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bstract

ecently to improve properties, highly microstructure controlled ceramics such as fine-grained, textured and laminated structures are required. We
ave demonstrated a new processing of textured ceramics with a feeble magnetic susceptibility by colloidal processing in a high-magnetic field
nd subsequent heating. As colloidal processing, slip casting and electrophoretic deposition (EPD) have been conducted successfully. Colloidal
rocessing is known to be a powerful method for consolidating fine particles with a high density and homogeneous microstructure. Crystalline-
extured controlled laminated alumina can be fabricated using EPD by varying the angle between the vectors of electric field and magnetic field.

lso textured ceramics with complicated structure such as �-alumina and alumina-based nanocomposite can be fabricated by reaction sintering.
he textured alumina-related compounds showed anisotropic properties depending on the crystal plane. The colloidal processing in a high-magnetic
eld confers several advantages and can be applied to many non-cubic ceramics.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The controlled development of texture is one of the ways for
ffective in improving the physical and mechanical properties.1

everal approaches have been developed to produce textured
eramics, including: (i) the template grain growth (TGG)
ethod, which involves the alignment of a small fraction of

arge rod-like particles in a fine powder matrix during form-
ng by tape casting or extrusion.1,2 During subsequent sintering,
hese template grains grow and consume the matrix grains to
roduce textured microstructure; (ii) the hot-working method,
hich involves the imposition of a uniaxial stress on the loosely
acked powder or green powder compacts during sintering.3,4

he texture development is essentially attributed to the elongated
rain rotation induced by shear strain and the grain alignment
s either parallel or perpendicular to the plane strain, depend-
ng on the tensile or compressive strain; (iii) the magnetic field
lignment method, which uses a magnetic field to align the

eramic particles in a suspension during the colloidal process-
ng, and the strong texture could be developed during subsequent
intering.5,6 The principle of the process is that a crystal with an

∗ Corresponding author. Tel.: +81 29 859 2461; fax: +81 29 859 2401.
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nisotropic magnetic susceptibility will rotate to an angle min-
mizing the system energy when placed in a magnetic field.6

he magnetic torque T attributed to the interaction between the
nisotropic susceptibility and a magnetic field is estimated by
he following equation:

= −�χVB2 sin 2θ

2μ0
(1)

here �χ (=|χa,b −χc|) is the anisotropy of the magnetic sus-
eptibilities which are measured for the a, b-axis (χa,b) and
-axis (χc), V the volume of the materials, B the applied mag-
etic field, θ the angle between an easy magnetization axis in a
rystal and imposed magnetic field direction, and μ0 is the per-
eability in a vacuum. This magnetic torque is the driving force

or the magnetic alignment. However, since the anisotropy of the
agnetic susceptibilities of feeble magnetic materials are very

mall,7,8 even in an applied high-magnetic field the magnetic
orque is small; therefore, to align each particle special attention
hould be paid.

We have demonstrated that the highly textured microstructure

f dense alumina can be fabricated by colloidal processing in a
trong magnetic field, followed by heating,5 and that this pro-
ess is applied for alumina-based composites.6 As the colloidal
rocessing, slip casting and electrophoretic deposition (EPD)

mailto:SAKKA.Yoshio@nims.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.039
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powders.37

Fig. 1 shows schematic of partial oxidation and reaction sin-
tering. This process offers several advantages: (1) it eliminates
the need to reduce the particle size of the inclusion phase to
36 Y. Sakka et al. / Journal of the Europ

ere conducted.9 Requirements for obtaining textured ceram-
cs by slip casting in a high-magnetic field and sintering are
s follows6: (1) the particle should be single crystal and well
ispersed; (2) crystal structure should be non-cubic to yield an
nisotropic magnetic susceptibility; (3) magnetic energy should
e larger than thermal motion energy; (4) the viscosity of the sus-
ension should be low enough to rotate the particles with a low
nergy; (5) grain growth is necessary to obtain a highly oriented
tructure especially when spherical particles are used. In general,
on-cubic materials have anisotropic susceptibilities attributable
o asymmetry. It is possible for this type of processing (slip
asting in a strong magnetic field, followed by heating) to be
pplied to other non-cubic ceramics such as TiO2, AlN, ZnO,
nO2, hydroxyapatite, Si3N4, bismuth titanate, mesoporous sil-

ca, etc.5,6,10–22 This technique is also applied for fabrication of
he textured alumina-based composites, such as alumina–SiC,23

lumina–zirconia,24 etc.
Here, we demonstrate that textured ceramics with com-

licated structure such as �-alumina and alumina-based
anocomposites can be fabricated by the combination of above
echnique and reaction sintering �-alumina is known to be

