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Abstract

Sr- and Mg-doped LaCrO; nanosized powders were succesfully synthesized from a polymeric precursor solution containing the
respective aqueous solution of metal nitrate, chromium (III) nitrate, nitric acid, and ethylene glycol. The presence of a chromate
solid solution of the type La g Srg, Cr;_ Mg, O 4 (x<0.2) as a low-temperature intermediate to perovskite-type is experimentally
established using TG/DTA and XRD. In Sr, Mg-substituted LaCrOs, single-phase perovskite Lag gSrg,Cr..Mg, Oz was formed at
about 770 °C by decomposition of the chromate phase solid solution, which crystallizes at about 520 °C from amorphous powders.
Lag.gSro..Cri_« Mg, O5 perovskite solid solution powders with surface areas as high as 11 m?/g and nanosized particles sintered at
1550 °C for 6 h in air were higher than 97% dense materials. Such an improvement in densification can be attributed to a two-stage
shrinkage process, i.e., liquid phase formation and solid perovskite particle rearrangement in the liquid, respectively. No significant
variations in both the final density and grain size with increasing Mg content were detected. Compositions Lag g Sry, Crgo Mgy 103
and Lag g Srg» Crggs Mgo.15 O3 here investigated were shown to have negligible thermal expansion mismatch with YSZ electrolytes.

The mixed oxide route was also used for comparison.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of its high electronic conductivity and its
superior thermal stability, lanthanum chromite doped
with several percentages of Mg,Ca, and Sr oxides is
being currently used as the interconnecting material in
the planar model SOFC’s.!2 It has been well established
that the substitution of either on A or B sites in the
ABOj; perovskite materials with acceptor or donor-type
cations may improve the electrical properties.>* Fur-
thermore, the thermal expansion of this compound
matches very well with that of YSZ electrolyte.>

Although thermal-electrical properties of the alkaline-
earth-doped lanthanum chromites become this material
as the most promising candidate for SOFC device
interconnectors,® its sinterability, which is another
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requirement, is very bad in air due to the high vapor
pressure of the chromium oxide.” Therefore, a good
powder preparation method, in order to achieve more
reactive and sinterable powders, becomes necessary.
Many attempts leading to achieve doped-lanthanum
chromite sinterable powders have been carried out.
Among them, mainly two have attracted the attention
of the researchers, (a) the Pechini method also called
“liquid mix”’, and (b) the combustion reaction method.
Both make use of liquid solutions of the desired metal
ions leading to the final oxide powders. The advantages
and disadvantages of these methods have been widely
studied by several authors.®~1° Briefly, the first one is
based on the chelation of complex cations leading to the
formation of an intermediate resin, which, on charring
and calcining, leads to a sinterable powder. In the sec-
ond one, which is essentially based on that of self-pro-
pagating high temperature synthesis makes use of a fuel
(usually urea) to produce a spontancous flame with no
controlled temperature (>1200 °C) leading in a short
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time to a foamy but well crystallized single-phase
powder. This uncontrolled synthesis temperature may
be the cause for obtaining relatively poor sinterable
powders.! 1713

Although the objective of the above mentioned wet-
chemical methods was to achieve more reactive per-
ovskite powders at a temperature as low as possible, the
truth is that in the majority of the cases the sintering of
the obtained powders has to be made at temperatures in
the range of 1400-1700 °C for densification levels in the
range of 92-95% of theoretical density. The use of
reducing atmospheres, substitution of chromium by
other transition metals, or the addition of sintering aids
have been some of the chosen processing ways for
improving their sinterability.”!4"!7 Although in the last
decade the initial assumption of the cosintering of the
several cell components has been changed for that of
the electrolyte-supported strategy, a low-temperature
sintering is desirable in order to avoid chemical reac-
tions with the other components of the fuel cell. There-
fore, it becomes necessary to investigate new chemical
synthesis methods leading to achieve low-temperature
sinterability perovskite powders. In the present study,
the synthesis and characterization of mainly
La  gSry,Cro g Mg (., perovskite referred to throughout
as EG-LSCM powders, at relatively low-temperature, is
described using the ethylene glycol process..'® The reac-
tion mechanism of the precursors leading to the per-
ovskite single-phase, and the powder processing for
making dense chromite bodies are discussed. For com-
parison, the same composition referred to throughout
as MO-LSCM powders using the mixed oxides route,
was prepared.

