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The sintering behavior of (Lag7Sry3)xCrO3 (0.95 < x < 1.05) is investigated to compare
liquid phase sintering phenomena occuring in stoichiometric and non-stoichiometric
compositions. Shrinkage analysis revealed marked contrast between the densification
characteristics of the A-site enriched (x > 1.00) and A-site depleted (x < 1.00) materials.
A-site depleted samples typically exhibited a single liquid phase sintering event at 1250°C
attributed to the melting of an exsoluted SrCrO, phase. A-site enriched samples indicated
two rapid shrinkage events due to the melting of SrCrO4, and a Sr,67(CrO4), phase with a
melting temperature of 1450 °C. Sr,67,(CrQ4), was shown to evolve from a decomposition
reaction between SrCrO, and La,CrQOg, detected together in A-site enriched samples from
800-1000 °C. Maximum densities (93% theoretical density) were achieved for
(Lag7Sro3)xCrO3 x =1.00 after sintering at 1700 °C for two hours. © 7999 Kluwer Academic
Publishers

1. Introduction density the oxygen partial pressure should be controlled
The interconnect in a solid oxide fuel cell (SOFC) is at 10-12-10~° atm [2], which is close to the oxygen par-
used to electrically connect the anode and cathode dfal pressures specified by the chromium/@Qy phase
adjacent cells in series. It acts not only as an electricaboundary to suppress grain growth and allow densifica-
connection but is also required to separate the reducintjon to occur [3]. Due to the volatility of Crg) LaCrO;
atmosphere of the anode from the oxidizing atmospherbas traditionally been sintered under reducing atmo-
of the cathode. As such, the interconnect must be densspheres attemperatures greater than 2600 produce
(at least 94% theoretical density) to avoid cross leakagbigh density materials [4].
of fuel and oxidant gases. In addition to high density, Several techniques have been investigated to achieve
a number of other stringent demands are placed on pdtgh density LaCr@in air. These include the addition
tential interconnect materials. These include high elecof sintering aids, such as fluorides [5], the use of highly
tronic conductivity p > 2 S/cm under reducing condi- reactive powders [6], firing LaCr between GiO3
tions at 1000C), low ionic conductivity, chemical and plates [7], the addition of alkaline earth elements (e.qg.
mechanical stability (including low volatility and non- Ca, Sr or Mg [8, 9]), the addition of transition metals
reactivity with other cell components) in both oxidizing (e.g. Zn or Cu [10]), and the use of low melting point
and reducing atmospheres, matching thermal expansicgutectic compositions, such as MnO-%iénd NOs-
with the electrodes and electrolyte and the absence df20s, to act as foreign liquid phases [11].
phase changes or impurity phase formation with long The most promising recent developments have ex-
operating times at temperatures between 25-1000 ploited transient liquid phase sintering in slightly non-
These requirements exclude all but a few oxide sysstoichiometric Ca-doped LaCgDcommonly termed
tems from consideration. Lanthanum chromite materiL.CC. An extensive literature review and study of
als satisfy many of the above criteria and have been usedensification mechanisms in LCC compositions have
as SOFC interconnect materials for over 30 years. Howrecently been reported by Chiakt al. [12]. Chick
ever, itis well established that LaCg@ difficultto sin- et al.[12] investigated the presence of non-perovskite
ter to high density in air. Poor sinterability under oxidiz- phases in Lg;CaCrO; with 0.25 < x < 0.35, and
ing conditions results from Crvolatilization above how such phases might be involved in the sintering
1000°C [1]. The gaseous CH¥Xondenses at interparti- of LCC. Samples were heated to temperatures be-
cle necks as GOz during the initial stages of sintering. tween 800-1530C and air quenched for XRD analy-
Because neck growth is accomplished without transporsis. CaCrQ, exsoluted from the perovskite due to poor
of the material from the bulk of the grains, little densifi- alkaline earth solubility below 120@, was detected
cation or pore removal occurs. In order to achieve highin abundance at 80@ in samples withx > 0.25.
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With increased temperature the CaGn@ogressively previous studies have been directed at sintering LSC
decreases due to redissolution in the perovskite, buinder low oxygen partial pressures. Meadowcroft [15]
sufficient remains to act as a transient liquid phaseeported that densification of bgsSr16CrOs was en-
in all samples on melting. The melting temperaturehanced significantly with the addition of 3 to 5 mol %
of this phase and subsequent shrinkage was found tExcess SrC@when fired under a reducing atmosphere.
