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LaNbO,4/La3sNbO, and LaNbO4/LaNbs;Oy cer-cer composites
were prepared by impregnating Ca-doped LaNbQO, powder,
synthesized by spray pyrolysis, with La- or Nb-precursor solu-
tions. The sintering of the calcined powders was investigated
by dilatometry, and dense composites were prepared by conven-
tional sintering, hot pressing, and spark plasma sintering. The
particle size of the starting powders was about 50 nm, and the
average grain size of the dense materials ranged from 100 nm
and upwards, depending on the sintering temperature, sintering
procedure, and the phase composition. The unit cell parameters
of LaNbQO, showed a finite size effect and approached the cell
parameters of tetragonal LaNbQO, with decreasing crystallite
size, both for the single-phase material and the composites.
The minority phase (LazNbO5 or LaNb3;Oo) were observed as
isolated grains and accumulated at triple points and not along
the grain boundaries, pointing to a large dihedral angle
between the phases. The calcium-solubility in the minority
phases was larger than in LaNbQy, which corresponds well
with previous reports. The electrical conductivity of the hetero-
doped materials was similar to, or lower than, that for
Ca-doped LaNbO,.

I. Introduction

A relatively high proton conductivity in rare-earth ortho-
niobates and -tantalates was reported by Haugsrud and
Norby some years ago.' The highest proton conductivity was
found for CaO or SrO-doped LaNbQO,, and this material has
been suggested as an alternative electrolyte in proton con-
ducting solid oxide fuel cells (SOFCs) due to its high stability
in CO,- and H,O-containing atmospheres compared with
conventional proton conducting electrolyte materials.'?
LaNbO, has a monoclinic structure (space group C2/c) at
room temperature, and undergoes a second order phase
transition around 520°C to a tetragonal phase (space group
14,/a), where the low-temperature monoclinic polymorph of
LaNbOy, is ferroelastic.>*

Proton migration in LaNbO, occurs by hopping from
oxygen ion to oxygen ion, as described in general by e.g.,
Kreuer.” Substitution of less than 1 mol% of calcium for
lanthanum increases the proton conductivity by more than
one order of magnitude as a consequence of increasing the
number of oxygen vacancies, which will increase the proton
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concentration when hydrated under wet conditions.>®” The
alkaline earth oxide solubility limit in LaNbO, has been pre-
viously reported to be below 1 mol%,’ and further increase
in the acceptor concentration will lead to formation of sec-
ondary phases without increasing the bulk conductivity as
shown recently.”

The proton conductivity of LaNbOy4-based materials is still
considerably lower than for materials currently used in
SOFC, which calls for alternative avenues for improving the
proton conductivity.”!° One approach is to incorporate a
minority phase in the electrolyte, referred to as hetero- orping,
in means of two coexisting phases in the material.'""'? In
single-phase, or homophase, materials the defects are homo-
geneously distributed throughout the bulk with defect pro-
files present at the grain boundaries due to space charges.
For hetero-doped materials, the defect profiles through the
interfaces between the two phases will differ from single-
phase materials as there is a chemical potential difference
between the two phases.'> The minority phase could be
located along the grain boundaries, at triple points between
grains, or as sub-grains within the grains of the majority
phase. Fig. 1 illustrates the two extreme cases of the micro-
structure, together with the interfaces one will encounter.
Percolation of the minority phase may occur, depending on
interfacial energies (dihedral angle), the grain size, and the
volume fraction of the two phases.'* If the volume fraction
of the minority phase is low, percolation will not occur, and
only a minor effect on the total conductivity can be observed
due to the isolated grains. On the other hand, if the volume
fraction is large, and the minority phase has lower conductiv-
ity than the majority phase, the conductivity will be sup-
pressed as the grains perpendicular to the current direction
block the charge carriers.'> When the interfacial energy for
the heterophase interface relative to the homophase interface
is low (small dihedral angle), the minority phase will be
located at the grain boundaries of the majority phase, see
Fig. 1(A), and one encounters percolating heterophase inter-
faces when the volume fraction of the minority phase is suffi-
ciently high. As the space charge potential is different at this
interface, compared with the homophase interface, the defect
concentrations in these space charge zones will change. This
could therefore alter the transport processes along the phase
boundary zone in Figs. 1(D)—(E), thus creating a highly con-
ducting path for the charge carriers depending on the sign
and magnitude of the space charge potential. A small grain
size will enhance this effect as the grain boundaries and space
charge layer thickness will be larger relative to the bulk vol-
ume, and materials with sub-100 nm grains often show finite
size effects.!> ! If the dihedral angle is large (large interfacial
energy), the minority phase (AO) will, on the contrary, be
located at triple points of the majority phase (LaNbO,) as
shown in Fig. 1(B). Then there will be three types of inter-
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Fig. 1. Conceptual illustration of the microstructure of a composite
material with 30 vol% minority phase when the dihedral angle
between the phases is small (A) and large (B). Minority phase
located at a triple point when the dihedral angle is 0° and 180°,
respectively (C). Minority phase located at the phase boundary of
the majority phase when dihedral angle is small (D) and (E).
Homogeneous interface of majority phase (F), heterogeneous
interface between majority and minority phase (G), and
homogeneous interface of minority phase for large dihedral angle
(H).