2. Experimental procedure

Lanthanum chromite powders, basically Lag.gSr(..Crg g
Mgy, O3 were prepared by the soft solution process. Lan-
thanum nitrate (La(NO3);.6H>0,99.99% pure), Stron-
tium nitrate Sr(NO3),.4H»0,99.9% pure), chromium
nitrate (Cr(NO3);.9H,0,99.9% pure), magnesium acetate
(Mg(CH3-C00),.4H,0,99.9%  pure), nitric acid
(HNO;,65%),and ethylene glycol (HOCH,-CH,OH
,99.9% pure) were used as starting raw materials. Fig. 1
shows the preparation flow chart. Aqueous solutions of
all of them were adjusted in the required amounts by
dissolving in distilled water and mixed altogether in
nitric acid to form a solution by stirring. To this trans-
parent solution was added dropwise ethylene glycol in
equivalent molar proportion to the amount of the metal
cation present, by stirring. The as prepared transparent
solution was then heated on a hot plate at about 60—
80 °C with magnetic stirring until a gel was obtained.
The polymerized gel was dried at 130 °C in an oven for
several hours forming a resin and, finally, the dried resin

Metal nitrate of La, Sr, Cr, + Mg - Acetate

+ Hy0 + HNO, Ethylene Glycol

Homogeneous nitrate solution

Mix Gel / Nitrates
Stirring at 80 °C
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230 °C
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Sintering at 1550 °C-6h

Fig. 1. Flow chart of synthesis and characterization of the EG-LSCM
powders from polymerized complex solution.

was heat-treated at 230 °C. The decomposition and
reaction processes were examined with a DTA/TG
thermal analyzer (Model STA 409, Netzsch) in air with
a heating rate of 10 °C/min from room temperature to
900 °C. a-Alumina was used as the reference in DTA.
Furthermore, the calcination treatments of the dried
resin were carried out at 230-900 °C for 4 h in air to
study the phase transformations, crystallization, and
sinterability of the obtained powders. The as prepared
powders were examined by X-ray diffraction (XRD)
with a goniometer scanning speed of 2° 20/min Lattice
parameters of the sintered samples were obtained in the
20-75 260 range using Cu Ko radiation (0.154060 nm).
Lattice parameters were calculated for single-phase
solid solution LaggSry,Cr;_ Mg, O3 (0<x<0.20). The
procedure involved mixing the powders with a silicon
standard followed by slow scanning through the
orthorhombic 440, 008, 044, and 404 hkl reflections at
step intervals of 0.01° 26, with a 4 s time constant. The
scan range was chosen to include a Si reflection so that
the error in 20 could be corrected. Powders were
observed by scanning electron microscopy (SEM, model
DSM 950,Karl Zeiss, Inc., Oberkochem, Germany).
The BET specific surface areas of the calcined powders
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were measured with the Quantachrome Autosorb
(Model MS-16, Quantachrome Corp., Suoset, NY).

Before sintering, calcined powders were attrition mil-
led for 2 h in methanol with zirconia ball media. After
drying, the powders were granulated and isopressed into
pellets at 200 MPa. In order to avoid the grain growth
in the low temperature region, the temperature was
firstly raised at a heating rate of 5 °C/min up to 700 °C
for a few minutes, and from this point a heating rate of
20 °C/min was used if not otherwise stated up to the
sintering temperature of 1550 °C. The holding time was
in all cases 6 h at the higher sintering temperature. In
order to study the evolution in microstructure, the green
compacts were also sintered at a constant heating
rate of 2 °C/min at 1200 to 1500 °C for 2h in air,
with a dilatometer (Model 402E/7, Netzsch, Germany).
After sintering, bulk densities of the sintered samples
were measured by the Archimedes method, the pore-
distribution was studied mercury porosimetry, (Micro-
meritics, Autopore II, 9215, Norgross, USA), and
microstructural observations on the surface of the frac-
tured or polished samples were carried out by SEM. The
average grain size was measured by the interception
method. Thermal expansion coefficient (TEC) of the
different EG-LSCM perovskite samples was measured
using the above mentioned dilatometer equipment in the
temperature range from 50 to 1000 °C. The measure-
ment in air was performed using a heating rate of 5 °C/
min, and the TECs of the perovskite samples were cal-
culated from the following equation:

a= /L)L, — Li)(T, —T1)

Where « is the TEC, T} is the starting temperature, 7> is
the final temperature, and L, and L, are the initial and
final lengths, respectively.

