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Abstract

Micro- and macrostructures of injection-molded
alumina body were examined by the liquid immer-
sion method, which is a novel powerful method for
characterizing them. Thin specimens for examina-
tion were cut from various regions in the green body
and made transparent by an immersion liguid. They
were then examined by an optical microscope in
normal and/or crossed polarized mode. The struc-
tural features found by the examination include
particle orientation along the flow direction in the
injection molding process and few extremely large
particles. Their relevance to the forming process
and the densification process is discussed. © 1996
Elsevier Science Limited.

1 Introduction

Powder packing structure in a green body is
known to have a marked effect on the microstruc-
ture development during the subsequent sintering
process and is believed to be one of the major fac-
tors which govern the properties of the resultant
ceramics.'> For establishing the relationship
between the forming process and the properties of
ceramics, it is necessary to fully understand the
powder packing structure of a green body which is
formed by a specific method.

This paper presents the particle packing struc-
ture of an alumina green body made by the injec-
tion molding process. This forming process is
known to be very important in mass production
of ceramics of complex shape with high accuracy.
However, the powder packing structure of the
body has not been well understood. Many of the
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past studies on this molding process have concen-
trated on the characteristics of the compound, the
burn-out process of organics and the properties of
ceramics after sintering.® Orientation of particles
is known in a system containing whiskers,” but no
direct information is available for a more common
system consisting of commercial powder with near-
equiaxed particle shape.

Features focused on in this paper are the orien-
tation of near-equiaxed matrix particles, and the
presence of large particles in very small concen-
tration. We have demonstrated their presence
recently in a green body made by a compaction
process.'®!" To study these features, this paper
applies the same liquid immersion-polarized light
microscopy'"'? for thin specimens cut from vari-
ous regions in the injection-molded green body.
The specimen is made transparent by the liquid
immersion method® and is examined with a polar-
ized light microscopy in the transmission mode.
Specimens for examination are cut as shown in
Fig. 1, since the green body is expected to have a
simple structure schematically shown in this
figure. Although the major proportion of the pow-
der particles are near-equiaxed, they are consid-
ered to have a characteristic shape which is
governed by the hexagonal crystal structure of
alumina as in large particles. Particles are tenta-
tively assumed to be elongated along a plane nor-
mal to the c-axis of the hexagonal system even in
small particles of near-equiaxed shape. Grown
extensively, the particles should be developed into
well-defined platelets. Complete fulfilment of this
assumption is not critical in the analysis and dis-
cussion of this study, provided a definite relation-
ship is present between the particle shape and the
crystal axis.
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Fig. 1. Structure of green body (schematic) and cutting direc-
tions of specimens.

2 Experimental

A commercial compound consisting of alumina
particles and acrylic binder was used. The com-
pound was placed in an injection molding machine
and made into a green body of a size 100 mm X
50 mm X 5 mm at a nozzle temperature of 150°C
by the flow from one end of the body as schemati-
cally shown in Fig. 1. After the binder was
removed by slow heating (2°C/min) to 450°C, the
specimen was heated to 1000°C to provide some
strength for subsequent treatment. Thinned speci-
mens for the liquid immersion method (typically
0-2 mm thick) were prepared from various regions
of green body as shown in Fig. 1. In the prepara-
tion of thin specimens a small piece cut from the
green body was polished with sandpaper (#600).
After being made transparent by immersion in
methylene iodide, the thin specimen was examined
with a polarized light microscope in crossed polar-
ized light mode. The green body was also exam-
ined by the powder X-ray diffraction analysis and
SEM.

3 Results and Discussion

Figure 2 shows a SEM micrograph of powder par-
ticles in a green body. The majority of particles
constituting the matrix are sub-micron in size and
have near-equiaxed shape, but closer examination
shows their shape to be slightly elongated. Pre-
ferred orientation could not be found in this
examination for these small matrix particles. It
was also difficult to find large platelet particles
which, as will be shown below, were easily detected
with the liquid immersion polarized light method.
Powder X-ray diffraction analysis showed that
the particles are of alpha phase. Essentially the
same diffraction patterns were obtained for all
specimens of different cut, showing that preferred

Fig. 2. SEM micrograph of alumina powder particles.

orientation of particles cannot be detected with
this method.

Figure 3 shows the crossed polarized light
micrographs taken at two angles of rotation for
spectmen A cut parallel to the flow direction and
perpendicular to the plate surface of the green
body. The region near the surface showed a
bright-dark change with rotation of the specimen
at every 45°, while that near the center remained
dark. This result shows that the optical property
of the body is uniaxial for the former region and
isotropic for the latter region. This optical prop-
erty is consistent with that expected for the struc-
ture shown m Fig. 1.