faces: LaNbO, | LaNbO,, LaNbO, | AO, and AO | AO as
illustrated in Figs. 1(F)—(H). In this case, to determine exper-
imentally the transport properties of these interfaces indepen-
dently will be very demanding.”®

Spark plasma sintering reduces the sintering time and tem-
perature compared with conventional sintering (CS), by
applying high uniaxial pressure, while current pulses through
the material. The shorter holding time and lower temperature
reduce the grain growth significantly, simultaneously as com-
posite microstructures not obtainable by CS can be fabri-
cated.>?> LaNb;Oy and La;NbO, are thermodynamically
stable with LaNbO,4 and were chosen as the minority phases
in hetero-doped LaNbO,. La,O3; and Nb,Os can be consid-
ered as basic and acidic oxides, respectively, hence LaNb3;Og
is more acidic and LasNbO; more basic relative to LaNbO,.
This will influence the chemical potential gradient across the
heterophase interfaces.”® In this work, the sintering behavior,
microstructure, and electrical properties of these composite
materials are investigated to elucidate the possibility of devel-
oping hetero-doped LaNbO,.

II. Experimental

(1) Material Preparation

Lag995Cag 00sNbO,s (LN) powder was synthesized by spray
pyrolysis (CerPoTech, Trondheim, Norway) from water-
based solutions of La-EDTA-complex, Nb-malic acid com-
plex, and Ca(NOs),. The solutions were made from La
(NO3); (99%, Metal Rare Earth Limited, Shenzhen, China),
ethylenediaminetatraacetic acid (H4EDTA) (99% Sigma-

Aldrich, St. Louis, MO), ammonium niobium dioxalate oxide
pentahydrate (H.C. Stark), pr-malic acid (99%, Sigma-
Aldrich Chemie, Goslar, Germany), and dried Ca(NOs),
(99%, Merck, Darmstadt, Germany) as described else-
where.>* To prevent precipitation, the pH was adjusted with
ammonium hydroxide NH,OH (25%) and HNO; (65%)
(both Merck). The concentration of the cations in the three
solutions was determined by thermogravimetry prior to mix-
ing to ensure the cation stoichiometry. Four composites, LN
+ 10 or 30 vol% LaNb3;Oy (Nb10 and Nb30) and LN + 10
or 30 vol% LasNbO; (Lal0 and La30), were obtained by
impregnating the as-prepared LN powder with excess
La-EDTA- or Nb-malic acid solutions by stirring at 50°C until
the water had evaporated. All powders were calcined at 650°C
for 8 h and milled for 24 h using yttria-stabilized zirconia
media grinding in 100% ethanol. The powders were further
heated to remove organic residues in air at 400°C for 3 h
followed by sieving through 250 um.

