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Abstract

Highly textured, dense alumina ceramics were fab-
ricated by a new processing route which utilizes a
mixture of Al metal powder, alumina powder, alu-
mina platelet (template) particles and a liquid phase
former. The process involves dry forming the powder
mixture (e.g. uniaxial pressing, and roll compac-
tion) to align the plate-like template particles. The
addition of a calcium aluminosilicate glass reduces
constrained densi®cation by the template particles
and allows attainment of high density at �1450�C.
The degree of orientation (i.e. r is 1 for a random
sample and 0 for a perfectly textured material) and
volume fraction of textured material, f, were mea-
sured by X-ray-based rocking curve technique and
SEM-based stereological analysis, respectively. It
has been shown that texture quality (the r para-
meter) is controlled by initial strain during forming,
sintering time and temperature. In addition, alumina
ceramics with the volume fraction of textured mate-
rial ranging from 1 to �100% can be obtained.
# 1999 Elsevier Science Ltd. All rights reserved.
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1 Introduction

The physical properties of ceramics and ceramic
matrix composites can be tailored by controlling
microstructure. The goal of most processing stu-
dies has been the attainment of micrometer scale,
equiaxed grains. Textured ceramics are interesting
because they allow access to anisotropic properties
which are similar to single crystal values. Many tex-
ture studies report the use of hot pressing and sinter
forging to densify oriented anisometric particles such
as ®bers, whiskers and platelets.1±4 These approaches
are far too expensive to be commercially viable. A

low cost and general approach for producing tex-
tured ceramics is templated grain growth.5 Tem-
plated grain growth (TGG) is a technique for
developing crystallographic texture in ceramic
bodies via the grain growth of aligned anisometric
particles in a dense and ®ne grain size matrix. With
only 5% template particles nearly fully textured
ceramics can be produced.5 Initial studies of TGG
concluded that the alignment of the template par-
ticles during forming, a ®ne-grain size, and a dense
matrix are critical requirements for TGG.5±9 Tem-
plates can be oriented by a variety of techniques,
including tape casting, slip casting, centrifugal
casting, and extrusion. In initial studies, dry form-
ing techniques have not been preferred because the
orientation is di�cult to induce during pressing.
Therefore, most TGG studies have relied on the
use of colloidal processing.5±11

Textured �-Al2O3-based ceramics have been fab-
ricated by a variety of techniques including hot
pressing, sinter forging and tape casting.4,12,13 In
1995, Brandon et al. fabricated a composite con-
sisting of oriented �-Al2O3 platelet particles and
equiaxed �-Al2O3 grains.13±15 They reported
improved bend strength, thermal shock resistance
and inhibited crack propagation perpendicular to
the tabular �-Al2O3 grains. Seabaugh et al. inves-
tigated texture development by templated grain
growth in a liquid-phase sintered alpha alumina
system as a function of template and liquid phase
content, sintering time and temperature.5 Tem-
plates were aligned by tape casting. They reported
that the addition of CaO and SiO2 creates favor-
able kinetic conditions for anisotropic grain
growth during sintering. They were able to fabri-
cate nearly 100% oriented �-Al2O3. Recently, An
et al. investigated the use of the reaction bonding
of aluminum oxide (RBAO) process and water-
based gel casting to obtain textured alumina plate-
let reinforced RBAO composites.16 They also used
tape casting to align template particles. The initial
composition was 45 vol% Al, 35 vol% �-Al2O3

and 20 vol% ZrO2. They claimed that samples
sintered for 5 h at 1550�C were �80% texture;

Journal of the European Ceramic Society 19 (1999) 2465±2474

# 1999 Elsevier Science Ltd

Printed in Great Britain. All rights reserved

P I I : S 0 9 5 5 - 2 2 1 9 ( 9 9 ) 0 0 1 2 2 - 3 0955-2219/99/$ - see front matter