3. Experimental results
3.1. Synthesis of LaggSr,Cr;xMgy O3 perovskite phase

Fig. 2 shows the DTA/TG curve of the resin powder
previously charred at 230 °C for several hours in the
case of the Lag gSry,CrggMgp» O3 composition. Similar
DTA/TG curves for the other LaggSrq,Cri_ Mg, O;
perovskite compositions were registered and, therefore,
they will not be reported here. A small endothermic
peak up to 150 °C is present as a consequence of the loss
of the residual adsorbed and hydrated water with a
weight loss of about 2%. From 150 °C up to about
500 °C a strong and wide exothermic effect with a
weight loss of about 23% also is present in the DTA
curve. Such an exothermic effect is associated with the
decomposition—oxidation of the metal-chelates and the
evolved gases, and reaction of the decomposed chelates.
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Fig. 2. DTA/TG curves of the solid intermediates from the poly-
merized complex EG-LSCM precursor solutions with heating rate of
10 °C/min.

As a consequence of the reaction in the decomposed
metal-chelates, the DTA curve shows at 525 °C a second
exothermic peak, which corresponds to the crystal-
lization of a complex oxide byproducts. The fact that no
weight loss accompanies this exothermic effect supports
the above statement. As we will describe below, this
exothermic peak was found to result from the crystal-
lization of a chromate phase LajgSrg,Crg.sMgo, Oy
solid solution. In addition to this, the DTA curve
revealed another two small endothermic peaks at 769
and 890 °C with a weight loss of about 4% in the TG
curve. This last weight loss can be associated, in princi-
ple, with the decomposition of the chromate phase to
give the chromite one by releasing oxygen i.e.,
Lag gSrg2Cro sM gy 204 — Lag gSrg ,CrosMgp 03+ 1/
20..

To further support such a belief a part of the resin
charred at 230 °C was attrition-milled with isopropyl
alcohol for 2 h and calcined at 550 °C for 16 h in air.
The as obtained powders greenish in color were almost
a chromate Lag gSr (,Cr g gMg (., O4 single phase. Fig. 3
shows the evolution of the structure studied by XRD
between 230 and 1400 °C. As it can be observed the
amorphous resin decomposes above 300 °C leading to
the rapid appearance of the Lagg Sry, Cr,Mg;_, O4 not
completely formed chromate phase solid solution. The
presence of a certain amount of amorphous material at
500 °C indicates that the reaction for the formation of
the chromate phase was not yet completed. Free oxides
or other secondary phases were not detected at this
temperature. At 600 °C for 2 h, a well-crystallized
chromate phase was formed as the only intermediate
before the formation of the chromite phase. All X-ray
diffraction lines for this sample are similar to those of
LaCrO,,” and could be indexed as a monoclinic unit
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Fig. 3. XRD patterns of the solid intermediates from the polymerized
complex EG-LSCM precursor solutions heated at the indicated
temperatures.

cell with ¢=0.7024, b=0.7251, ¢=0.6641+£0.0005 nm,
and B=104.39°, agreeing well with crystallographic
data a=0.7041, b=0.7237, ¢=0.6693 nm, and
B=104.94°1 The small differences found in the lattice
parameters are due to the fact that the present com-
pound is not a pure lanthanum chromate but a chro-
mate phase solid solution.

According to our X-ray studies the chromate phase
becomes unstable at temperatures above 700 °C and
transforms to perovskite-type phase by releasing oxy-
gen. At this point a color change from greenish to
brown in the powder sample took place, which evi-
denced a transformation in the crystal structure, with
the change in the coordination number for the La and
Cr atoms.!” X-ray analysis on powders calcined at
900 °C for 2 h and slowly cooled indicated the forma-
tion of a clear perovskite phase solid solution. In addi-
tion to such a perovskite phase, a minoritary second
phase always was present, and it seems to correspond to
a residual SrCrO, phase.?’ The appearance of X-ray
reflections at 260=25.84 (62), 27.45(100), and 29.84(94)
(in parentheses: the relative peak intensity), support the
above contention. It is indicating that during calcina-
tion a part of the Sr is exsoluted from the perovskite
structure forming the chromate phase and other no
detected minor phases. X-ray diffraction analysis on a
sintered sample at 1400 °C showed that the strontium
chromate phase had been decomposed and dissolved

into the perovskite phase matrix. The lattice parameters
of the chromite single-phase solid solution were,
a=0.5487, b=0.7770 and ¢=0.54834+0.0003 nm
according to an orthorhombic symmetry (Z=4 and
Pnma space group). It must be mentioned that in the
case of the mixed oxides route, the chromite phase only
was obtained after prolonged heat-treatments (> 10 h)
at 900 °C or higher temperatures. The lattice parameters
for the LaggSrg, Cri. Mg, Oz perovskite phase
increased lineraly with the Mg content and,therefore,
the volume of the unit cells too as it will be seen
below.