The as-prepared Lagg9sCaggosNbOy4s was sintered by
using three different routes: CS, hot pressing (HP), and spark
plasma sintering (SPS) and the sintering parameters are listed
in Table I. Conventional sintering of LN pellets was per-
formed in a muffle furnace in air. In case of HP, the LN-
powder was sintered in carbon dies, using BN as lubricant,
in argon and the temperature measured by pyrometer (HP50
7010G, Thermal Technology, Santa Rosa, CA). Circular
disks of LN, Nb10, Nb30, Lal0, and La30 were made with
SPS wusing a Dr. Sinter 2080 machine (Sumomito Coal
Mining, Kawasaki, Japan) and carbon dies covered by
graphite paper (ON/OFF: 12/2, 3.3 ms). During SPS, the
temperature was monitored by thermocouple (up to ~1000°C)
or pyrometer (above ~1000°C).

(2) Characterization

Particle size of the obtained powders was calculated assum-
ing spherical particles using specific surface arecas measured
by nitrogen absorption (BET, Tristar™ 3000, Micrometrics,
Norcross, GA) . Particle size distribution of the powders was
narrow as shown previously.”* Sintering was studied by
dilatometry using a 5 mm @ pellet in flowing synthetic air at
2°C/min (DIL 402C, Netzsch, Selb, Germany). Powder
X-ray diffraction (XRD) reflections were recorded from 20 to
80° with step length of 0.01° and counting time 0.4 s using a
Bruker D8 Focus diffractometer (Bruker AXS, Karlsruhe,
Germany) equipped with a Lynxeye™ (Bruker AXS) detector
using CuKo radiation. Crystallographic densities, unit cell
parameters, and crystallite size were obtained from XRD
patterns by Rietveld refinements (Topas v2.1, Bruker AXS).
Atomic positions were not refined, and previously reported
structural data were used.**® A Pearson type VII profile
was used to describe the Bragg reflections, and the back-
ground was fitted using a Chebychev polynomial. The XRD
of the SPS samples was performed on the polished disk
surface to maintain the disks for subsequent electrical con-
ductivity measurements. Relative densities were determined
by Archimedes method using 2-propanol (ISO-5017). The
samples were polished with diamond suspension, thermally
etched 25°C below the sintering temperature for 0.1 h and
examined in FEG-SEM (Supra 55VP, Carl Zeiss NTS, Ober-
kochen, Germany). Grain size was obtained by averaging
between 150 and 500 grain intercepts of the electron micro-

Table I. Geometry and Sintering Parameters Used in the Different Sintering Routes: Conventional Sintering (CS),
Hot Pressing (HP), and Spark Plasma Sintering (SPS)

Sintering Diameter Thickness Temperature Heating rate Dwell time Applied
method (mm) (mm) range (°C) (°C/min) (min) pressure (MPa)
CS 15 4 1050-1250 3.33 480 None

HP 25 2 900-1050 10 60 60

SPS 20 2 800-1150 100-250 0-5 100-120




graphs. Grain boundaries and grain phase composition were
investigated by transmission electron microscopy (TEM)
(JEM-2010, JEOL, Tokyo, Japan) equipped with energy-dis-
persive X-ray spectroscopy (EDS).

The electrical properties of the materials were investigated
in a measurement cell (Probostat™, NorECs, Oslo, Norway)
where electrodes (~10 mm O, Pt-ink and Pt-net, Pt A3788A,
Metalor, Birmingham, UK) were painted onto the disk sur-
faces. The total conductivity was measured as a function of
Ppo> and pyro (Model 1260A, Solartron Analytical, Farnbor-
ough, Hampshire, UK) at constant frequency of 10 kHz
and oscillating voltage of 0.5-1.0 V. To obtain the bulk and
interface resistances, impedance spectroscopy was performed
on materials prepared by SPS under wet, reducing condi-
tions (5% H,/N,, 2.5% H,0) in the frequency range 10~'—
10° Hz and temperature range 900-300°C. The impedance
sweeps of LN, Lal0, La30, and Nb10 were fitted by ZView
(v2.9, Scribner Associates, Southern Pines, NC), applying
the equivalent circuits (R;0Q1)(R>Q>) below 400°C and
Ri(R,0,)(R505) above 425°C, where R; and Q; denote resis-
tance and constant phase element, respectively. R; and O,
are related to the bulk of the materials, while R, and Q, are
allocated to the phase boundaries. Contributions at low fre-
quencies (R; and Q3), which were assigned to electrode
related processes, could not be fitted for all materials at the
lowest temperatures. A stray capacitance of 5 pF originating
from the measurement setup was added in parallel to the
other elements. Implementation of another (RQ) element in
the equivalent circuit model did not improve the fitting,
which could have been expected due to the presence of
two phases and the variation of interfaces. The interfacial
resistivity reported is thus the contribution from the second
arc—only corrected for the geometry of the samples—and is
therefore dependent on the grain size. Phase boundary
width, g, was estimated using the formula