2465

*To whom correspondence should be addressed. Fax: +1-
814-865-2326; e-mail: messing@mrl.psu.edu



however, they did not report how they determined
the textured fraction. They focused on the
mechanical properties of the samples rather than
microstructural development and texture analysis.
The processing of textured ceramic components by
approaches described in the literature are limited to
high temperatures (>1500�C), and are colloidal-
based processes. These constraints lead to part size
limitations, and/or limited texture.
The RBAO process is one of a number of reac-

tion-based processes that have been developed to
produce metal oxide materials. The process
involves the use of aluminum and alpha alumina
mixtures to produce alpha alumina-based cera-
mics.17 The use of ductile Al powder in the initial
mixture yields attractive characteristics such as low
net shrinkage, high green strength, ease of green
machining, and polymer-free processing (i.e.,
environmentally benign).17±19 Moreover, if aniso-
tropic particles are added to the initial mixture,
ductile Al may allow control of orientation during
dry forming operations like roll compaction, uni-
axial pressing and double action pressing. In addi-
tion, when Al is converted to alumina, it results in
a ®ne-grained alumina matrix which should result
in a high driving force for grain growth of the
oriented particles. In this paper we demonstrate
that reaction-based processing and TGG can be
combined in a new relatively low cost dry powder
process to obtain highly textured alumina cera-
mics. A key element is the use of a liquid phase to
avoid constrained densi®cation by the template
particles and to accelerate their growth.

2 Experimental Procedure

2.1 Materials and processing
A powder mixture of attrition milled Al, �-Al2O3

(�0.2 �m diameter, AKP-50 Sumitomo Chemical
Co.), a liquid phase former (i.e. calcium alumino-
silicate or magnesium aluminosilicate) and iso-
propanol was ball milled for 5 h with high purity �-
Al2O3 balls (99% �-Al2O3) of 4 mm diameter in a
plastic bottle. For the initial mixture, ®ne Al ¯akes
with a high speci®c surface area (�20 m2/g) were
prepared by attrition milling a gas atomized sphe-
rical Al powder (2±5 �m diameter, Valimet, Inc.,
Stockton CA) with ®rst 5 mm yttria stabilized tet-
ragonal zirconia (YTZ) balls for 12 h, and then 1
mm YTZ balls for 8 h at 600 rpm. Temperature
was kept at �20�C by a water cooling system dur-
ing the milling. The milled Al powder was dried in
air at �80�C.
The calcium aluminosilicate (CAS) glass was

prepared by melting a mixture of 42.4 wt% SiO2,
20.0 wt% �-Al2O3 and 37.6 wt% CaO at 1600�C

for 2 h and quenching it in cold water. The mag-
nesium aluminosilicate (MAS) glass with a com-
position of 21.5 wt% MgO, 17.5 wt% �-Al2O3 and
61.0 wt% SiO2 was also prepared by the same heat
treatment. The transparent glasses were crushed in
a mortar and reduced to 0.2±3 �m by ball milling
for 24±48 h with 4 mm diameter high purity �-
Al2O3 balls. The eutectic temperatures for the
CAS and MAS glasses are �126520 and 1355�C,21

respectively.
After ball milling, 5 vol% alpha alumina platelets

(Elf-Atochem) of 15±25 �m diameter and 2.0 �m
thickness were added to the slurry. The platelets
for TGG were washed prior to mixing by adding
10 wt% templates to water with a pH of 1 adjusted
with a 7 wt% nitric acid solution. After soni®ca-
tion the slurry was boiled for 1 h. The platelets
were separated and washed three more times. The
platelets and matrix materials were stirred for 24 h.
The slurry was dried in an oven at �80�C for 24 h
and sieved to <90 �m (-170 mesh).
The powder mixture was uniaxially pressed to

obtain pellets of 1.2 cm diameter and 0.1±0.5 cm
thickness. Unless otherwise noted, powders were
pressed at 285 MPa. The corresponding compac-
tion ratio (i.e. initial height of the powder compact
divided by the ®nal height of the powder compact)
was 6.7. After pressing, pellets were oxidized in a
box furnace by heating at 5�C minÿ1 from room
temperature to 450�C, then at 1�C minÿ1 from 450
to 1070�C and 5 h dwell at 1070�C in air. After
oxidation, samples were heated at 5�C minÿ1 to the
sintering temperature and held for 2 h.

