity of slurry. It decreases as the
shear rate increases, exhibiting shear-thinning behavior with the
yield stress. Herschel-Bulkley model as in Eq. (3) provides the
best fit for the measured flow data, where o, k and y are shear
stress, Herschel-Bulkley viscosity and shear rate, respectively.
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Fig. 4. Aspect ratio distribution of alumina particle.
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Fig. 5. Flow characteristic of model slurry.

The yield stress, oy, predicted from Herschel-Bulkley model
is approximately 12.7 Pas. The shear thinning constant, n, is
0.54.

Fig. 6 shows apparent viscosity as a function of time accord-
ing to the sequence of shear rate step. Apparent viscosity change
immediately after the shear rate is switched either from 1 to
555! or from 55 to 1s~!. It suggests for the time-independent
behavior.

3.3. Particle orientation observed from green tape

Fig. 7 shows cross-polarized light images of the pressure
flow slurry. The specimen was prepared as follow. At First, car-
rier velocity was adjusted to zero. The caster equipped without
the 1st blade, then slurry was allowed to flow beneath the 2nd
blade while the slurry height in the reservoir maintained con-
stant. The flow of slurry was governed only by the hydrostatic
pressure.

The initial part of slurry that passed under the blade is at the
left tip in the figure. In Fig. 7a, the blue color appears in the area
near the carrier surface. The upper portion above the blue shows
pink color and remains the same color even after the rotation of
the microscope stage for 45° as is shown in Fig. 7b. The dif-
ference of color indicates the difference in direction of optical
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Fig. 6. Apparent viscosity as a function of time.
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(b)

Fig. 7. Cross-polarized light images of pressure flow slurry (a) at microscope stage =0° (b) at microscope stage = +45°.

®§
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Fig. 9. Cross-polarized light images indicate maximum interference of light of (a) top surface y = 1.38 s~ (b) Mylar contacted surface y = 1.38 s7L(c) top surface
7 =50.8s~! and (d) Mylar contacted surface y = 50.8s~!.
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axis and obviously suggests for randomly oriented particles in
the middle area. The particle orientation degrees were 5.8 == 1.0
and 6.8 = 1.2 for the area near the carrier surface and the top
surface, respectively. Clearly, the long-axes (a- or b-axes) of par-
ticles embedded near the carrier surface inclined to the surface.
Whereas, at the top surface, their alignment are nearly parallel
to the flow direction. The white ellipses in Fig. 7a represents for
the alignment pattern of particles.

In the combination of pressure flow and coquette flow, slurries
were cast at a velocity of 2.5 and 91.5 cm/min using a station-
ary double blades unit. The casting velocities resulted in the
processing shear rate of 1.38 and 50.8 s~!, respectively.

Fig. 8 shows the microstructure of alumina green tape sheared
along the casting direction, refers as x-direction. Some elon-
gated particles are aligned in the sheared direction, but there
was no significant difference in the overall particles alignment
if observed directly from SEM micrograph for both shear rates
of 1.38 and 50.8 s~!. However, particles orientation can eval-
uated from SEM micrograph as reported in edge orientation
polarlogram technique.®

Fig. 9 shows the structure images under crossed polarized
light. Micrographs were taken along the y-direction (x—z plane).
The white arrow indicates the casting direction and the dashed
line signifies the carrier contacted surface. Fig. 9a and c indicates
maximum interference of light at top surface. Three-fourths of
the tape appears in blue color but the remains of tape show pink
color. The particles packing determined from the interference of
light are sketched as white ellipses; the longest-axes aligned in
the casting direction. In the pink area, the long-axes align with
difference direction. Fig. 9b and d shows maximum interference
of light at the area above the carrier surface. The long-axes of par-
ticles, which embedded above the carrier surface, are deviated
from the casting direction and inclined to the surface. However,
the long-axes alignments are nearly turn in the casting direction
when process by shear rate of 50.8s~!. Possible explanations
for the alignment above the carrier surface include the blade
geometry that creates vortex during flow, short distance of exit
channel and the non-uniform shear rate distribution under blade.
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Fig. 10. Orientation degree along green tape by (a) y = 1.38s~! and (b) y =
50.8s7".

Fig. 10 shows orientation degree at various positions along
the green sheet. Remarkable orientation was observed for all
regions. The top surface shows slightly stronger orientation than
the region above the carrier surface. More uniform orientation
is noted in the sheet prepared at the shear rate of 1.38 than
50.8s71.

4. Summary

Particles packing in alumina green tape and orientation
degrees were evaluated via optical technique under polarized
microscope. The initial part of pressure flow slurry showed ran-
dom aligned particles except area above the carrier surface and
blade-contacted surface. However, the long-axes of particles
somehow aligned in difference direction, e.g. co-linear to the
flow direction at top surface but inclined with acute angle to
carrier surface. By the combination of pressure flow and couette
flow, as expected for the top surface, the long-axes aligned in
the casting direction. However, at above the carrier surface, the
long-axes of particles showed some degree of deviation from
the casting direction. The cast tape using shear rate of 50.8 s~
showed less degree of deviation than that cast by shear rate of
1.38 s~ 1. In addition, stronger orientation degrees were observed
at the upper surface rather than at the lower surface.
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