Na+ ionic conductor and it used in the Na–S battery.25,26

owever, the polycrystalline �-alumina has conduction planes
hat are randomly oriented. Therefore, the ionic conductivity
f this polycrystalline material is lower than that of a sin-
le crystal. If it is possible to prepare a texture developed
-alumina polycrystallite, �-alumina with a high-ion conduc-

ively is expected. Alumina-based ceramics are known to show
ood mechanical properties, but their strength is low at high
emperatures.27,28 Mullite is considered to be a candidate
eramic for high-temperature structural applications because of
ts excellent high-temperature properties.29,30 We have reported
hat Al2O3–mullite–SiC nanocomposites can be prepared by
artial oxidation–reaction sintering of the Al2O3–SiC green
ody.31 Our objective is to prepare textured nanocomposites that
ave better mechanical properties than the mullite single phase,
nd a flexural strength at high temperature better than Al2O3
nd SiC.

In this paper, fabrication of textured �-alumina and
l2O3–mullite–SiC nanocomposites with complicated structure

re demonstrated by slip casting in a high-magnetic field and
eaction sintering. Then, the EPD in a high-magnetic field to
btain textured laminated alumina are shown. Some isotropic
roperties of the textured ceramics are also demonstrated.

. Experimental

.1. Textured β-alumina

�-Alumina powders with an average particle size of 0.2 �m
Sumitomo Chemical Co. Ltd., AKP-50) were used. Sodium
ormate (HCOONa, Kanto Chemical) and magnesium acetate

etrahydrate ((CH3COO)2Mg·4H2O, Kanto Chemical) were
sed as the sources of the Na2O and MgO, respectively.32,33

onodispersed spherical polymethyl metacrylate (PMMA) par-
icles with an average particle size of 0.15 �m (Soken Chemical
eramic Society 28 (2008) 935–942

o. Ltd., MP-1451) were used to increase the pores of the
reen bodies. 34,35 Aqueous dispersed suspension of �-alumina
owder with 30 vol.% solids were prepared by adding the
ppropriate amount of poly-(ammonium)acrylate (Toagosei Co.
td., A-6114).36 For samples with added polymer, a polymer
ith 10 vol.% solids was added at that time. After ultrasonic

rradiation,36 the suspensions were slip casted in 10 T, where
he direction of the magnetic field was parallel to the casting
irection. The prepared green bodies were calcined at 1073 K
or 2 h to provide enough strength for handling during the fol-
owing infiltration treatment and to decompose and evaporate
he polymer. An aqueous solution of sodium formate and mag-
esium acetate, prepared in an approximately 80–90% saturated
olution, were then infiltrated into the pores of the calcined
-alumina compacts. The alumina compacts containing Na+

nd Mg2+ were heated at the rate of 8 K min−1 to 1073 K
or 2 h in air. Na2O is a component of �-alumina and pro-
otes the densification by the liquid phase, and MgO increases

he thermal stability of the �-alumina at high temperature.32

he obtained samples were embedded in the produced pow-
ered alumina to prevent the loss of Na2O and sintered at
973 K for 2 h in air. The appearance and orientation of the
-alumina were confirmed by X-ray diffraction (XRD). The

onic conductivity was determined by complex impedance
ethod.

.2. Textured alumina–mullite–SiC nanocomposite

�-Al2O3 powder (Taimei Chemical: TM-DAR) with 0.15 �m
n diameter and �-SiC powder (Ibiden Co. Ltd.) with 0.27 �m
n diameter were used as the starting powders. Aqueous suspen-
ions with a solid content of 30 vol.% were prepared. The SiC
owder content of each colloidal suspension was fixed at 5, 10
nd 15 vol.%, and each one after consolidation was labeled T-
SiC, T-10SiC and T-15SiC, respectively. The powder mixtures
ere dispersed with an appropriate amount of polyelectrolyte

polyammoniumacrylate, A-6114, Toagosei Co.). After ultra-
onic vibration was applied to facilitate dispersion of the powder
gglomerates,36 slip casting was done with and without a high-
agnetic field (12 T). In some case, beads-milling (Kotobuki

