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bstract

rCe1 − xYxO3 − δ (x = 0.1, 0.2) high temperature proton conductors (HTPC) have been fabricated by directional solidification using a laser-heated
oat zone (LHFZ) method. The resulting microstructures have been studied using scanning electron microscopy (SEM), X-ray diffraction (XRD),

ransmission electron microscopy (TEM) and electron backscatter diffraction (EBSD). The LHFZ method produces a cellular microstructure

onsisting of crystalline cells embedded in an amorphous matrix, showing a strong biaxial texture. EBSD studies show that all the crystalline cells
ave their <0 0 1> axis as described in the cubic Pm3m prototype unit cell parallel to the growth direction. The observed microstructural features
re explained in terms of the fabrication process.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Since Iwahara and his collaborators discovered the proton
onducting properties of rare earth-doped SrCeO3,1 great effort
as been put in developing novel perovskites with enhanced
onic conductivity. Such perovskites, as BaCeO3, KTaO3 and
rZrO3 have been found to be proton conducting when doped
ith trivalent ions occupying the B4+ sites in the perovskite
BO3 structure.2–7 This discovery has lead to a great interest

n these materials for fuel cell, steam electrolyte, gas separa-
ion membranes, moist sensors and high-density energy storage
pplications.8–11

Despite the potential range of applications for these com-
ounds, the conductivity of the as-fabricated materials has to be
mproved. Most of the studies found in the literature have been

erformed on sintered or hot-pressed samples,1–6,8–12 for which
he amount of impurities segregated on the grain boundaries
layed an important role in worsening the transport properties.

∗ Corresponding author. Tel.: +34 954559758; fax: +34 954559753.
E-mail address: jrr@us.es (J. Ramı́rez-Rico).
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The laser-heated floating zone (LHFZ) method is a fast tech-
ique that produces nearly defect-free materials in a variety of
rocessing conditions and shapes.13–15 Depending on the solid-
fication geometry, fibres and rods with diameters ranging from
00 �m to 4 mm can be produced. A flat geometry has also been
eveloped, which can be used to deposit thick coatings on a
ariety of substrates.16 This processing method produces very
igh thermal gradients within the sample, which are responsible
or some of the novel microstructural features attainable.17 In
articular, it is possible to obtain highly textured materials with
ontrolled microstructures by variation of the process parame-
ers.

We have used the LHFZ method to fabricate directionally
olidified SrCe1 − xYxO3 − δ (x = 0.1, 0.2). We expect this fabri-
ation method to yield materials with novel microstructures and
nhanced thermomechanical stability, both key factors in the
evelopment of improved high temperature proton conductors
HTPC).
The objective of this work is to demonstrate the possibility
f fabricating HTPC by the LHFZ method and to illustrate the
icrostructural advantages this method has over the common

intering techniques.
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. Experimental procedures

.1. Crystal growth

The SrCe1 − xYxO3 − δ samples were fabricated starting with
igh purity SrCO3 (99.999% pure), CeO2 (99.999% pure) and
2O3 (99.99% pure) acquired to CERAC. The powders were
ixed to the desired stoichometry and mechanically grinded

or 40 h in an alumina mortar, and the resulting mixture was
alcined for 6 h at 800 ◦C. The powder aggregates were milled,
ieved and calcined again. The resulting powder was isostatically
ompacted at room temperature, yielding cylinder shaped pieces
hat were sintered for 10 h at 1500 ◦C in alumina crucibles. The
hole process produced homogeneous, high-density cylinders
ith a diameter ranging from 4 to 5 mm, which were used as
recursors for the laser-heated floating zone (LHFZ) apparatus.

The LHFZ system used a CO2 laser splitted in two beams
80◦ apart from each other. Each beam was focused using ZnSe
enses into the topmost end of the polycrystalline precursor
ntil a molten drop was formed. Then a high density (99,9%),
igh grain size (100 �m) polycrystalline Al2O3 seed was slowly
rought near the precursor until it was wetted by the molten drop
reviously formed. The molten zone was thus maintained by sur-
ace tension between both solids (floating zone). The precursor
as moved vertically through the beam incidence area, being

ontinuously melted and solidified. Only a small fraction of the
aser maximum power (2200 W) was used due to high absorption
f the oxides to 10.6 �m radiation. The molten zone temperature
as measured using an Infrared Thermal Monitor and estimated

o oscillate between 1900 and 2000 ◦C in the hottest zone (cen-
re of the melt), although the absolute temperature could not
e measured because the melt emissivity was not known. The
rowth rate at which the precursor was moved through the laser
eams was 500 mm/h without rotation.

