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Abstract

The c-axis-oriented apatite-type lanthanum silicate, La10Si6O27, ceramic was successfully fabricated by an application of a high magnetic field
followed by a sintering process. Degree of an orientation in the La10Si6O27 ceramic sintered at 1700 1C was 48.1% along (00l) on the Lotgering
scale. Conductivity of the c-axis-oriented La10Si6O27 ceramic is about 0.5 orders of magnitude higher than that of the non-oriented La10Si6O27

ceramic. The higher conductivity is caused by an orientation of oxide ions in the grains composing the ceramic, which are located along the c-axis
and responsible for the ionic conduction.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

We reported a series of apatite-type rare earth silicates,
RExSi6O1.5x+12 (x¼8–11) including RE10Si6O27 (RE¼La–Dy),
as a new type oxide ionic conductor [1–4]. Among these,
lanthanum silicates (RE=La) showed high conductivities in
the temperature region below 600 1C, suggesting that the
lanthanum silicates are promising candidates for an intermediate
temperature solid oxide fuel cell (IT-SOFC) as well as scandia-
stabilized zirconia and LaGaO3-based perovskite-type oxide [4].
Besides the above reports, several groups have also reported the
electrical conductivity of lanthanum silicate with apatite-type
structure [5–11]. However, these reports are limited to studies
on the conductivity of polycrystalline lanthanum silicates. Since
1999, the anisotropy in oxide ionic conductivities of the rare
earth silicate single crystals, RE9.33(SiO4)6O2 (RE=La, Pr, Nd
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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and Sm), has been reported, and it has been found that the
conductivity component parallel to the c-axis is about one order
of magnitude higher than that of the perpendicular component
[12–17]. The conduction mechanism of RE9.33(SiO4)6O2 can
be understood from a structural analysis which proposed a
hexagonal apatite structure (P63/m space group). As shown in
Fig. 1, oxide ions responsible for the conduction are located at
the 2a site along the c-axis and are surrounded by rare earth ions
of the 6 h site, indicating that the parallel migration of oxide
ions to the c-axis will be much easier than the perpendicular
migration. These observation and structural analysis tell that
the preparation of the apatite-type RE9.33(SiO4)6O2 ceramics
consisting of the c-axis-oriented grains leads to the improvement
of conductivity. For the grain orientation, application of the
magnetic field has been well known as one of the effective
methods [18–23]. In this work, we report the preparation of the
c-axis-oriented apatite-type polycrystalline lanthanum silicate
ceramic, La10Si6O27, under a high magnetic field and its oxide
ionic conductivity.
ghts reserved.
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Fig. 1. Apatite structure proposed for RE9.33(SiO4)6O2 (RE¼La–Dy).

Fig. 2. SEM photograph of La10Si6O27 powder prepared by calcining at
1400 1C.

Fig. 3. SEM photographs of fracture surfaces of (a) the oriented ceramic
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2. Experimental

For the preparation of the La10Si6O27 powder, La2O3

(99.9%–purity) and SiO2 (99.9%–purity) were mixed in
the desired ratios in ethanol by a planetary ball-mill using
Y2O3-stabilized zirconia balls and plastic pot. The mixture was
ball-milled for 5 h, dried and calcined in an alumina crucible in
air at 1400 1C for 2 h. The resultant powder was further ball-
milled into a fine powder. The powder was placed in a
planetary ball mill with distilled water as a dispersant and
zirconia balls, and then the mixture was well-mixed for 10 min
to prepare a slurry with the solids loading of 20 vol%. After
passing through a mesh with a 60 μm opening, the slurry was
poured into a mold made of TEFLON. The mold was placed in
a super-conducting magnet (TM-10VH10, Toshiba, Japan),
and a magnetic field of 10 T was applied in the direction
parallel to the mold at room temperature for more than
overnight which was necessary to dry the slurry. The dried
compact was sintered at 1700 1C for 2 h. For comparison,
another compact was also prepared by a similar method except
for the application of a magnetic field and sintered at 1700 1C
for 2 h. Powder X-ray diffraction (XRD) patterns were
recorded on Rigaku RINT 2100 with CuKα radiation
(λ=0.15418 nm), in order to confirm the formation of an
apatite structure. The XRD measurements were also carried out
to evaluate the orientation of grains in the sintered ceramics
using the Lotgering method [24]. Grain morphology of
calcined powder and fracture surface of sintered ceramics
were observed with a Scanning Electron Microscope (SEM,
Hitachi TM-1000). The diameter and thickness of the samples
manufactured for the conductivity measurement were 5 mm
and 1 mm, respectively. After both sides of the samples
were coated with Pt paste, the disc was baked at 950 1C.
Conductivities were measured in the temperature range of
400–800 1C and in the frequency range of 100 Hz–10 MHz by
an HP4194A impedance analyzer.
prepared after applying magnetic field and (b) the non-oriented ceramic
prepared without magnetic field.
3. Results and discussion

Fig. 2 shows SEM photograph of the La10Si6O27 powder
calcined at 1400 1C. The particles are nearly angular in shape
and their sizes vary from 0.1 to 1.0 μm. No agglomerates of
the particles are observed. Fig. 3 shows SEM photographs of
fracture surface of the specimen sintered at 1700 1C after
applying magnetic field (called the oriented ceramic, hereafter)
and that of the specimen sintered at the same temperature
without applying magnetic field (called the non-oriented
ceramic, hereafter). As can be seen from Fig. 3(a), each grain
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in the oriented ceramic is forced to be oriented in the direction
of applied magnetic field. This is clearly distinguished from the
randomly oriented grains observed in the SEM image for the
non-oriented ceramic (see Fig. 3(b)). In spite of such apparent
difference between these two specimens, almost the same
densities were determined for the oriented and non-oriented
ceramics (5.41 g cm−3 and 5.37 g cm−3, respectively).