g2=(C1/C)G

where C; and C, are the capacitances of the bulk and phase
boundary from impedance spectroscopy, and G is the aver-
age grain size of the material.?’

III. Results

The powders were calcined at 650°C to conserve the small
particle size of the powders, which was 47 = 5 nm estimated
from the measured surface area. This particle size was about
half of the particle size for powders calcined at 800°C.>* X-
ray diffraction of the conventionally sintered materials, see
Fig. 2, confirmed the coexistence of LaNbO, with either
LaNDb;Og or LasNbO;. The phase content of the minority
phase found by Rietveld refinement were 29 vol% (La30)
and 27 vol% (NDb30) in good accordance with the nominal
composition (30 vol%). The corresponding values for the
nominal 10 vol% materials were 9 vol% (Lal0) and 10 vol%
(NDb10). The refined unit cell parameters for the LaNbO, as
well as LasNbO; and LaNbsOyq (6n0t shown here) were in
agreement with literature data.*>>2

The sintering of the various powders studied by dilatome-
try is shown in Fig. 3. The densification starts at lower tem-
peratures for Nbl10 and Nb30 relative to LN, resulting in a
lower sintering temperature to achieve complete densification.
A large increase in the onset of densification was observed
for Lal0 and La30 compared with LN. The small contrac-
tion at ~700°C is caused by decomposition of organic residu-
als, which were not removed during calcination at 650°C. A
similar contraction was also observed by SPS. The ferroelas-
tic transition temperature observed during cooling was
around 520 = 10°C for all the compositions (insert Fig. 3).

The sintered materials were black after HP or gray with
black spots after SPS. After thermal annealing in air, the
materials became white. The black appearance is probably
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Fig. 2. X-ray diffractograms of LN, La30, and Nb30
conventionally sintered at 1300°C for 8 h. Top: reported reflections
for the three phases.**>2
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Fig. 3. Dilatometer curves of LN, Nbl0, Nb30, Lal0, and La30
during 2°C/min in air. The insert shows the cooling curve around the
phase transition temperature of LaNbO,.

caused by partial reduction of niobium or traces of contami-
nations because of the reducing conditions during HP/SPS in
carbon dies. The samples appeared white after CS in air.

The relative densities of the materials prepared by the dif-
ferent sintering routes are displayed in Fig. 4(A). The relative
density followed approximately the same trend with tempera-
ture for all the three sintering methods, but was shifted rela-
tive to each other. LN sintered at the lowest temperature by
SPS, followed by HP and CS. LN did reach ~96% of relative
density by SPS, although a few of the SPS samples achieved
a higher density at lower temperatures. The larger grain size
in these samples see Fig. 4(B), suggests that the effective tem-
perature was higher than the set-up temperature, which could
result from joule heating due to the pulsed current through
the sample. The sintering temperature was reduced by
~150°C going from CS to SPS or HP. This is in agreement
with expectations as the applied pressure (Table I) would
enhance the densification rate. Nb30 and Nb10 sintered at a
lower temperature compared with LN using SPS, while La30
and Lal0O both required a higher sintering temperature. All
the composites sintered rapidly within a narrow temperature
range, and close to full relative density was achieved by SPS
at 850-900°C for the Nb,Os-rich composites and at 1050—
1100°C for the La,Os-rich composites.