2.2 Characterization
The particle size distributions of the �-Al2O3 and
glass powders were determined by sedimentation.
The speci®c surface area of the milled Al powders
was measured by BET. The densities of the pressed
pellets and sintered samples were determined by
the dimensional method, and Archimedes' techni-
que, respectively. Weight changes of the pellets
were monitored with a thermogravimetric analyzer
(TGA) during the reaction bonding process. High
temperature X-ray di�raction (XRD) using CuK�
radiation was used to detect phase changes as a
function of temperature. A thermomechanical
analyzer (TMA) was used to compare the sintering
behavior of the powder mixtures with and without
a liquid phase former. Scanning electron micro-
scopy (SEM) was used to examine microstructural
development after oxidation, sintering and grain
growth.
For crystallographic texture analysis, a X-ray-

based rocking curve technique was chosen due to
the simplicity of data collection and analysis. The
rocking curve method is described elsewhere.22
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Rocking curve measurements were performed
around the (00012) peak (i.e. 2 theta: 90.7�) of
alpha alumina with rocking range in � of ÿ40 to
+40 � using a standard di�ractometer. The data
were corrected to eliminate defocusing and
absorption e�ects by a computer program devel-
oped by Vaudin.23 The March±Dollase function,
eqn (1), was chosen to quantify the measured tex-
tured distributions from the rocking curve analy-
sis.24 P�f; r; ��, the texture compensation factor, is
given by

P�f; r; �� � f�r2 cos2 �� sin2 �

r
� � �1ÿ f� �1�

where �=the angle between the texture (orienta-
tion) axis and the scattering vector, r=the degree
of orientation, and f=the volume fraction of
oriented material. In March's original paper, the r
parameter is de®ned as the ratio of ®nal thickness
to initial thickness for the compact of rigid discs.25

It is also related to the width of the texture dis-
tribution. For platelets, a low r value indicates a
narrow distribution of platelet normal orientations
about the sample normal. For a random sample
r=1 and r=0 for a perfectly textured sample of
platelet grains. The texture quality was evaluated
as a function of compaction ratio, sintering time
and temperature.
For the morphological texture analysis, sintered

samples were examined by SEM. Micrographs of
thermally etched sample cross sections were ana-
lyzed using image analysis software.26 The area of
each anisotropic grain and the dimensions of the
major and minor axes were measured, along with
�, the angle between major axis and sample sur-
face. These values were corrected using Fullman
relationships and r values obtained from the rock-
ing curve data.27 Since the volume fraction of
highly textured materials (i.e. >60 vol%) is over-
estimated by the rocking curve technique,27 f values
were also calculated by stereological analysis.

3 Process Control

3.1 The modi®ed reaction-based processing of alumina
To prevent contamination from the milling media
the gas atomized spherical Al powder was sepa-
rately attrition milled from the �-Al2O3 powder.
To improve the milling e�ciency, the Al powder
was ®rst attrition milled with 5 mm diameter YTZ
balls for 12 h and then milled with 1 mm YTZ balls
for 8 h. The contamination from the milling media
was <0.03 wt% which is signi®cantly less than
when the Al and �-Al2O3 powders are attrition
milled together.28 The speci®c surface area of the

milled Al powder was �20 m2/g. The milled Al par-
ticles were ¯aky and smeared; therefore, instead of
particle size, the speci®c surface area of the milled
powder was used to characterize the milled Al pow-
der. Ball milling and subsequent stirring were used to
mix the Al, �-Al2O3, glass and template powders. A
¯ow chart of the process is given in Fig. 1.
The green densities of samples were 60.0�1.0%

TD after uniaxial pressing at 285 MPa. The sam-
ples were heated in air at 5�C minÿ1 from room
temperature to 450�C, then at 1�C minÿ1 from 450
to 1070�C to oxidize the Al in the system. Figures 2
and 3 show the TGA data and the XRD pattern of
the 5 vol% CAS and 5 vol% platelet containing
sample. According to the TGA data, the oxidation
of Al begins at about 450�C. Below 450�C, �2.5%
weight loss was observed due to decomposition of
aluminium hydroxide. The reaction products below
450�C are mainly amorphous alumina; therefore,
only alpha alumina and aluminum peaks can be
observed by XRD. Above 450�C, the oxidation

Fig. 1. Processing steps for the fabrication of textured reac-
tion-based alumina ceramics by templated grain growth.