3.2. Powder morphology and characterization

Fig. 4 (A) and (B) shows the SEM micrographs of the
two EG- and MO-LSCM calcined powder samples. EG
powders after calcining at 900 °C for 2 h were an
agglomerated one which consisted of submicron crys-
tallites (0.2-0.6 pm). The agglomerates have a bimodal
Gauss distribution with an average agglomerate size
obtained using a laser diffraction particle analyzer of 0.9
pm. The BET specific surface area was in all the EG-
LSCM compositions in the range of 10-11 m?/g. The
MO-LSCM powders showed a more uniform Gauss
distribution curve but with a slightly higher average
particle size of 1.2 um; the BET specific surface arca was
about 6 m?/g.

3.3. Sintering and microstructure development

The calcined LSCM powders, after isopressing at 200
MPa (compacts green density of about 50% theoretical
density) showed a bimodal pore size distribution, not
shown here, with two peaks centered at 20 and 90 nm in
the case of the EG green compacts. In the case of the
MO green compacts, only one peak in the pore size
distribution curve centered at about 140 nm was regis-
tered. Both kinds of samples were sintered between
room temperature and 1550 °C. The relative densities
were estimated taking into account the theoretical den-
sity value of 6.28 g/cm? for the perovskite phase. This
was calculated from molecular weights, the number of
chemical formula units per unit cell (Z=4), Avogadro’s
number, and lattice parameters. Fig. 5 (A) shows the
relative density of the LSCM samples sintered in air as a
function of sintering temperature with no holding time.
The density of both kinds of samples gradually
increased with increasing temperature. The densification
started at approximately the same temperature (about
1100 °C) for the two kinds of samples, but the poly-
merized complex solution synthesis prepared samples
showed better sintering characteristics. Thus, it is clear
from the above figure that two sintering steps can be
identified, the first one with maximum shrinkage rate at
about 1200 °C, and the second one at 1420 °C. In the
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Fig. 4. SEM micrographs of (A) EG-LSCM and (B) MO-LSCM calcined powders (bar =5 pum).

case of the samples prepared by the mixed oxide route,
the same two sintering steps are present but displaced
towards higher temperatures, i.e., at 1270 °C and above
1550 °C, respectively. It is also clear that the densific-
ation process takes place mainly between 1400 and
1600 °C. In that way, a study of the densification as
function of the holding time was carried out at 1550 °C.
The relative density, as shown in Fig. 5 (B), increased
with increasing holding time and the main densification
took place in the 0—6 h holding time range. Above that
holding time the density value was almost constant or
decreased. Therefore, it can be assumed a no effective
influence of longer heat-treatment on sintering. A max-
imum density value of 97% of theoretical density was
obtained for the polymerized complex solution prepared
samples after sintering at 1550 °C for 6 h,and only a
91% was achieved in the case of the mixed oxide pre-
pared samples sintered in the same conditions. It must
be mentioned that a small weight loss (about 1%) in the
samples after sintering, was detected.

Fig. 6 (A)~(F) shows the micrographs of fracture
surfaces of the Lag gSry,CrgsMgg, Oz samples sintered
at 1200 to 1600 °C for 2 h. Apparently, almost no grain
growth took place at this temperature interval, since the
grain size was about 0.3 pm at the lower sintering tem-
perature and about 0.5 um at the higher sintering one,
and a similar tendency with increasing Mg content was
found. A small amount of liquid like a whisker can be
observed at 1400 °C, Fig. 6 (D). Fig. 7 (A)—(C) are ima-
ges of fracture surfaces of EG-LSCM (97% dense) and
polished surfaces of MO-LSCM (91% dense) samples
which were sintered at 1550 °C for 6 h. The grain sizes
of EG-LSCM perovskite samples were relatively uni-
form and the aspect of the ceramic material with sharp
grain corners is like a strong body in comparison to that
of the MO-LSCM perovskite samples which appeared
softer, Figs. 7 (A) and (B). No second phases were
detected on the fracture surface of the EG-LSCM sam-

ples. Fig. 7 (C) shows a dark second phase observed
between the perovskite grains of the MO-LSCM sam-
ples. According to the study by EDX, not shown here,
the composition of this second phase mainly contained
magnesium, with lanthanum and chromium in minor
amounts. This is, likely, the result of a non uniform
distribution of the different components in the prepared
powder or, likely, we are near to the limit of the MgO
solid solubility.