The grain size of the various materials is shown in
Fig. 4(B). Grain size is here defined as the average size of the
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Fig. 4. Relative density (A) of LN [hot pressing (HP), conventional
sintering (CS), and spark plasma sintering (SPS)], Nb10, Nb30,
Lal0, and La30 (only SPS), and average grain size (B) as function of
maximum sintering temperature. Note that the loading program and
the sintering times and applied loads varied for the spark plasma
sintered samples. Lines are guides to the eye.

individual grains. The grain size of the LN materials
increased exponentially with temperature with the smallest
grains achieved by SPS, followed by HP and CS. The grain
growth in the composites is considerably lower and the
grains grew linearly with respect to temperature, implying
that the minority phases hinder grain growth of LN at ele-
vated temperatures. Grain coarsening was observed to occur
prior to complete densification, which hindered the prepara-
tion of dense composites of sub-100 nm grains as shown in
Fig. 5. By comparing the relationship between the grain size
and the relative density obtained by the three sintering meth-
ods, HP and SPS were superior to CS. HP did in general
produce smaller grains than SPS at the same density.

The ferroelastic nature of monoclinic LaNbO4*® gives rise
to peak broadening due to ferroelastic domains, which makes
it difficult to obtain the grain size by XRD. The crystallite
size or ferroelastic domain size of LN proved to be indepen-
dent of the phase composition; however, it was dependent on
the grain size of LN (Fig. 6), and hence it can be used to
compare the grain size of the different materials. It has previ-
ously been suggested that the domain geometry is dependent
on the grain size,” in accordance with the present data. The
unit cell parameters possessed a finite size effect as evident in
Fig. 7, demonstrating that the deviation from bulk LN
becomes more pronounced with decreasing domain (and
grain) size. The lattice parameters for the materials with the
three largest crystallite sizes (obtained by CS) were in good
agreement with lattice parameters for bulk LN.*

The coexistence of the two phases in the composites is
demonstrated in Fig. 8, where the grain size of the compos-
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Fig. 5. Relative density of the LN, Nb10, Nb30, Lal0, and Nb30
materials compared with the grain size. Line represents a guide to
the eye to highlight the grain growth as the materials reached higher
densities.
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Fig. 6. Crystallite size versus grain size for LN, Nb10, Nb30, Lalo0,
and La30 SPS materials. The line is a guide to the eye.

ites Nb30 and La30 can be compared with the single-phase
LN material. Ferroelectric domains of LaNbO, in LalO are
evident in the transmission electron micrographs shown in
Fig. 9(A). The composition of the minority phases La;NbO,
and LaNb3Oy in the composites Lal0 and Nbl0, respec-
tively, was confirmed by EDS, and the composite microstruc-
ture is shown in the micrograph of Lal0, see Fig. 9(B). No
accumulation of one specific metal oxide (binary or ternary)
could be found at the homophase LaNbO, grain boundaries
investigated by high-resolution TEM/EDS. Calcium was not
detected (within error margins) in any of the LaNbQOy-grains,
suggesting that calcium is more soluble in the minority
phases. The EDS analysis confirmed the presence of Ca in
the minority phases and the presence of minor impurities of
silicon oxide, accumulated at some triple points as reported
previously.®

The bulk conductivity of the materials LN, Nb10, Lal0,
and La30 under wet, reducing conditions (5% H,/Ar, 2.5%
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H,0) is displayed in Fig. 10(A). Two different Nb10 samples
were investigated: one with average grain size of ~1 um and
another with ~0.1 um, with no apparent effect of the grain
size on the bulk conductivity, thus only results of the speci-
men with the smallest grains are presented. The significant
influence of the electronic conductivity of Nb30 will be
described in a separate report, where hydrogen permeation
due to a combination of electronic and proton conductivity
is reported.® The proton conductivity is not easily obtained
from the electronic conductivity for these composites due to
the dominating contribution from the electronic conductivity
of LaNb30y.>"3? The capacitances of the materials character-
ized by impedance spectroscopy are reported in Table II
together with the average grain size, relative density, and cal-
culated grain boundary width of the materials. The inverse
phase boundary resistance of the corresponding materials is
plotted in Fig. 10(B). The resistance from the phase bound-
aries increases with increasing La,Os-content and is also lar-
ger for Nbl0O compared with LN. The phase boundary