Fig. 2. Thermogravimetric analysis of 5 vol% CAS and 5
vol% platelet containing reaction-based alumina (initial sam-

ple weight: 104 mg).
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rate increases until it reaches the maximum rate at
�550�C. Gamma-Al2O3 forms in this temperature
range. This signi®cant increase in oxidation rate
can be caused by the formation of microcracks or
channels (i.e. easy pathways for oxygen di�usion)
in the amorphous alumina crust which surrounds
the Al particles as a result of the crystallization of

-Al2O3.

29 Between 550 and 660�C the reaction
rate decreases because most of the Al is oxidized
and di�usion of oxygen to the oxide-metal interface
is inhibited by the oxide layer. For these oxidation
conditions, �82 wt% of the total oxidation occur-
red in the solid state for the samples containing 5
vol% CAS and 5 vol% platelets.
The melting of Al (Tm=660�C) results in a 14

vol% increase in volume. Melting creates cracks in
the alumina crust around the aluminum particles,
and subsequently, more fresh Al is exposed. The
oxidation of molten Al reaches a maximum rate at
850�C and oxidation is complete by �900�C. Fur-
ther heating of the samples results in the 
 to �-
Al2O3 transformation which is complete by
�1150�C.30

3.2 Liquid phase sintering of reaction-based
alumina ceramics
To reduce the sintering temperature of the reac-
tion-based alumina, liquid phase sintering was
investigated. The CAS liquid promotes anisotropic
grain growth whereas the MAS glass inhibits ani-
sotropic grain growth.31±34 A liquid phase reduces
problems due to constrained sintering by large
template particles. The e�ect of liquid phase former

on shrinkage was measured by TMA by heating the
completely oxidized samples at 5�C minÿ1 to
1500�C. In Fig. 4 the TMA data shows that the
liquid phase containing sample, 5PL5LP (5 vol%
platelets and 5 vol% CAS), fully densi®es at
�1450�C whereas the undoped sample 5PL (0 vol%
CAS and 5 vol% platelets) was �84% dense at
1500�C.
Figure 5(a)±(c) shows micrographs of undoped, 5

vol% CAS-doped and 5 vol% MAS-doped reac-
tion-based alumina ceramics, respectively, which
were sintered at 1600�C for 2 h. The undoped
sample consists of relatively equiaxed grains with
an average size of 2.5 �m. On the other hand, the
CAS and MAS-doped samples exhibit an average
grain size of 5.0 and 4.5 �m, respectively. In addi-
tion, the undoped sample is �95% dense, and the
CAS and MAS-doped samples are �97% dense,
based on SEM studies. This higher density in the
doped samples can be attributed to elimination of
large defects [arrowed in Fig. 5(a)] during liquid
phase sintering.

3.3 Template grain growth
The e�ect of template particles on microstructure
was examined by adding 5 vol% alumina platelets
to undoped and 5 vol% CAS-doped reaction-based
alumina. The samples were sintered at 1600�C for 2
h. Figure 6(a) demonstrates that the ®nal micro-
structure of the platelet containing, undoped sam-
ple consists of anisotropic grains with an average
grain size of 25 �m and a thickness of �2 �m dis-
tributed in a ®ne (�2 �m) matrix. The sample is
�92% dense and the degree of orientation of
anisotropic grains is �0.55. Figure 6(b) shows a
micrograph of the sample containing 5 vol% CAS
and 5 vol% platelets. The microstructure consists of
faceted, anisotropic grains with an average particle
size of 43 �m and a thickness of 7.8 �m distributed
in a ®ne grain alpha alumina matrix of �5 �m. The
volume fraction of oriented grains is >80% and
the degree of orientation, r, is 0.4.

Fig. 3. XRD patterns of samples containing 5 vol% CAS and
5 vol% platelets as a function of temperature (`, aluminum;

*, alpha alumina; *, gamma alumina).

