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Abstract

In situ co-textured microstructure of alumina/alumina:Ca-hexaluminate multilayer composites has been investigated. Ca-hex-
aluminates, in situ grown in the presence of CaMgSiO, glass, showed a well-textured microstructure in Ca-hexaluminate/alumina
multilayer composites. In situ texturing of Ca-hexaluminate was possible through the microstructure texturing of alumina using alumina
platelets and CaMgSiO, glass. CaMgSiO, glass addition was effective for the in situ texturing of Ca-hexaluminates as well as the
microstructure texturing of alumina. The in situ textured Ca-hexaluminate and alumina multilayer composites provide a well-controlled
crack propagation because of crack shielding and crack deflection. © 2001 Published by Elsevier Science Ltd and Techna S.r.l. All

rights reserved.
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1. Introduction

The microstructure texturing concept has been gain-
ing attention in the processing of ceramics materials
with anisotropic grain morphology [1-3]. Compared to
the traditional processing of a fine and equiaxed micro-
structure, textured microstructures with anisotropic
grain are expected to enhance structural and electronic
properties. Messing et al. [2] have been developed a well
textured microstructure of Al,O3; and mullite by com-
bining seeding and anisotropic grain growth in the pre-
sence of a liquid phase. As a typical example of
anisotropic growth, B-Si;N4 with high toughness has
been achieved for in situ toughened SizN4 compared to
a fine grained SizNy [4]. As a closely analogus concept to
in situ toughened materials, Chen and Chen [5] studied
the mechanical behavior of various hexaluminates rein-
forced alumina composites (LaAl;;0;3, LaMgAl;;O9,
SrA1120]9, CaA1]2019 and NazMgA112017) based on in
situ growth of hexaluminate. In their works, improved
fracture toughness has been achieved because of crack
bridging by the hexaluminates.
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Ca-hexaluminate (CaAl;;09 or CAg) with a magne-
toplumbite structure is known to enhance the damage
tolerance of oxide composites without any degradation
of strength [6]. Ca-hexaluminate is composed of spinel
blocks and mirror planes stacked alternatively along the
c-axis, and large alkali ions are easily accommodated in
mirror planes known to be mechanically weak [7].
Because this compound is expected to be used as a can-
didate material for a weak interface, several studies have
been made upon the effect of Ca-hexaluminate based on
in situ toughening of alumina composites [6,8]. Now the
in situ toughening concept using Ca-hexaluminate has
been extended to trilayer composites with hetero-
geneous microstructure in order to improve the cap-
ability of crack suppression and wear resistance [9].

In this study, it was attempted to design the hetero-
geneous multilayer composites consisting of a homo-
geneous layer with untextured alumina and a
heterogeneous layer with co-textured alumina and Ca-
hexaluminate. There are two reasons for the selection
of this system. Firstly, the in situ co-texturing of CAg¢
may be possible through in situ anisotropic growth during
the microstructure texturing of alumina which was demon-
strated in a previous study [2]. Secondly, the presence of
in situ co-textured CAg in textured alumina may pro-
vide a profound influence on the crack propagation.
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2. Experimental

Starting powder was o-Al,O; (AKP-50, Sumitomo
Chemical, Japan) with 0.3 um and 99.999% purity. As a
template for the texturing alumina, a-alumina platelet
(AL-13PCA, Showha Electric, Japan) 40 um in size and
I pm in thickness and 99.8% purity were used in this
experiment. CaMgSiO, (monticellite) glass was pre-
pared with CaCO3;, MgO, SiO,, and Al,O3 of reagent
grade.

Stable aqueous slips of Al,O3 with 50 vol.% of solid
loading were prepared by adjusting the pH value (=8.5)
with NaOH. For a good dispersion, the total amount of
2.5 wt.% polyglycerol, cellulose, and silicon emulsion
were added to enhance the powder dispersion. It was
then ball-milled for 24 h in a polyethylene jar using a
SizN4 ball. After ball-milling, the slurry was ultra-
sonically treated to remove the soft agglomerate.