Fig. 8. Secondary electron images of (A) LN spark plasma sintered at 875°C for 1 min at 120 MPa, (B) Nb30 spark plasma sintered at 900°C
for 2°min at 100 MPa, and (C) La30 spark plasma sintered at 1100°C for 1 min at 100 MPa. The tiny particles on the surface are carbon from
the coating of the surface.

resistance dominates the total resistance of the materials in
the temperature range 300-700°C. The attempt to hetero-
dope LaNbOy4 with the two minority phases investigated here
does therefore decrease the total conductivity of the materi-
als. The total conductivity and the phase boundary resistivity
showed only minor variation despite the relatively large vari-
ation in the phase composition and the phase content; hence,
contributions from the various interfaces, as illustrated in
Fig. 1(F)—(H), could not be separated.

The puro and po, dependence of the conductivity was
measured at 1000°C. The dependence with water vapor pres-
sure is shown in Fig. 11. Pure LN demonstrated a stronger
P20 dependence compared with both Nb10 and Lal0, simi-
lar to previously reported values for acceptor-doped
LaNbO,.” The electrical conductivity as function of oxygen
partial pressure for the materials LN, Lal0, and Nbl0 is
shown in Fig. 12. LN and Lal0O possess the same p-type
behavior at high oxygen partial pressures. At lower pop,
Nb10 proved to be more n-type conducting than the other
materials, which can be attributed to electronic conductivity
of the LaNb;Oo-phase in the material.

I1V. Discussion

The five different materials investigated here sintered within
a narrow densification temperature window as shown in
Fig. 4(A), with a relative shift in temperature as expected
from dilatometry (Fig. 3). The onset temperature of densifi-
cation was lower for the excess Nb,Os materials, while it
increased with La,Os-excess relative to stoichiometric LN.
This reflects the melting temperatures of the minority oxides,
which is higher for LasNbO, than for LaNb;O,.** Solid-state
sintering or cation mobility can roughly be expected to initi-
ate at 2/3 of the melting point>* and the eutectic temperature
on the La,O;-rich side of LN is about 235°C higher than the
eutectic temperature of 1354°C between LaNb3;Oy and LN.%
Intuitively, one would expect that higher valence would lead
to lower mobility, but the lower melting point increases the
cation mobility as reported previously.® SPS and HT-sintered
LN reached close to full density at approximately the same
temperature, with only half the applied pressure during HP,
but with longer sintering time (Table I). At temperatures
lower than 950°C, the higher density of SPS samples com-
pared with HP may be due to the higher applied pressure
and not due to different mass transport mechanisms. The
grain growth of pure LN followed the same trend with
increasing temperature for the three different densification
routes, but the grains in the dense SPS samples were larger
than in the dense HP samples (Fig. 5). This may suggest the




presence of additional mechanisms like -electromigration
occurring during SPS due to the potential gradient across the
sample,> but this might also be due to uncertainty in the

Fig. 9. HRTEM-image of Lal0 sample with no visible secondary
phase between the grains (A). TEM-image of Lal0O sample showing
the ferroelastic domains in the LaNbOy grains (B).
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temperature measured during SPS or HP. Swelling may also
occur at higher temperatures due to pore coarsening, lower-
ing the relative density.>*

The kinetics of grain growth will be affected strongly by
the number of phases present in the material. This is clearly
observed in Fig. 4, where extensive grain growth occurred in
single-phase LN compared with its composite siblings. Densi-
fication competes against grain growth and coarsening, and it
seems that the grains grew faster than the materials’ ability to
reach full density as seen in Fig. 5, where the grain growth
becomes quite pronounced above ~90% of theoretical density.
This leads to severe difficulties achieving sub-100 nm grains
in the dense materials. A wide particle size distribution of the
starting powder will give grain coarsening,* but the powders
used here possess a narrow size distribution.?* The grain
growth of the majority LN phase was strongly influenced by
the pinning effect due to the minority phases. The Nb,Os-rich
composites experienced more grain growth than the La,Oj3-
rich composites, which reflects the higher cation mobility in
the Nb,Os-excess materials. This behavior was expected as
Las;NbO; has a higher melting point than LaNbO,, while
LaNb;Og has a lower melting point than LaNbOy.