3.4. Thermal expansion coefficients

The ideal interconnect material for a SOFC device
should have, among other relevant characterisitics, well-
matched thermal expansion coefficient (TEC) with that
of the other cell components. As mentioned above, sev-
eral doped-lanthanum chromites on A and/or B per-
ovskite sites have been proposed as good interconnector
materials for SOFCs, but many of them have also been
rejected because of their inadequate properties to fulfill
the requirements for such an application. In the present
case, we studied the combined effect of Sr2* substitu-
tion in A sites and Mg?* substitution in B sites of the
perovskite structure, on the thermal expansion coeffi-
cients of the several lanthanum chromite materials
comparatively with those of the others doped lantha-
num chromites and that of the YSZ electrolyte. Table 1
shows the thermal expansion coefficients (TECs) of
Lagg Srg, Cri., Mg, (x<0.2) in air, and the calculated
unit cell volumes. As is evident, doping with Mg?* leads
to a larger TEC of the sintered samples. In the same
way, it has been observed that the structure of the sam-
ples was a slightly distorted orthorhombic with increas-
ing Mg?>" content and, parallelly, an almost linear
increase in the volume of the unit cell occurred. It must
be noted that the cell volume of the 20 mol% MgO
composition is slightly higher than that of the composi-
tion containing 15 mol% MgO. The TEC of the YSZ
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Fig. 5. Relative density of the EG-LSCM (open circles) and MO-LSCM (solid circles) as a function of (A) sintering temperature and (B) holding

time at 1550 °C in air.

electrolyte material is between 9.9 and 10.6x1076 °C~!
in the temperature range from room temperature (25 °C)
to operating temperature (1000 °C). In the present
work, for a constant concentration of SrO (20 mol%),
the thermal expansion coefficients increased with
increasing MgO content from 10 to 12x107%°C~! for 10
and 20 mol% MgO, respectively. Undoped LaCrO;
shows an orthorhombic to rhombohedral phase trans-
formation at about 280 °C, but in the present case the
phase transformation was not present in our samples
indicating, thus, the benefit of the combined effect of
Sr2* and Mg?" at the A and B sites, respectively.

4. Discussion

The preparation of LSCM perovskite powders by the
mixed oxide route method needs quite longer annealing
times and higher temperatures than the polymerized
complex solution synthesis method. These results can be
supported by much shorter diffusion distances in the
case of the soft solution amorphous precursor powders,
which can be due to the smaller particle size.

From the described experimental results, see Fig. 2, it
seems to be that the first compound, as the only inter-
mediate, that is formed during the perovskite phase
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Fig. 6. SEM photomicrographs of fractured surfaces of EG-LSCM samples from sintering temperatures of (A) 1200, (B) 1300, (C) 1400, (E) 1500
and (F) 1600 °C for 2 h. (bar=1 pum) and (D) 1400 °C for 2 h showing liquid phase like a whisker (bar=0.5 pm).

Fig. 7. SEM photomicrographs of (A) fractured surfaces of EG-LSCM and (B) polished and thermally etched surfaces of MO-LSCM samples
sintered at 1550 °C for 6 h. In (C) the appearance of a dark second phase in MO-LSCM sintered samples is observed (bar=1 pum).

Table 1
Cell volume and thermal expansion coefficients of undoped and Sr and
Mg-doped lanthanum chromites

Samples Cell volume (A3) TEC (x107%/°C)
La Cr O3 234.40 8.70
La0.83r0.2CrO3 233.70 8.92
Lao‘gsr0_2Cr0.9Mg0.103 233.80 10.00
Lao,gSrO_ZCr0_35Mg0_1503 233.87 11.02
Lao‘gsro'zcro'gMg0‘203 233.88 12.10
YSZ NM* 10.60
Lao'gsro_zcro_gTio_10337 347.65 10.40
LaO.QSrO.|Cr0.95C00,050328 348.07 11.40