Fig. 4. Sintering behavior of 5 vol% platelet containing reac-
tion-based alumina samples with (5PL5LP) and without cal-

cium aluminosilicate doping (5PL).
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The poor grain growth and densi®cation beha-
vior of the undoped sample can be attributed to the
gaps around the large anisotropic grains and thus,
the template particles did not have intimate contact
with the matrix during heating. It is likely that
since the matrix grains are much ®ner than the
platelets they densi®ed away from the platelets.
Moreover, the �19% volume shrinkage during the
gamma to alpha alumina transformation in the
matrix may have caused the separation of platelets
from the matrix grains. The CAS-doped samples
do not exhibit this kind of separation or con-
strained densi®cation of platelets. The platelets in
the CAS-doped samples demonstrate extensive
grain growth and a microstructure that exhibits a
high volume fraction of faceted grains. This high
degree of texture indicates that the CAS liquid
promotes grain growth and large anisotropic
grains grow by an Ostwald ripening type process.

These observations are similar to those of Sea-
baugh et al for CAS-doped boehmite-derived alpha
alumina system.5 The comparison in Fig. 6 also
reveals that alignment of anisotropic particles (i.e.
degree of orientation) in CAS-doped sample (i.e.
r=0.4) is much better than that in the sample
without CAS (i.e. r=0.55). This result suggests
that the liquid phase helps to align template parti-
cles by a rearrangement process and thus improves
texture quality.

4 Texture Development

4.1 Compaction ratio
Powders were pressed over a range of compaction
ratios to determine how it a�ected texture develop-
ment. Figure 7 demonstrates the e�ect of compac-
tion pressure on the compaction ratio and the green
density for 5 vol% CAS and 5 vol% platelet con-
taining samples. The compaction ratio ranged from
3.8 to 8.1 and the green density ranged from 41 to
71%. Higher compaction ratios result in higher
green densities and subsequently better packing of
the particles. The high densities are a direct con-
sequence of the presence of the ductile Al.
Micrographs of sintered samples which were

formed at compaction ratios of 3.8, 5.6, 7.7 and 8.1
and then sintered at 1600�C for 2 h, are shown in

Fig. 6. SEM micrographs of (a) 5 vol% platelet and 0 vol%
CAS containing sample (5PL), and (b) 5 vol% platelet and 5

vol% CAS containing sample (5PL5LP); 1600�C, 2 h.

Fig. 5. SEM micrographs of (a) undoped, (b) CAS-doped and
(c) MAS-doped reaction-based alumina; 1600�C, 2 h.
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Fig. 8(a)±(d), respectively. As the compaction ratio
increases, the volume fraction of oriented material
increases. For example, while the textured fraction
for the sample with a 3.8 compaction ratio is
�55%, it is >90% for the sample with a compac-
tion ratio of 8.1. The higher green densities result
in higher sintered densities. For instance, although
the sample with a 3.8 compaction ratio is 94%
dense, the density of the sample with a compaction
ratio of 8.1 is �98%. Moreover, the amount of
porosity within grains decreases with increasing
compaction ratio. This observation suggests that
higher green densities allow attainment of full
densi®cation before the start of grain growth and

subsequently, less amount of porosity will be avail-
able to be swept into grains during grain growth.
Thus, the high green density obtained at high strain
favors both template orientation as well as the
elimination of pores in the green compact which can
become trapped in grains during growth.
Figure 9 shows how the degree of orientation of

the sintered samples depends on the compaction
ratio. For compaction ratios from 3.8 to 5.6, r
decreases slowly as the compaction ratio increases.
Between 5.6 and 7.1, the green density exceeds
64% and r signi®cantly decreases with increasing

Fig. 8. SEM micrographs of 5PL5LP samples which exhibited (a) 3.8, (b) 5.6, (c) 7.7 and (d) 8.1 compaction ratios during forming;
1600�C, 2 h.

Fig. 7. The e�ect of compaction pressure on compaction ratio
and green density (5PL5LP).

Fig. 9. The e�ect of compaction ratio on the degree of orien-
tation of the 5PL5LP samples when heated at 1600�C for 2 h.
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compaction ratio. Above 7.1, r changes very slowly
with the compaction ratio. These results show that
the presence of Al in the initial mixture allows the
attainment of higher compaction ratios and thus
better control of texture development. For exam-
ple, high degrees of texture were obtained at com-
paction ratios >6.5 for green densities �60% TD.
Such densities would be di�cult to achieve by dry
pressing unless a ductile metal is present.