Green laminates were prepared by continuous slip
casting with a dimension of 40 x 40 mm. Alumina/alu-
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Fig. 2. Change of shrinkage with temperature.

mina:Ca-hexaluminate laminates were fabricated by
alternating layers (total 21 layers) of alumina of 50 um
thickness and alumina-5 vol.% CaMgSiO4 (CMS) glass
layer of 50 um thickness. In the specimen notation, A
means alumina layer and A—AP means alumina platelet
added alumina layer, and A—AP-CMS means alumina
platelet and CaMgSiO, glass added alumina layer.
Green laminates were dried in air and then calcinated at
700°C for 2 h. Samples were pressureless sintered
between 1600 and 1650°C for 16 h.

Thermogravimetric analysis (TGA) was performed on
the specimen with a constant heating rate of 10°C/min.

Fig. 3. SEM micrographs of thermally etched A—AP samples; (a) 5
vol.% platelets, (b) 10 vol.% platelets, and (c) 15 vol.% platelets.
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Dilatometer measurement was carried out in order to
measure the shrinkage rate of the laminates. Specimens
were polished with a diamond slurry and then thermally
etched in order to reveal the microstructure. Vicker’s
indentation cracks were generated under a 10 kg load
on the polished surface of specimen in order to observe
the crack propagation behavior. The polished specimens
were thermally etched and then the microstructure was
observed using scanning electron microscopy (SEM).
Average grain size and orientation angle were deter-
mined by measuring each grain using an image analyzer.
Approximately 400 grains were measured for each sam-
ple. The degree of texturing was determined by XRD
using Cu-K, radiation. Energy dispersive X-ray spec-
trometry (EDS) analysis was performed to confirm the
formation of Ca-hexaluminate.
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Fig. 4. Grain size distribution of alumina in (a) textured and (b)
untextured layer. Specimens were sintered at 1600°C for 16 h.

3. Results and discussion

Fig. 1 shows the a-alumina platelets used as the tem-
plate in this study. Based on TGA measurement of a
green specimen, organic components such as binder and
dispersant were burned-out below 400°C, and there was
no more weight loss above 400°C. Based on the TGA
results, green laminates were calcined at 700°C for 2 h.
Fig. 2 shows dilatometer results as a function of tem-
perature. Shrinkage was started from 1000°C and the
A—CMS specimen showed a relatively large shrinkage
compared to the alumina and A—AP specimens. Among
those specimens, A—AP showed a relatively small
shrinkage compared to alumina. These results suggest
that the addition of CMS glass was effective for the
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Fig. 5. Aspect ratios of alumina in (a) textured and (b) untextured
layer. Specimens were sintered at 1600°C for 16 h.
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Fig. 6. SEM micrograph of untextured alumina (a) and in situ co-textured microstructure composed of alumina and Ca-hexaluminate (b) in the
specimen with CMS glass, sintered at 1600°C for 16 h.
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Fig. 7. EDS analysis of CA¢ grains in a textured layer.
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Fig. 8. Grain size distribution of alumina in (a) textured and (b)
untextured layer. Specimens were sintered at 1600°C for 16 h.

densification of laminate because of the formation of a
liquid phase.

Fig. 3 shows the effect of platelet loading on the tex-
tured microstructure of alumina. In the case of platelet
addition, alumina grains were aligned towards the cast-
ing direction in the textured layer, whereas alumina
grains exhibited random growth in the untextured layer.
With increasing the platelet loading up to 15 vol.%,
porosity was increased and pore shape was changed
from spherical to faceted due to the impingement of
platelets during grain growth. Although abnormal
grains were observed in the untextured alumina layer,
abnormal grain growth in the untextured layer can be
reduced substantially with the addition of MgO doping
(0.1 wt.%).

Fig. 4 shows grain size distribution with an increase in
the platelet content both in the textured and untextured
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Fig. 9. Aspect ratios of alumina in (a) textured and (b) untextured
layer. Specimens were sintered at 1600°C for 16 h.

layers. With an increase in the platelet loading, grain
size distribution was widen in the textured layer. How-
ever, grain size distribution remained nearly constant
regardless of platelet loading. In addition, the aspect
ratios distribution of alumina exhibited the same ten-
dency as the grain size distribution, as shown in Fig. 5.
With an increase in the sintering time and temperature,
platelets continue to grow in the thickness-direction
rather than length-direction because of the impingement
of each anisotropic grain.