2 No measured.

reaction synthesis is the LaggSry, Cri., Mg, O4 chro-
mate phase solid solution, and this compound starts
to form already at temperatures as low as 400 °C.
The completion of such reaction formation takes
place at about 550 °C coinciding with the end of the
crystallization peak of the chromate phase solid solu-
tion. Such a chromate phase is transformed, between
720 and 830 °C; into the chromite phase La (gSr ¢»Cry_
Mg, O; by releasing oxygen. Carter et al.,'® using the
Pechini method of synthesis, reported that when the
(La,Ca)CrO4 chromate phase was heated at about
700 °C, other intermediate products such as LaCrO;
and CaCrO,4 were formed, and these two byproducts
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subsequently combined to give the final (La,Ca) CrO;
chromite solid solution. In the present work, above that
transformation temperature the only present phase
was the chromite solid solution which, on cooling,
was accompanied by about 3-4% of a secondary
phase identified as the strontium chromate (SrCrOy),
confirming the suggestions of Berg et al.?® Such a
secondary phase only disappeared after sintering at or
above 1400 °C, see Fig. 3. This result supported the
idea for an increase in the solid solubility of the stron-
tium oxide in the chromite structure as the temperature
increased.

Since the interconnect in the SOFC device must be
gas-tight, the densification level of the perovskite mate-
rial is of crucial importance. In the present work it has
been demonstrated that when using the soft solution
synthesis as the method for making dense bodies of
doped-lanthanum chromite, the sintering in air is
enhanced with respect to the mixed oxide route, see
Fig. 5 (A). Two factors have to be considered as favor-
able in enhancing the sintering characteristics, (1) the
smaller particle size of the as prepared powders, and (2)
the doping to the A and B-sites with Sr>" and Mg?*
cations. As a consequence, the sintering curves for the
soft solution prepared powders are sifted to lower
temperatures. A similar effect was reported for the case
of Sr?" doping to the A-site on perovskite material
sintering.?!

Given that the Sr?* is exsoluted during calcination as
SrCrO,4 and other derivatives, the global sintering pro-
cess exhibits different steps, which could correspond to
the melting of the formed compounds. In this maner,
the shrinkage rate curve showed two pronounced
inflections at about 1200 and 1420 °C. These two tem-
peratures are lower than those reported when the per-
ovskite samples were doped only with Sr?*, 1250 and
1451 °C, respectively.?' The first one can be ascribed to
the melting of chromate phase.?? In the absence of any
other compound in the present sintered samples, the
second inflection in the shrinkage rate curve can be due
to a rapid rearrangement of the perovskite particles in
the liquid with the elimination of pores via viscous flow
at grain boundaries. Therefore, the two-steps densific-
ation behavior of these Sr- and Mg-doped lanthanum
chromite samples can be considered as a liquid-phase
assisted sintering.?® The final relative density was as
high as 97% of theoretical, which is much higher than
that reported for others.!®?! Therefore, the importance
of Mg doping on B-site in enhancing densification of the
perovskite samples should also be taken into account.
In such a way, it has also been reported that a remark-
able difference of sintering characteristics was observed
for the Co-doped lanthanum chromites.?* Quite
recently, Mori et al.>>~27 have studied the possibilities
for fully dense doped-lanthanum chromites taking into
account the characteristics of the powders synthesized

by the Pechini method,?® comparing them with those
prepared by both the solid state route and with the B-
site doping. Their results, obtained on samples sintered
at 1600 °C for 20 h, were moderately enhanced by B-site
doping with Ni and V in which relative density only was
raised up to about 90% theoretically. Powder synthe-
sized by the solid state route were poorly densified in the
same conditions .In agreement with the Mori et al.?8
results, it has been found that the B-site doping in the
perovskite with Mg?>" improved sintering character-
istics of the LSCM samples. It is probably due to both a
decreasing in the formation temperature of liquid phase
and an increasing in the amount of the liquid. It must be
taken into account that the temperature of treatment
with increasing holding time, 1550 °C, was located
within the zone of higher shrinkage rate, and such a
temperature could also be located, according to the
SrO-—chromium oxide phase diagram,?? within the zone
of the full formation of liquid phase as previously
reported for the case of the V- or Ni-doped lanthanum
chromite samples.?>3° In that way, the increase of the
relative density with increasing holding time, 97% of
theoretical at 1550 °C for 6 h, would be favored, see
Fig. 5 (B). Such a density value is much higher that that
reported as acceptable (94% dense) for ceramic SOFC
interconnector.!”