Large particles were found in both surface and
central regions as exemplified in Fig. 3(c) in the
observation at high magnification. These scattered
particles with exceptionally large size conveniently
serve as a indicator showing the direction of ori-
entation for the small matrix particles, for which
it is impossible to observe their particle shape or
their direction of orientation directly. Those in the
former region tended to be aligned with one of
their long axes parallel to the flow direction. With
the rotation of the specimen, they showed the
bright-dark change almost simultaneously with
the matrix. Those in the latter region did not show
any orientation to a specific direction, nor did
they show the bright-dark change at a spectfic
angle with rotation of the specimen. This observa-
tion shows that large particles are clearly aligned
to the same direction as those of small matrix par-
ticles in the surface region. It also shows that both
large and small matrix particles are randomly
oriented near the central region. These results are
again consistent with the structure of Fig. 1.

Figure 4 shows the crossed polarized light micro-
graphs taken at high magnification for the surface
and center regions of specimen B cut perpendicular
both to the flow direction and the plate surface of
the green body. The surface region of the specimen
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Fig. 3. Injection-molded alumina green body examined by

the liquid immersion polarized light microscopy for specimen

cut in A plane in Fig. 1. (a) 0°, (b) 45°, (c) detailed structure
of (a).

shows the bright-dark change with its rotation
and clearly consists of matrix particles aligned
along the flow direction. The elongated large par-
ticles in the micrograph show that the large alu-
mina plates are aligned with their largest plane
parallel to the flow direction revealing their front
sides in this observation. The center region of the
specimen remained almost dark throughout the
rotation. Particles must be oriented randomly in
this region. Indeed, some of large alumina parti-
cles appear platelet rather than rod-like in this
region. This observation again shows that both
small and large alumina particles are randomly

(b)

()

Fig. 4. Injection-molded alumina green body examined by the

liquid immersion polarized light microscopy for specimen cut

in B plane in Fig. 1. (a) surface region at 0°, (b) surface
region at 45°, (c) central region at 0°.

oriented in this region, supporting the structure
shown in Fig. 1.

Figure 5 shows crossed polarized light micro-
graphs taken at two angles of rotation for the
specimen C cut parallel to the flow direction near
the surface of the green body. Two features are
noted in their comparison. One is a large particle
at the center of the micrograph (a) and the other
is the overall difference in brightness in these
micrographs. These results are consistent with the
structure shown in Fig. 1. A uniaxial optical prop-
erty is generated in the green body by the align-
ment of small matrix particles, causing the
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(b)

Fig. 5. Injection-molded alumina green body examined by the
liquid immersion polarized light microscopy for specimen cut
in C plane in Fig. 1. (a) 0°, (b) 45°.

bright-dark change at every 45° rotation of the
specimen. Large alumina particles are clearly
aligned to the same direction as small matrix par-
ticles. They show the bright-dark change at
approximately the same angle of rotation of the
specimen.

All the observations with the polarized light
microscope are consistent with the particle packing
structure of Fig. 1. The results are in clear con-
trast to those obtained with conventional analysis
including the powder X-ray diffraction technique
and SEM microscopy, which failed to reveal the
unique structure. The mechanism which produced
the structure in the body must be the same as that
which formed the particle orientation in a clay
body made by extrusion method."

The presence of large alumina particles at very
small concentration was again noted in the material
used in this study. Their origin can be ascribed
to the raw powder used for the experiment. Our

experience shows that all alumina powders of
industrial grade examined so far contain these
large particles. The grinding action appears
insufficient to break them into small particles in
the conventional procedure adopted for the prepa-
ration of the powder-binder compound. They
must be eliminated for better processing. Left in
the green body, they behave as a potential source
of abnormal grain growth in the subsequent sin-
tering process and reduce the quality of the resul-
tant ceramics.

Although the significance of particle orientation
on property has not been clarified except for the
non-uniform shrinkage in densification and resul-
tant deformation of product, they appear to affect
the mechanical property. Local differences of
shrinkage in the densification process may create
internal strain in the ceramics, reducing their
mechanical strength and reliability. Full control of
the orientation may contribute to better proper-
ties. Marked increase of fracture strength was
reported in silicon nitride ceramics with a particle-
oriented structure."* The significance of particle
orientation for mechanical properties is an inter-
esting future research area.

4 Conclusions

The powder packing structure of an injection-
molded alumina green body was examined with the
novel liquid immersion-polarized light microscopy.
Characteristic features found include (1) extremely
large alumina particles in very low concentration
and (2) particle orientation. The source of the for-
mer feature is attributed to large alumina particles
in the raw material. They clearly survived the
grinding process of the present study and may
cause an abnormal grain growth in the final stage
of densification. The particle orientation is devel-
oped even in a system of nearly equiaxed shape
particles by the shear stress in the forming pro-
cess. It can explain the anisotropic shrinkage and
microstructure of ceramics made by the injection
molding process. Non-uniform particle orienta-
tion, if present, is very unfavorable for ceramics
after densification and must be eliminated, since it
may cause internal strain and distortion.
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