ndustry Co. Ltd.: UAM015) using zirconia beads of 0.05 mm
n diameter was conducted to the deagglomeration of SiC fine
Fig. 1. Schematic diagram for partial oxidation and reaction sintering.
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he nanometer range by milling and thus provides better control
n minimizing impurities; (2) because of volume increase dur-
ng reaction sintering, sintering shrinkage are lower. The partial
xidation treatment was conducted in an alumina crucible in
stream of O2 at 1473 and 1573 K for 1 h. Reaction sintering
as then carried out in a stream of Ar at 1873 K for 2 h. The
artial oxidation treatment and reaction sintering were continu-
usly conducted. The partial oxidation condition was confirmed
n advance by a thermogravimetric analysis.

The phases and texture analyses were done by analyzing the
RD. The resulting microstructures were observed by SEM and
EM. The samples were cut and ground using a diamond wheel

nto 4 mm × 3 mm × 20 mm bars for the three-point bending
est. The mechanical properties of the samples were evaluated
y the three-point bending with a span 16.1 mm and a crosshead
peed of 0.5 mm min−1.

.3. Textured laminated alumina by EPD in magnetic field

Aqueous alumina suspension of 0.2 �m in diameter with
0 vol.% solid content was prepared adjusting the pH 4. EPD
as conducted in 10 T at a constant voltage of 30 V at room

emperature. A Pd sheet was used as the cathodic substrate to
bsorbed hydrogen evolved by the electrolysis of water.38 The
irection of the electric field relative to the magnetic field (the
ngle between the vector E and B) was altered (0◦, 45◦ and
0◦) to control the dominant crystal faces.39 After the EPD for
0 min, the thickness of the compacts was approximately 6 mm.
fter CIP treatment at 392 MPa, the compacts were sintered at
873 K for 2 h in air. The bend strength was determined using
he three-point bending test with a span length of 18 mm and a
rosshead speed of 0.5 mm min−1.

. Results and discussion

.1. Textured β-alumina

The textured porous �-alumina bodies were prepared by the
lip casting of well-dispersed �-alumina suspensions followed
y heating at 1073 K. The relative density of the calcined bodies
ithout polymer addition was 60.7%, but that with the polymer

ddition34 decreased to 55%. The porous alumina bodies were
nalyzed for Na and Mg in the initial compositions (molar ratio)
f Na2O:MgO:Al2O3 = 0.25:0.1:1.0. After infiltration and cal-
ination, the molar ratio of Na2O:MgO:Al2O3 for the calcined
ompacts were calculated from the weight loss. The results
f the infiltrated amounts in the pores of the �-alumina com-
acts were Na2O:MgO:Al2O3 = 0.12–0.2:0.019–0.024:1
or the samples without the polymer addition, and
a2O:MgO:Al2O3 = 0.22–0.3:0.022–0.024:1 for the samples
ith the polymer addition.
Fig. 2 shows the XRD patterns of the infiltrated porous bodies

nitially with and without polymer addition and reaction sinter-

ng at 1973 K. The sample was confirmed to be �-alumina by the
eaction of �-alumina and Na2O, but �-alumina did remain when
he polymer particle was not added to alumina, but when the
olymer was added, the residual �-alumina decreases. It is noted

l
s
o
n

ig. 2. XRD patterns of reaction-sintered bodies at 1973 K without polymer
ddition (a) and with polymer addition (b).

hat the amount of remaining �-alumina decreased and single-
hase �-alumina was prepared for the samples with polymer
ddition. From Fig. 2, it appears that on the top plane perpen-
icular to the magnetic field, the diffraction peaks of the (0 0 4)
nd (0 0 8) (�-alumina) and (1 0 1 0) (�-alumina) planes at the
nterplanar angle of 17.5◦ with the basal plane are very large. In
ontrast, on the side plane parallel to the magnetic field, the peaks
f the (1 1 0) and (2 2 0) (�-alumina) and (3 0 0) (�-alumina)
lanes are very large. These results indicate that a crystalline
exture with the c-axis perpendicular to the magnetic field was
eveloped by slip casting in the high-magnetic field followed
y reaction sintering. Comparing Fig. 2(a) with (b), however,
he orientation of the samples with polymer addition is lower
han that without polymer addition. This result is interpreted as
ollows: the addition of polymer to the �-alumina suspension
ncreases the viscosity which results in preventing rotation of
he �-alumina particle under a high-magnetic field. The ionic
onductivity determined at 473 K of the �-alumina including �-
lumina prepared without polymer was negligible, but textured
-alumina shows anisotropic ionic conductivity depending on