As shown in Fig. 5, substituting 20 mol% strontium
and magnesium onto A and B-sites, respectively, in the
perovskite structure results in two distinct regions of
densification behavior. The first region commences at
around 1150 °C and continues up to about 1220 °C where
there is an inflection in the densification curve suggest-
ing a change in the sintering mechanism of the sample.
A density change of about 12% took place in the sample
at this temperature interval. The transient liquid phase
which relatively improves densification of the sample
is likely to have been formed by the incongruent melt-
ing of SrCrO,4 present in the calcined powders to a
strontium oxychromate liquid with general formula
Str(CrOy),, where m > n, which changes in composition
with temperature.?> The low densification achieved at
this first inflection can be related to the high viscosity of
the formed liquid and only the smaller pores are elimi-
nated, i.e., the formed liquid phase seems to be not very
effective for densification.

A plausible explanation for such behavior would be as
follows. Given that the particle size of soft solution
prepared samples is on the nanoscale, a relatively strong
capillary pressure and rapid rearrangement of the solid
particles in the generated liquid by the melting of the
SrCrO,4, develops as the driving force for the high
shrinkage rate at this sintering temperature but with a
relatively high densification. If the perovskite grains are
surrounded and wetted by the liquid phase, a capillary
force from such a wetting liquid combined with small
transport distances should contribute to a rapid densifi-
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cation with increasing temperature. However, this did
not occurr at this sintering temperature, i.e., relevant
densification was never attained at this first sintering
step. With increasing temperature and sufficient amount
of liquid phase, a decrease in the viscosity and homo-
genization of the liquid occurs as a consequence of the
capillary forces. Given that the sintering process is
dominated by the elimination of pores, then in the sec-
ond sintering step a pore-filling process takes place with
both a rapid pore elimination via a viscous-flow
mechanism and a strong shrinkage rate. In fact, the
dilatometric experiments, see Fig. 5, showed a high
densification up to 1550 °C, which is due to the rapid
rearrangement of the small perovskite particles in the
generated liquid with almost no grain growth, see Fig. 6.
This small grain growth can be explained by a low dis-
solution rate of the perovskite particles in the formed
liquid. Although such a statement would be contra-
dictory to the conventionally assumed solution-pre-
cipitation mechanism,3! it seems evident that a steady-
state Ostwald ripening mechanism for the grain-growth
did not occur. On the other hand, it can be argued that
the volume fraction of the generated liquid was small
(as a consequence of the relatively small amount of the
present SrCrO,4 phase), and the average liquid layer, if
any, surrounding the perovskite particles will be very
thin. The lack of achievement of dense perovskite
bodies at the end of the sintering process is, likely,
supporting the above contentions. However, it is sug-
gested that more efforts should be made to reach a
better knowledge on the sintering of these ceramic
materials.

Summarizing from the above, it can be stated that the
sintering of the LSCM perovskite samples takes place in
two well-established steps. At the first sintering step the
formed liquid phase was ineffective in improving densi-
fication. In fact a limited shrinkage occurs at the begin-
ning of sintering, see Fig. 5. This result would confirm
the idea reported by Sakai et al.?* which attributed this
first sintering step only to a particle rearrangement with
no liquid formation. But if the existence of SrCrQO, as a
minor second phase in the calcined powders is taken
into account, it should be assumed that the formation of
a small amount of liquid in which a certain rearrange-
ment of the smaller perovskite particles takes place with
a low densification. On the other hand, the small grain
growth observed at this sintering step would be in
agreement with such a statement. Furthermore, it was
found on the cooled samples from this sintering step the
absence of any SrCrOy4 second phase supporting, thus,
its rapid dissolution into the perovskite phase with
increasing temperature, i.e., a dynamic liquid phase
formation—dissolution process with low densification
could be assumed for the first sintering step.