4.2 Sintering temperature
Figure 10(a)±(d) shows microstructures of 5 vol%
CAS and 5 vol% platelet containing samples which
were formed at a compaction ratio of 6.7 and sin-
tered at 1070, 1400, 1500 and 1650�C. Figure 10(a)
shows the microstructure of the sample after the
oxidation stage but below the eutectic temperature
of the glass phase (TE;CAS:� 1265�C) and below
the 
 to � alumina transformation temperature.
Although there are a few misoriented templates,
most of templates are aligned perpendicular to the
pressing direction and the initial microstructure
consists of platelets with an average size of 20 by
2.0 �m distributed in a very ®ne (0.02±0.2 �m)
matrix of gamma and alpha alumina. Since densi-
®cation has not started yet, the densities of samples
are between 55 and 60% TD.
When sintered at 1400�C for 2 h, the >90%

dense sample consists of � alumina. At this point
the platelets grow to an average size of 25.3 by 2.5

�m with an aspect ratio of 12. The degree of
orientation is 0.62 and the volume fraction of
oriented materials is �12 vol%. When the samples
are sintered at 1500�C for 2 h [Fig. 10(c)], there is
rapid densi®cation to 95% TD and grain growth
due to the higher temperature and development of
6.5 vol% liquid. The samples consist of platelets
with an average size of 41.2 by 5.6 �m and an
average aspect ratio of 7.5. The template grains are
well-oriented, but some misorientation from the
initial microstructure is still present. The degree of
orientation is 0.38 and the volume fraction of
oriented materials is �40 vol%. At 1650�C, there is
7.9 vol% liquid and after 2 h sintering, the samples
are �95% dense. The microstructure consists of
>90% oriented alpha alumina with an average grain
size of 50 by 10 �m and a smaller aspect ratio of 5
compared to the 1500�C. The degree of orientation is
0.4.
Examination of the temperature dependence of

the degree of orientation demonstrates that r
decreases from 0.62 to 0.38 between 1400 and
1500�C and remains essentially constant at 1650�C.
The increased orientation between 1400 and
1500�C can be attributed to the increase in liquid
phase content and a decrease in the viscosity of
liquid phase. These factors are favorable for grain
rearrangement and/or the interaction between ani-
sotropic grains. As the temperature increases, the
volume fraction of oriented materials increases

Fig. 10. Microstructure evolution of 5PL5LP samples, sintered at (a) 1070�C, 5 h; (b) 1400�C; (c) 1500�C; (d) 1650�C for 2 h (compaction
ratio: 6.7).
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from 12 to 40% between 1400 and 1500�C and to
>90% at 1650�C. At 1400�C, the aspect ratio of
anisotropic grains is about the same as the aspect
ratio of the initial platelets (i.e. �13). Between 1400
and 1500�C, the aspect ratio decreases from 12 to
7.5. This decrease in the aspect ratio is attributed
to impingement of the anisotropic grains in the
length direction and subsequent growth in the
thickness due to the presence of smaller alpha alu-
mina grains. The decrease in aspect ratio corre-
sponds to when the textured fraction is 40% which
is near the percolation threshold of 0.44 for discs in
two dimensions.35 The aspect ratio further decrea-
ses to 5 after sintering at 1650�C for 2 h. Interest-
ingly, as the volume fraction of the textured
material increases from 40 to 90% most of the
template growth occurs by grain thickening.

4.3 Sintering time
To evaluate the in¯uence of sintering time on tex-
ture development, CAS-doped samples with 5
vol% platelets were formed at a compaction ratio
of 6.7 and sintered at 1600�C for 1±300 min.
Approximately �7.3 vol% liquid develops at this
temperature. After 1 min, the �95% dense micro-
structure consists of about 54 vol% anisotropic
grains with an average grain size of 40.2 by 6.0 �m
and alpha alumina matrix grains of �4.5 �m [Fig.
11(a)]. The degree of orientation is 0.58 and there