he crystal orientation.
The ionic conductivity at 473 K of the textured �-alumina

as 7.1 × 10−3 �−1 cm−1 on the side plane and 5.6 × 10−3

n the top plane. The conductivity on the side plane is

arger than reported polycrystal conductivity25 but smaller than
ingle crystal one,26 which indicates that the texture devel-
pment is not enough and further optimization research is
ecessary.
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ig. 3. Relative densities of green bodies after CIP treatment and sintered bodies
ith oxidation treatment and without oxidation treatment.

.2. Textured alumina–mullite–SiC nanocomposite

It was clarified that surface SiO2 of SiC particle and Al2O3
eact into mullite phase and small amount of SiC remain after
artial oxidation at 1573 K followed by sintering at 1873 K. By
EM observation, the existence of dispersed nano-sized SiC
articles was confirmed in the matrix. These results indicate
hat a dense Al2O3–mullite–SiC nanocomposite without SiO2
as fabricated by this method.
Fig. 3 shows the relative densities of the green bodies after

IP treatment for the sintered bodies with and without oxidation
reatment, followed by sintering in an Ar atmosphere at 1873 K
or 2 h. It was confirmed that the relative density of the sin-
ered bodies significantly increased by the oxidation treatment.
he sintered density increased with a high-oxidation temper-
ture and with a small SiC content. When a large quantity of
iO2 was generated at a high-oxidation temperature, densifica-

ion was enhanced by the viscous sintering of the surface SiO2
f SiC and Al2O3.31

Fig. 4 shows X-ray diffraction patterns for 15 vol.% SiC sin-
ered at 1873 K for 2 h after oxidation treatment. In the T plane
nd S1 plane which are parallel to the direction of magnetic
eld n, the intensities of (1 1 0) are high while the intensities of
0 0 6) are very low. In contrast, in the S2 plane perpendicular
o the high-magnetic field direction, the intensity of (1 1 0) is

ow and the intensity of (0 0 6) is higher than that of T and S1.
hese results indicate that the c-axis of the alumina crystal was
ligned in the high-magnetic field direction. Here, the degree
f crystalline texture (P) was determined using the following

f
f
m
f

ig. 4. X-ray diffraction patterns for 15 vol.% SiC sintered at 1873 K for 2 h in an A
here slip casting was conducted without magnetic field and in 12 T.
ig. 5. Degree of crystalline orientation for the specimens prepared by slip
asting at 12 T followed by reaction sintering.

quation:

= I0 0 6

I0 0 6 + I1 1 0
(2)

here I0 0 6 and I1 1 0 are the X-ray diffraction intensities from the
0 6 and the 1 0 0 reflections on the bottom surface, respectively.

Fig. 5 illustrates the degree of crystalline texture for the spec-
mens prepared by slip casting at 12 T after reaction sintering
nder different oxidation conditions. The degree of crystalline
exture significantly increased when the SiC content was low and
he oxidation treatment temperature was 1473 K. It is seen that
he degree of crystalline texture depended on the Al2O3 content
ut not as high in comparison with the single phase of Al2O3.5,6

Fig. 6 shows the bend strength for the textured nanocom-
osite with different directions. From the SEM observations, it
s seen that inter-granular fracture was observed in the fracture

orm but that no significant difference between the fracture sur-
aces was observed for the different directions of the applied
agnetic field. The effect of the alumina orientation on the

racture strength was not clearly observed. This is because

r atmosphere after oxidation treatment at 1573 K for 1 h in an O2 atmosphere,
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Fig. 6. Three-point bending strength

he temperature of the reaction sintering was 1873 K and the
rain growth of alumina was not significant in this experi-
ent. The fracture strengths decreased with increased SiC (i.e.,
ullite) contents. The decrease in the fracture strength was

ue to the content of mullite in sintered bodies because the
racture strength of mullite is not very high at room tempera-
ure (300–400 MPa). However, the absolute value of the bend
trength was not large in comparison with the data of the
ighly textured alumina sintered at 1873 K shown in Fig. 7.
t is noted for the textured undoped alumina that the bending
trength of the plane where load direction parallel to applied
agnetic direction is larger than that load direction is per-

endicular to magnetic field direction. To clarify the reason
f the poor strength especially added large amount of SiC,
DS mapping images were observed for Si and Al. Agglom-
ration of Si was observed, which indicates that ultrasonic

rradiation was not effective for the deagglomeration of SiC
owders.