In the second sintering step, with increasing temper-
ature the incongruent melting of the SrCrO4 second

phase is completed, passing the composition from solid
+liquid to a region of liquid-only (ternary?),?? the
viscosity of the liquid generated during sintering will
decrease, the pore-filling and elimination of pores with a
rapid particle rearrangement and densification takes
place, and the grain-coarsening process via solution—
precipitation mechanism, if any, would be favored, see
Figs. 5-7. Full densification was never achieved in the
present experimental conditions, which can be attrib-
uted to (1) a continued weight loss as consequence of
the phase transformations during the global sintering
process (2) an insufficient amount of liquid for densifi-
cation and (3) to the permanent volatilization of some
small amount of CrO; due to its high vapor pressure.
All of these factors negatively contribute to the densifi-
cation process of the perovskite samples. Although
Ownby?? postulated that vapor transport during the
early steps of sintering gave rise to a particle growth,
decreasing the driving force for sintering, so inhibiting
the densification. However, he also stated that a rapid
vapor transport during the final sintering stage favored
pore mobility and increased densification. On the basis
of our experimental work in which a high heating-rate
for sintering was used, we can argue that a simultaneous
and complex process of phase transformation-liquid
phase formation—particle rearrangement—chromium
oxidation—rapid vapor transport led to a relatively high
densification in the final sintering step.33—33 It could be
assumed that at low temperatures (first sintering-stage)
complete liquid-phase wetting did not occurr and den-
sification was delayed. At high temperatures (second
sintering-stage) and with apparently a sufficient amount
of liquid phase a rapid homogenization of the liquid
took place as an effect of the large capillary forces from
the wetting liquid, which dominates the sintering pro-
cess at this stage.?> The relatively high densification can
be, thus, explained by a rapid rearrangement of solid
perovskite particles in the presence of liquid, with a
small grain growth. However, the no achievement of
fully dense perovskite bodies allowed us to assume that
the amount of formed liquid was not sufficient for both
the grain-coarsening and full densification.

As above mentioned, B site doped LSCM samples
showed an increase in TEC with increasing Mg?" con-
tent. If it is taken into account that the ionic radius for
the hexagonal coordination of oxygen of the Mg?™ ions
(0.086 A) substituted for Cr3* (0.0755 A) at the B site,
it follows an increase of both the lattice parameters and
the volume of the unit cell, see Table 1. Although it
would appears a contradiction, but the evolution to a
higher crystal symmetry (distorted orthorhombic struc-
ture) also led to a decrease in the anisotropy and, as a
consequence, the TEC will increases. According to our
results, Lagg Srg,Cri., Mg, O3z compositions in which
x< 15 mol% would be useful as interconnector materi-
als for SOFC devices. The higher TEC with increasing
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Mg content can be explained by the increase of the
average ionic radius of B-site metals in the perovskite
structure during the thermal expansion measurements.
Although preliminar experiments, which is not the
scope of the present work, indicated that B site dop-
ing with Mg?* decreased the electrical conductivity
of the LSCM sintered samples, but the -electrical
conductivity level (several tens of S cm™! at 900 °C)
can be considered as acceptable for such an applica-
tion. However, further development to know its thermal
expansion behaviour in reducing atmospheres is
required.

5. Conclusions

The polymerized complex solution synthesis method
results in the formation of a chromate phase
(La,Sr)(Cr,Mg) Oy4 solid solution with the monoclinic
structure of a=0.7024, 5=0.7251, ¢=0.6641, and
B=104.39°. Perovskite (La,Sr)(Cr,Mg) O; solid solu-
tion, with a SrO concentration of 20 mol% and MgO
concentration <20 mol%, is formed at a temperature as
low as 750 °C by the decomposition of the
(La,Sr)(Cr,Mg) O, chromate phase. The obtained
pervskite solid solution almost single phase had the
orthorhombic structure with ¢=0.5487, b=0.7770, and
¢=0.5483 nm. The as prepared calcined powders,
always accompanied by a small amount of a residual
second phase (SrCrQ,), were highly sinterable leading to
dense bodies (higher than 97% theoretical density) after
sintering at 1550 °C for 6 h in air.

The global sintering takes place in a two-stage
shrinkage process, the first one at about 1220 °C occurrs
with the formation of a small amount of liquid phase in
the beginning of the incongruent melting of the chro-
mate phase (SrCrQ,), and the second one above 1420 °C
takes place with the chromate phase melting completion
accompanied by a rapid rearrangement of the per-
ovskite particles in the liquid. After sintering, no second
phases were detected in the samples prepared by the
polymerized complex solution method indicating, thus,
its character as a transient liquid phase.

Mg doping to Lag gSry,Cr O3 showed a thermal expan-
sion behavior in air similar to that observed for YSZ
electrolyte, when the Mg content was <15%. Therefore,
Lag gSro 2CrooMgp. 103 and Lag gSrgCrogsMgo.1s03 can
be considered as good interconnect materials for SOFC
with respect to thermal expansion.
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