Fig. 4 shows the X-ray diffraction patterns for the oriented and
non-oriented ceramics. The X-ray was contrived to be incident
onto the surface perpendicular to the direction of the applied
magnetic field for the oriented ceramic and onto the surface
perpendicular to gravity for the non-oriented one (see the
respective insets in Fig. 4). As can be seen in Fig. 4(a), the
oriented ceramic gives two strong peaks due to diffraction from
the (002) and (004) planes. The (102) peak observed at 27.51 is
also rather strong, whereas peak due to diffraction from the (211)
plane are weak. This may be reasonably explained as follows: the
inter-planar angle between the basal (00l) and (102) planes is
estimated to be 47.11, and that between the (00l) and (211) planes
is estimated to be 72.61 for the hexagonal unit cell with
a¼0.98 nm and c¼0.72 nm. This means that the (102) plane
is parallel to the c-plane compared with the (211) plane, leading
to the relatively intense (102) peak. On the other hand, in the non-
oriented ceramic (Fig. 4(b)), diffractions from the (210), (211),
(222), (213), etc. were also strongly observed, indicating that the
grains are randomly oriented. The a-and c-lattice parameters of
the non-oriented ceramic were 0.975 nm and 0.721 nm, respec-
tively. These results show that in the oriented ceramic, c-planes of
the grains are rather perpendicular to the direction of the applied
magnetic field. Degree of the orientation, f, can be calculated
according to the following Lotgering expression (1) [24].

f ¼ ρ–ρ0
1–ρ0

ð1Þ

Here, ρ0 is the value for the non-oriented ceramic and can be
determined from Fig. 4(b) using the Eq. (2), in which ΣI0(hkl)
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Fig. 4. X-ray diffraction patterns of (a) the oriented ceramic and (b) the non-
oriented ceramic. Directions of the incident X-ray and the magnetic field are
shown in the insets. (a) La10Si6O27:10 T and (b) La10Si6O27:0 T.
and ΣI0(00l) are the total intensity obtained adding the intensity
of all peaks observed in the range of 201o2θo601 and the
sum of the (002) and (004) peak intensity, respectively.

ρ0 ¼ ΣI0ð00lÞ
ΣI0ðhklÞ

ð2Þ

The ρ-value in Eq. (1) can be determined from Fig. 4(a) using
Eq. (3) Σ I(hkl) and Σ I(00l), which correspond to Σ I0(hkl) and
Σ I0(00l) for the non-oriented ceramic, respectively, stand for
the values for the oriented ceramic.

ρ¼ ΣIð00lÞ
ΣIðhklÞ ð3Þ

Values of ρ0 and ρ were estimated to be 0.057 and 0.452
from Fig. 4(b) and (a), respectively. By substituting these
values for ρ0 and ρ in Eq. (1), respectively, 0.419 (41.9%) was
obtained as a degree of orientation for the present oriented
La10Si6O27 ceramic.
Conductivities of the oriented and non-oriented ceramics

were determined applying the complex plane impedance
analysis, by setting up the Pt electrodes as described in
Experimental section (see the inset in Fig. 5). The complex
plane impedance plots revealed that, at the lower temperatures
(o350 1C), the low-frequency plots are represented by a spike
and the high-frequency plots by a semicircle which passes
through the origin. When the temperature was increased
(4400 1C), the semicircle probably due to the electrolyte
itself diminished and only a spike probably due to the
electrolyte-electrode behavior became observed. From these
results, the conductivity was determined by extrapolation
to zero reactance of the complex impedance plot. These
conductivity data were parameterized by the Arrhenius Eq. (4),

sT ¼ s0 exp
−E
kT

� �
ð4Þ
Fig. 5. Arrhenius plots of conductivities of the oriented ceramic and (b) the
non-oriented ceramic. Conductivities of the oriented ceramic were measured in
the direction of magnetic field as illustrated in the inset.
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where s, s0, E, k and T are the conductivity, pre-exponential
factor, activation energy, Boltzmann constant and absolute
temperature, respectively. Arrhenius plots of the oriented and
non-oriented ceramics are shown in Fig. 5. At a given
temperature, s-value of the oriented ceramic is higher by
about 0.5 orders of magnitude compared to that of the non-
oriented ceramic. However, activation energies for the two
ceramics are almost equal, suggesting that the conduction
mechanism is not different from each other. Such anisotropy in
conductivity was realized by the c-axis-orientation of each
grain in the ceramic, as was visually confirmed from SEM
photograph of Fig. 3(a).

4. Conclusion

The c-axis-oriented apatite-type lanthanum silicate ceramic,
La10Si6O27, has been prepared under a high magnetic field.
The c-axes of the La10Si6O27 grains are oriented parallel to the
applied magnetic field. Using the Lotgering method, degree of
the orientation (f) along (00l) was determined to be 48.1%. At
a given temperature, its conductivity was higher by about 0.5
orders of magnitude than that of the non-oriented ceramic.
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