The 30 vol% composites demonstrate a tendency toward
smaller grains at the same density compared with the 10 vol%
composites (Fig. 5). For the La,Os-rich composites, this can
be explained by the larger volume fraction of La;NbO,
hindering LaNbO, grains from growing due to a gradual
percolation of the minority phase. At lower temperatures,
the LaNbO, grains coarsened as they were calcined, and
when the minority phase starts to densify at a higher temper-
ature, there is less space for these grains to grow. In the case
of the Nb,Os-rich composites, the opposite occurred as
LaNb;Oy starts to sinter first due to lower melting tempera-
ture, lowering the possibility for grain growth of LaNbOy. In
the 10 vol% composites, the volume fractions of minority
phase are too small to obtain percolation and give this effect.
The grains of the minority phase pinned the mobility of the
grain boundaries, which again led to reduced grain growth.

The crystallite size determined from diffraction reflects the
ferroelastic domain size and not the true grain size, and the
correlation between these two is shown in Fig. 6. There is
clearly a size effect on the cell parameters (Fig. 7) as well as
on the unit cell volume as shown in Fig. 13. With decreasing
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Fig. 10. Bulk conductivity (A) and inverse phase boundary resistance (B) plotted against inverse temperature for the materials LN, Nb10, Lal0,
and La30 in wet, reducing atmosphere (2.5% H,O, 5% H,/N,). S and L are the electrode area and sample thickness, respectively. Bulk
conductivity for Lag goCag o1 NbOy_s from Haugsrud and Norby? is inserted in A.



Table II.

Average Capacitances of Bulk, Phase Boundary, and Electrode, Together With Average Grain Size, Grain Boundary
Thickness, and Relative Density of LN, Lal0, La30, and Nb10 Studied by Impedance Spectroscopy

C, G, Cs Av. Grain Grain boundary Relative
Material [107"2F/cm] [10~""F/cm] [10~F/cm] size [nm)] width [nm)] density [%]
LN 53+0.8 18.0 £ 7.0 110 £ 50 565 £ 74 17 92.6
LalO 4.7+0.2 51 +£1.9 7.0 £8.4 349 + 81 32 91.8
La30 4.5 +£0.6 1.7 £ 0.6 52+0.3 296 + 48 78 98.9
Nb10 4.0 £0.6 45+£04 2.0+0.2 109 £ 19 10 88.2
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has been observed for other materials, such as Al,O; and
Fig. 11. 10 kHz ac-conductivity of LN, Nbl0, and Lal0 versus ZrO,, and can be related to the higher surface energy of the

water partial pressure under reducing conditions (5% H,/Ar) at
1000°C.
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ac-conductivity under wet conditions (2.5% H»0O) at 1000°C.

crystallite size, the diffraction data point to an orthorhombic
space group (a # ¢ and B = 90°) before the crystallites even-
tually became, if extrapolated, tetragonal (¢ = ¢ and = 90°)
at crystallite sizes significantly smaller than obtained in this
work.? Increasing symmetry by reducing the crystallite size

stable low symmetry polymorphs.3®’

The diffraction pattern of the SPS samples was quite simi-
lar to the diffraction pattern of the calcined powders. The
broad diffraction lines of the calcined powders are expected
due to particle size broadening and possible inhomogeneities
not removed during calcination at 650°C. The reduced crys-
tallinity of the SPS materials was more surprising and not
straight forward to explain. Broadening due to the grain size
may contribute, although the grain size is not small enough,
to give such an effect. We therefore suggest that additional
broadening is caused by the small ferroeleastic domain size
of the SPS materials. The SPS samples were quenched
through the ferroelastic transition (for example cooling from
550°C to 450°C occurred in less than one minute). This could
induce domain nucleation at a larger extent than for slowly
cooled samples domain growth may occur. When the disks
were crushed into powder, the crystallite size increased signif-
icantly, and the intensity of the reflections from the planes
non-parallel to the [010] zone axis became stronger (Fig. 14).
The remnant strain is lost during grinding as the strain from
the neighboring grains is removed, which suggests that
domains with preferential orientation perpendicular to the
pressing direction are formed during cooling in a mechanical
field.