are a few misoriented grains in the microstructure.
The microstructure shows that the large grains
have impinged with each other. Consequently, the
aspect ratio is 6.6. After 300 min sintering, the
microstructure exhibits faceted and well oriented
(i.e. r=0.4) anisotropic grains with an average
grain size of 49.2 by 8.9 �m. The volume fraction
of oriented grains is �90 vol%. The remaining
matrix grains exhibit an average grain size of �7
�m which limits the rate of grain growth.
Figure 12 shows how the textured fraction and

aspect ratio change with sintering time at 1600�C.
The initial grains grow very rapidly upon heating
with the volume fraction of oriented material
increasing to 54%. When the sample is heated for
300 min �90% of the sample consists of oriented
grains. The aspect ratio of platelets decreases with
increasing time from 6.6 in Fig. 11(a) to 5.6 in Fig.
11(b). In addition, the number of grains decreases
with increasing sintering time. The degree of
orientation increases as r decreases from 0.58 to 0.4
between 1 and 300 min.

5 Discussion

This study shows that highly textured (>90%),
dense (�95% TD) alumina ceramics can be fabri-
cated by a new, relatively low cost processing route
which uses a mixture of Al metal powder, alumina
powder, alumina platelet (template) particles and a
liquid phase former.36 The process involves the use
of dry forming techniques such as pressing and roll
compaction to align template particles. Unlike
initial texture forming processes such as gel cast-
ing,11±14 tape casting5,11±14 this process does not
require any polymer additives and other processing
di�culties such as sol-gel, lamination and binder
burn out. In addition, the use of metal forming
techniques allows fabrication of large parts
which is not easy with colloidal-based processes.

Fig. 11. SEM micrographs of 5PL5LP samples (compaction
ratio: 6.7), sintered at 1600�C for (a) 1 and (b) 300 min.

Fig. 12. The e�ect of sintering time on aspect ratio of aniso-
tropic grains and volume fraction of 5PL5LP at 1600�C.
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Furthermore, the low net shrinkage of the RBAO
process enables the fabrication of large textured
parts.
Although An et al.14 did not report how much

zirconia was added from the milling media to the
initial RBAO mixture during the attrition milling,
Holz et al.17 reported an uncontrolled zirconia
contamination from the milling media between 3
and 5 wt% under similar milling conditions. In this
study, separate milling of Al powders allowed
controlled and relatively clean (i.e. zirconia free)
processing of reaction-based alumina ceramics.
The degree of orientation of the ®nal micro-
structure can be controlled by the consolidation
process due to ductility of the Al metal powder.
High degrees of texture were obtained at compac-
tion ratios �6.5 and a green density of �60% TD
which would be di�cult to achieve without Al. In
the initial RBAO studies,15±17 the authors claim
that to improve the oxidation and densi®cation,
yttria and zirconia were added to the initial mix-
ture. In this study, the addition of a liquid phase
former reduces the sintering temperature of reac-
tion bonded alumina ceramics to temperatures as
low as �1450�C. Moreover, due to the use of a
liquid phase and the increased driving force for
TGG due to very ®ne matrix grain size resulting
from the oxidized Al powder, very large ®nal grain
sizes (up to 100 �m) can be achieved [Fig. 8(d)].
Templates dominated the grain growth and con-

trolled texture development in CAS containing
systems as observed by Seabaugh et al.5 On the
other hand, in systems with no CAS, separation
between template particles and matrix grains was
observed. Therefore, grain growth did not occur in
these samples. Consequently, the presence of both
CAS and template particles is critical for templated
grain growth in reaction-based alumina systems.

6 Conclusions

Near fully textured, dense (95±98% TD) alumina
ceramics were successfully fabricated by a new
processing route which uses a mixture of Al metal
powder, alumina powder, alumina platelet (tem-
plate) particles and a liquid phase former. Unlike
other texturing processes such as tape casting, gel
casting and slip casting, this process uses dry
forming techniques such as uniaxial pressing, for-
ging and roll compaction to align template parti-
cles. The addition of a liquid phase former to the
initial mixture allows sintering of reaction bonded
alumina ceramics at low temperatures (�1450�C).
In addition, the liquid phase former improved
densi®cation and grain growth. The degree of
orientation (i.e. texture quality) can be controlled

readily by the compaction ratio during the con-
solidation process. Sintering time and temperature
control the volume fraction of oriented material
and the degree of orientation.
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