Fig. 6 shows SEM microstructure composed of tex-
tured alumina and anisotropic grains in the specimen
with CMS glass. Anisotropic grains were well-aligned
between alumina grains. From the EDS analysis, the
chemical composition of anisotropic grains was identi-
fied as Ca-hexaluminate with stoichiomeric composition
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Fig. 11. SEM micrographs of A-CMS system showing (a) Vicker’s indentation pattern and (b) crack propagation behavior with 10 kg load in
alumina/alumina:CA4 multilayer composites; U indicates untextured layer and T indicates textured layer.

(Ca/Al=1/12). The anisotropic morphology of CAg
grains can be clearly observed in the Ca-map, as shown
in Fig. 7. In this case, the formation of CAg with platelet
shape might be influenced by the Ca rich liquid phase,
for example solution reprecipitation reaction between
Ca-monoaluminate (CaAl,O4 or CA) and alumina [10].
Considering the small grain size of CAg compared to
textured alumina grain, it is believed that the nucleation
of the CAg grain after the texturing process of alumina
resulted in a co-textured microstructure.

It has been reported that the morphology of CAg¢
changed from an elongated shape to an equiaxed shape
in the presence of a small concentration of Mg?" ion
[10]. In our study, however, the morphology of CAg¢
grains retained elongated shapes without any morphol-
ogy change in the presence of a suitable concentration

of Mg?*. Thus, the authors believe that Mg?* does not
severely suppress the anisotropic grain growth of CAg in
a relatively sufficient amount of the liquid phase. Fig. 8
shows the grain size distribution of alumina in A—-CMS
system. The grain size distribution of alumina exhibited
a relatively wide distribution in the untextured layer
compared to the textured layer. Also, aspect ratios of
alumina grain showed a similar tendency as the grain
size distribution, as shown in Fig. 9. Such a wide dis-
tribution both in grain size and in aspect ratios indicates
that a strong texturing of alumina was developed in the
layer containing alumina and CAg.

XRD measurements were performed on the textured
layers perpendicular to the stacking direction. XRD
patterns of textured alumina are shown in Fig. 10.
Compared with the untextured layer, for example alu-
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mina powder, the strong intensity of alumina peaks
both in the (006) plane and in the (1010) plane was
observed in textured layers. The peak intensity of (006)
plane in A-CMS specimen was relatively weak com-
pared to A-AP specimen. This intensity difference
resulted from the formation of the CA4 phase during
sintering. From the XRD patterns and SEM micro-
graphs, it is clear that the addition of alumina platelets
provide a nucleation site for textured alumina.

Crack propagation behavior of alumina laminate
composites is shown in Fig. 11. After indentation on the
polished surface with a 10 kg load, damage pattern
revealed a different one [Fig. 11(a)] compared to the
typical indentation pattern showing a straight crack
propagation at the indenter’s corner. Such a diffuse
damage pattern, indicating shear fault resulting from a
weak interface has been reported in platelet reinforced
composites [9]. When the cracks entered the co-textured
layer, cracks were deflected at the interface between
CAg and alumina and crack bridging was observed, as
shown in Fig. 11(b). Because Ca-hexaluminate is known
to form a weak interface in the alumina matrix [6],
indentation damage could be dissipated by the crack
shielding effect at the CAg interface. Thus, it is believed
that alumina/alumina:CAg4 multilayer composites pro-
vide more enhanced crack arrestment compared to
trilayer composites from the consideration of in situ
co-textured CAg in alumina matrix.

4. Conclusions
In situ microstructure texturing of alumina/alumi-

na:Ca-hexaluminate multilayer composites total 21 lay-
ers has been investigated using the continuous slip

casting method. Ca-hexaluminates, in situ grown in the
presence of CaMaSiO4 glass, showed a well-textured
microstructure in Ca-hexaluminate/alumina multilayer
composites. Such an in situ texturing of Ca-hexaluminate
was possible through the microstructure texturing of alu-
mina using alumina platelets and CaMgSiO, glass.
CaMgSiO, glass was effective for the in situ texturing of
Ca-hexaluminates as well as the microstructure textur-
ing of alumina. The in situ co-textured Ca-hexaluminate
and alumina multilayer composites provide a well-con-
trolled crack propagation and crack shielding behavior.
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