After the LHFZ process, cylinders with a typical length of
00 mm and a diameter ranging from 3 to 4 mm were obtained.
he diameter was quite irregular due to the high evaporation rate
f the oxides that was observed during the melt growth.
.2. Microstructural characterization and X-ray diffraction

Powder X-ray diffraction (XRD) was carried out on the as fab-
icated samples to check the crystalline structure and to measure

m
a
w
s

ig. 1. X-ray powder diffractograms for SrCe0.9Y0.1O3 − δ and SrCe0.8Y0.2O3 − δ. Th
d = 3.342(1) Å).
n Ceramic Society 26 (2006) 3705–3710

he different lattice parameters as a function of the dopant con-
entration. Samples were manually grinded in an agate mortar.
owder diffractograms were obtained in a Bruker D8 diffrac-

ometer and the lattice parameters were determined by LeBail
tting using the LHPM-Rietica implementation of the LeBail
nd Rietveld algorithms.18,19

For observation in the scanning electron microscope (SEM)
nd electron backscatter diffraction (EBSD), transverse and lon-
itudinal sections of the different samples were cut using a
iamond saw and mechanically grinded and polished using dia-
ond paste up to a grain size of 1/4 �m. A final polishing step
as carried using a colloidal silica suspension for EBSD mea-

urements. Due to the good electronic conductivity of SrCeO3,
o conductive coating was needed. SEM and EDS observations
ere carried out in a JEOL JSM-6460LV Standard SEM. EBSD

nalysis was performed using a TSL Digiview Camera mounted
n a Philips XL-30 Conventional SEM. The OIM 3.0 software
uite (TSL) was used both for acquisition and analysis of the
BSD data.

Transmission electron microscopy (TEM) specimens were
repared using a standard procedure. Transverse sections were
ut and mechanically grinded, dimpled and then thinned using a
atan PIPS ion polishing system. The observations were carried
ut in a Philips CM-200 TEM. Again, no conductive coating was
equired.

. Results and discussion

.1. X-ray diffraction

Our samples have the perovskite-related Pmna space group,
s it has been previously reported for similar compositions in
ther work.20 The obtained diffractograms are shown in Fig. 1,
nd the refined lattice parameters are contained in Table 1. The
attice parameters for x = 0 and x = 0.15 are from reference.20 A
mall peak at about 26.6◦ can be observed in both samples, which
orresponds to the <0 1 1> reflection of quartz (d = 3.342(1) Å).
his is attributed to contamination from the agate mortar during

anual grinding. Fig. 2 shows the pseudocubic lattice volume

s a function of the Y content. The lattice volume decreases
ith increasing dopant concentration as expected. However, the

ubstitution of Y in the Ce sites of the perovskite structure leads

e peaks marked with a square (�) correspond to the <0 1 1> reflection of quartz
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Table 1
Lattice parameters of SrCe1 − xYxO3 − δ for different Yttrium concentrations

[Y] (at.%) a (Å) b (Å) c (Å) Volume (Å3)

0a 6.1530 8.5891 6.0118 79.4290
10 6.1472 8.5923 6.0061 79.3084
15a 6.1346 8.5787 5.9968 78.8983
2
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0 6.1186 8.5759 6.0057 78.7835

a Values from reference.20

o a reduction of the lattice volume by means of cooperative BO6
ctahedra rotation and distortion, formation of O2− vacancies
nd A-sites antiparallel shift. These factors are correlated to each
ther and therefore there is no simple relation between Y content
nd unit cell volume.21

The perovskite Pmna orthorhombic unit cell chosen was
he one commonly used by other authors,20 although some-
imes is useful to describe an orthorhombic perovskite using
he cubic prototype. For further discussion, we will refer to the
attice parameter of the cubic prototype as ac. The approximate
quivalence relations between lattice directions in the cubic and
rthorhombic perovskite are:

[1 0 1]c ∼ [1 0 0]o
[0 1 0]c ∼ [0 1 0]o
[−1 0 1]c ∼ [0 0 1]o

And, the approximate lattice parameter relations are:

ao ∼ co ∼ √
2ac

bo ∼ 2ac

.2. Electron microscopy and EBSD
The microstructure of SrCe0.9Y0.1O3 − δ observed in a SEM
s shown in Fig. 3, and consists of ellipsoid-shaped crystalline
rains or cells (bright contrast) surrounded by another phase,

ig. 2. Average unit cell volume as a function of Yttrium content. Data for x = 0
nd x = 0.15 is taken from reference.20
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hich was revealed to be amorphous by means of TEM (Fig. 4).
he microstructure of SrCe0.8Y0.2O3 − δ was found to be sim-

lar. Fig. 3e) shows the microstructure along the rod radius.
ariations in the microstructure can be observed: both grains
nd amorphous phase decrease their size from the axis to the
ample surface. This is common in samples fabricated by the
HFZ method as the solid-liquid growth front is no completely
at because of the radial temperature gradients. Some banding
ffects can be observed near the sample surface, which are asso-
iated with growth front fluctuations.

EDS studies were carried out to determine the composition of
oth the crystalline cells and the surrounding amorphous phase.
he cells were found to be very close to the expected stoichiom-
try in both samples, but the amorphous phase systematically
xhibited a Ce deficit and about 3 mol% Al concentration in
oth compositions. Fig. 5 shows an EDS line scan across a glassy
oundary in SrCe0.9Y0.1O3 − δ, exhibiting the change in Ce con-
entration and the presence of Al. As in the LHFZ method the
elt is floating and not in contact with a crucible or other mate-

ial, the origin of Al can be traced to the milling of the precursor
owders, for which an alumina mortar was used. On the other
ide, the origin of the amorphous phase can be attributed to
he high evaporation rates of the precursor rods due to the high
emperatures in the molten zone during the LHFZ process. The
pparition of similar amorphous phases has been observed for
ther materials grown by a similar, laser-based technique. In a
revious work,22 the authors reported a similar microstructure
or LaAlO3 fibers grown by a laser heated floating method and
ttributed it to the evaporation of the precursor. In our scenario,
he Al2O3 contaminant is present in the sintered precursor rods,
nd its molten along with the polycrystalline SrCe1 − xYxO3 − δ.
s the nucleation occurs, Al is diffused to the melt, accumulat-

ng at the grain boundaries and forming an Al-rich and Ce-poor
iquid that solidifies as a glass. To estimate the average Al con-
ent in the bulk samples, several EDS spectrums were collected
t different positions in the samples, from the center to the sur-
ace in a transversal sample. The Al content was always below
mol% everywhere in the sample, with an estimated average of
.6 ± 0.1 mol%.

The cells show a number of plane defects as observed under
he TEM, that correspond to domain interfaces. In the per-
vskite framework, a symmetry reduction occurs as the material
s cooled, and the high temperature cubic phase transforms to
rthorrombic, acquiring one of six possible orientations with
espect to the original cubic orientation. The small differences
n the lattice parameters of the pseudocubic unit cell make this

echanism plausible even if there is no phase transition and
he material is orthorhombic up to the melting point. The pla-
ar defects inside the cells observed by means of TEM can be
ttributed to these phenomena, as it is evident after indexing of
he SADP’s from the different regions or domains. Fig. 4 shows
wo of those SADP corresponding to two adjacent domains.
sing the choice of axes for the orthorhombic structure stated

efore it is clear that both domains had a common orientation in
he cubic, high temperature phase. After the transition, however,
ifferent regions of the cell transform to different orientations,
hus creating the planar defects observed.



3708 J. Ramı́rez-Rico et al. / Journal of the European Ceramic Society 26 (2006) 3705–3710

Fig. 3. SEM micrographs of SrCe0.9Y0.1O3 − δ samples in BSE contrast. (A) and (B) are longitudinal sections; while (C) and (D) are transversal sections. (E)
represents the microstructure along the rod radius in a transversal section. Variations in the microstructure with the distance to the rod axis can be observed, as well
as banding due to instabilities in the growth front.