The tolerance for cation nonstoichiometry in LaNbOy4
materials is low,® and the two minority phases studied here
have been reported to possess a higher solubility of CaO or
SrO than LaNbO,4.**° It is therefore interesting to note the
accumulation of calcium in LasNbO; and LaNb3Oy. Accu-
mulation of calcium in the minority phases could have an
effect on the proton conductivity of the materials, as und-
oped LaNbO, is reported to have a proton conductivity at
least one order of magnitude lower than Ca-doped LaNbO,.’
However, there is no evidence of lower bulk conductivity in
the composites than in LN (Fig. 10). The small variation in
bulk conductivity can be allocated to the lower and higher
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conductivity of LazNbO; and LazNbOy (electronic), relative
to LN. As calcium was only detected in the minority phases,
one can assume that the maximum doping level in LN is
lower than 0.5 mol%, which is in agreement with recent sug-
gestionsg, In the case of LN, excess calcium exceeding the
solubility limit will cause the formation of traces of second-
ary phases. The increased effective phase boundary resistance
in the composite may be caused by the increased number of
grain boundaries, as a consequence of decreasing grain size,
or by the introduction of new type of phase boundaries,
which may increase the space charge potential, the opposite
effect of which was intended. The large phase boundary
thickness in Table II indicates low bulk concentration of
charge carriers and large space charge potentials.

To observe any effect of hetero-doping on the electrical or
proton conductivity, it requires that the grain size of the
materials is small and that the minority phase percolates and
gives only heterophase grain boundaries as illustrated in
Fig. 1(A). Formation of such percolating heterophase bound-
aries is depressed with large dihedral angles and the situation
is then better described by Fig. 1(B). Furthermore, the vol-
ume fraction needed to obtain a percolating minority phase
decreases with decreasing grain size of the minority phase.
Because of the fast grain growth of the materials studied
here, small grains of the minority phase were not located on
the grain boundaries of the majority phase in either of the
materials, thus not creating the percolating “phase boundary
zone” depicted in Fig. 1(E), suggesting a large dihedral angle
between the phases. Therefore, the situation was rather a mix
of boundaries, as illustrated in Fig. 1(F)-(H), and the minor-
ity phases in Lal0 and Nbl0 acted as isolated islands and
did not contribute significantly to the overall conductivity.
However, in the case of the 30 vol% materials, percolation
of the minority phase occurred. In Nb30, percolation of
LaNbs;Oy was obvious, as this phase is known to be n-type
semiconducting,>"**> causing the large increase in electronic
conductivity of Nb30. In the case of La30, the conductivity
was lowered due to bulk La;NbO; percolation, as the con-
ductivity of this phase is lower than for the Ca-doped
LaNbO,. Finally, recent attempts of homo-doping of
LaNbO, have not been particularly successful with respect to
increasing the proton conductivity.”!®**? It seems therefore
difficult to increase the proton conductivity of LaNbOy,
above the level reported initially.'

V. Conclusion

The present work has demonstrated that dense composites of
LaNbO, and LaNbs;Oy or LazNbO; can be prepared by HP,

SPS, and CS. The sintering temperature of LaNbO, was
reduced significantly by SPS or HP compared with conven-
tional sintering. Coarsening occurred prior to densification
for all the hetero-doped materials, and preparation of dense
materials with a grain size below 100 nm could not be
achieved. The unit cell parameters for monoclinic LaNbO,
were dependent on the crystallite size and approached values
for tetragonal LaNbO, with reducing grain size. The minor-
ity phases in the composites were mainly present at triple
points and not along the grain boundaries due to a large
dihedral angle between the phases. CaO was shown to accu-
mulate in the minority phases La;NbO; and LaNDbzOo,
respectively, due to a higher CaO-solubility than LaNbO,.
The approach to hetero-dope LaNbO, by La;NbO,; and
LaNb3Og did not possess any substantial effect on the overall
conductivity of the LaNbO, materials, and single-phase
LaNbO, materials are therefore preferential as electrolyte
materials.
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