Recently it is clarified that beads-milling using small zirconia
eads of 0.05 mm in diameter is effective for the deagglomera-

p
t
f

Fig. 7. Three-point bending strength of textured alumina sint
dies sintered of the nanocomposites.

ion of fine powders.37 The milling conditions were as follows:
he disc rotation speed is 10 m s−1 and the milling time is 1 h.
ig. 8 shows that the beads-milling is effective for the deag-
lomeration of the present suspension system. Smaller media
re effective for redispersing agglomerates because the rate
f fine grinding is very dependent on the frequency of colli-
ions. Using the beads-milling treated suspensions, the fracture
trength increased to above 750 MPa for 10 vol.% SiC systems as
s shown in Fig. 9. The bending strength of the plane where load
irection parallel to applied magnetic direction is larger than
hat load direction is perpendicular to magnetic field direction.
imilar trend was also observed for undoped alumina ceramics
Fig. 7).

.3. Electrophoretic deposition in high-magnetic field
Fig. 10 shows the variation in the XRD patterns of the top
lanes with the angle between the directions of B and E, where
he �-alumina (particle size of 0.2 �m) was deposited in 10 T
ollowed by sintering at 1873 K. The Φh k l of the appeared

ered at 1873 K depending on the orientation direction.
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Fig. 8. TEM images of 10 vol.% SiC system

Fig. 9. Three-bending strength of reaction-sintered 10 vol.% SiC systems after
milling treatment.

Fig. 10. Changes in the XRD patterns of the top planes with the angle between
the direction of B and E.
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before (a) and after (b) beads-milling.

eaks are also shown in the figure. When the E is parallel to
(φB–E = 0◦), the diffraction peaks of the planes at low inter-

lanar angles (Φh k l is close to 0◦) are predominant. When the
h k l is changed to 45◦, the dominant diffraction peaks change to

he planes of the intermediate interplanar angles (φB–E is close
o 45◦). When E is perpendicular to B (φB–E = 90◦), the domi-
ant diffraction peaks changed to the planes of high-interplanar
ngles (Φh k l is close to 90◦). These results clearly show that the
ominant crystal faces can be controlled by varying the angle of
and B.21,39,40

Fig. 11 shows an example of textured laminated alumina
repared by EPD in high-magnetic field. Here, the cross-
ectional microstructure was prepared by alternately changing
B–E = 0◦/90◦ layer by layer. It is seen that microstructure

ell-reflects the alteration of φB–E during the deposition. The

hree-point bending strength was measured for the samples
ith alternately changing φB–E = +45◦/−45◦ layer by layer
here the tensile surface was either parallel or perpendicu-

ig. 11. Cross-sectional microstructure of laminar composite prepared by
hanging φB–E = 0◦/90◦ layer by layer.
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ig. 12. Bending strength for textured alumina laminate depending on the crack-
or textured laminates with alternate orientation.

ar to the plane defined by the EPD direction. A typical SEM
icrostructure and schematic illustrations of the orientation of

he crack-growth relative to the samples are shown in Fig. 12.
he strength for the crack-growth direction perpendicular to

he deposition direction was higher than that parallel to the
eposition direction. The crack was propagated by bending
n a zigzag path along the aligned grains when the crack-
rowth direction was parallel to the deposition direction. The
ombination of the orientation and lamination is one of the
ossible ways of tailoring the microstructure for the improve-
ent of mechanical, dielectric, thermo-electric properties,

tc.41,42

. Conclusions

Textured ceramics with complicated structures of �-alumina
nd Al2O3–mullite–SiC nanocomposite were fabricated by slip
asting in a high-magnetic field followed by reaction sinter-
ng. Both showed anisotropic ionic conductivity and bending
trength depending on the crystal plane, respectively. The
extured laminated alumina was fabricated by EPD in a high-

agnetic field alternately changing the direction of the electric
eld relative to the magnetic field.
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