Fig. 4. TEM micrographs of SrCe0.9Y0.1O3 − δ samples. (A) Detail of a triple point and associated SADP obtained for the intergranular amorphous phase. (B) Detail
of a cell showing crystallographic domain interfaces. Two SADP’s are shown, corresponding to [0 1 0] and [1 0 1] zone axes in the orthorhombic structure which are
approximately equivalent to <1 0 0> in the cubic prototype. Black arrows indicate domain interfaces.



J. Ramı́rez-Rico et al. / Journal of the European Ceramic Society 26 (2006) 3705–3710 3709

F
i

A
i
c
l
o
s
s
o
t
{
i
t
t
t

F
s
3

F
s
d

s
o
e
i
a
i
t

ig. 5. EDS line scan taken across a cell boundary showing the relative change
n Ce concentration and the presence of Al in the glassy intercellular phase.

Further evidence is brought by EBSD analysis of the sample.
n area of 90 × 120 �m2 was scanned, acquiring and index-

ng more than 100,000 backscattering diffraction patterns. A
ubic Pm3m structure was used for indexing, as the difference in
attice parameter in the orthorhombic structure is below the res-
lution of our EBSD apparatus and the orthorhombic and cubic
tructures could not be distinguished. Thus, our EBSD studies
how the orientation data of the material before the cubic-to-
rthorhombic phase transition that occurs as the material cools
o room temperature after the LHFZ process. Fig. 6 shows the
0 0 1} pole figure as was reconstructed from EBSD data. There
s a clear biaxial texture that confirms that all the cells have

he same crystallographic orientation. Our microstructure could
herefore be described as that of a single crystal with precipita-
ion of an amorphous phase, or a polycrystalline material with

ig. 6. {0 0 1} Pole figure reconstructed from EBSD data assuming a cubic
tructure. A strong biaxial texture is clearly visible. The maximum intensity is
5 arbitrary units, the minimum is 1.
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ig. 7. Image quality (IQ) map obtained by EBSD from a single cell in transver-
al section. The main crystallographic axes in the cubic structure are shown to
epict the nature of the domain interfaces.

trong crystallographic texture. Although not a single crystal,
ur material is expected to have better thermomechanical prop-
rties and stability than polycrystals, as has already been shown
n a previous work.23 It is not clear however what effect this
morphous phase will have on the transport properties, although
t is expected to affect negatively compared to a pure single crys-
al. Further work geared towards reducing the amount of glassy
hase is already in progress.

Fig. 7 shows an image quality map (IQ) of a transversal sec-
ion of a cell of SrCe0.9Y0.1O3 − δ obtained by EBSD. The IQ
actor is a measure of the contrast in the diffraction pattern and,
mong other variables, depends of the crystallographic orienta-
ion in the volume from where the pattern is acquired.24 The IQ

aps usually resemble those obtained by optical microscopy.
ur previous observations in TEM are confirmed by EBSD, as

he crystallographic domains are clearly visible in the IQ map
hown in Fig. 7. The orientation of the main crystallographic
xes in the cubic primitive is shown, confirming that the inter-
ace planes are {0 0 1} planes in the cubic system.

. Conclusions

Perovskite oxides for high temperature fuel cell applications
ave been successfully fabricated using a directional solidifica-
ion technique. The resulting materials are highly homogeneous,
ith an orthorhombic Pmna structure, and their microstructure

onsists of large crystalline cells embedded in an amorphous
atrix, which appears due to evaporation of the oxides at the

igh temperatures reached during de LHFZ process. Crystallo-

raphic domains are observed inside the crystalline cells, with
ix possible orientation variants and clear {0 0 1}c interfaces. A
trong biaxial texture is observed in all the samples, with their
0 0 1>c direction aligned with the growth direction, which is
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elieved to be a consequence of the strong thermal gradients
hat appear during the directional solidification. Although con-
rolling and reproducing the experimental growth conditions is
ifficult, a satisfactory relation between the fabrication param-
ters and microstructural features can be achieved.
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