be dependent on the stoichiometry of the sample. Th&roupp and Anderson [4] were able to produce nearly
shrinkage event began as low as 860for the ma- theoretically dense samples of L &SrCrO; by sin-
terial with x =0.35, and as high as 100CQ for the tering at 1720C with an oxygen activity of 10—
material withx = 0.29. In general, the higher temper- 10~ atm. Mori et al. [16] studied sintering mecha-
ature shrinkage event occurred in A-site depleted sanmisms for Lg_,Sr,CrOz under reducing atmosphere,
ples, and the lower temperature event in the A-site enand showed that rapid shrinkage around 19D@vas
riched samples. This dependence of the onset of ligdue to the melting ak-Sr(CrQ,),. The behavior at low
uid phase sintering was believed to be associated witbxygen partial pressures is predicted to be markedly
the presence of small amounts oblCaO; observed in  different than that for air sintered materials. Sin-
A-site enriched samples quenched from 800—X@0 tering studies for LSC materials in air are limited.
DTA was performed on a 80 wt% CaCfQ0 wt%  Sammeset al. [17] have shown that the densifica-
La,CrOg composition, and indicated a drop in the melt- tion of La;_xSrcCrOs increased with increased Sr con-
ing temperature of CaCrQIt was speculated that La tent, and that 96% theoretical could be obtained for
dissolution in the CaCr@increased the entropy of Lagp7Sr3CrOs when fired at 1700C in air. Tai and
the liquid, thereby lowering its melting point. Sam- Lessing [7] reported a theoretical density of above 93%
ples withx > 0.3 (A-site enriched) exhibited a second for La;_«Sr,CrOs; when sintered in air sandwiched be-
rapid shrinkage event resulting in high density samplestween two CsOs plates and fired at 170 for 7 h.
This shrinkage event was not observed in the A-site de- The most detailed investigation has been conducted
pleted compositionsx(< 0.3). The onset of the second by Chicket al.[18]. Their studies considered the sinter-
liquid formation occurred around 120CQ and was at- ing mechanisms of LiaySr,CrOs compositions with
tributed to the melting of GACrO4), (m.p. 1253C). 0<x=<0.24. For samplesx=0.0 and 0.12 shrink-
Chick et al. [12] showed how the sintering behavior age dilatometry revealed gradual shrinkage with no
was determined by the decomposition, phase changeapid densification events. At higher Sr dopant lev-
and redisolution of the minor non-perovskite phasesels the shrinkage exhibited three pronounced inflec-
After melting of CaCrQ the minor phase composi- tions around 1000, 1250 and 148D. X-ray phase
tioninthe A-site depleted (Cr-enriched) samples movedinalysis indicated that SrCiQm.p. 1253 C) was
into a (liquid+ B-CaCrO,) phase field which became probably responsible for the second rapid shrink-
increasingly enriched in solid, thus preventing furtherage. Phenomena associated with the inflections in the
liquid phase sintering. However, the minor phase comshrinkage curve at 100€ and 1450C were unde-
position of the A-site enriched samples, prior to melt-termined. This study also investigated the effects of
ing of CaCrQ, was thought to consist of CaCf@nd  non-stoichiometry in L@ 76-y)Sl0.24Cr(1.4y)O3_s sam-
Cas(CrOy)2. Melting of these phases at their respectiveples. Cr-deficient samples generally exhibited higher
melting points was believed to account for the rapidsintered densities. The highest densit®6% theoreti-
shrinkage events observed in the A-site enriched LCCal density) was achieved for Cr-deficient compositions
samples. with an (La+ Sr)/Crratio of 1.02. An (Lat+ Sr)/Cr ratio
Sr-doped LaCr@(LSC) is expected to exhibit sim- of 0.92 yielded only 75% theoretical density. Mecha-
ilar sintering behavior to LCC materials though little nisms causing the differencesin sintering behaviorwere
work has been conducted to verify this fact. This isnot discussed.
predominantly due to current interest in co-firing the This present work considers the effects of
cathode and interconnect; the lower sintering tempernon-stoichiometry on the sintering behavior of
ature of LCC make it a more attractive candidate. Re{Lag 7Sr 3)xCrOz with 0.95 < x < 1.05. In order to
cent studies, however, have indicated that LCC maycharacterize this behavior a number of analysis tech-
not be the most suitable interconnect material due tmiques have been employed including sintered density
dimensional instability under reducing atmospheresmeasurements, sintering shrinkage dilatometry, pow-
Armstronget al. [13] showed that the linear expan- der X-ray diffraction and thermal analysis (DTA-TGA).
sion of sintered chromites increased with increasingrhe first two techniques enable determination of tem-
temperature, with decreasing oxygen partial pressurgyeratures at which significant sintering of these mate-
with increasing acceptor dopant concentration and withrials occurs, while the latter analysis methods provide
increasing oxygen non-stoichiometry. LCC materialsinsightinto the phenomenaresponsible for these events.
showed greater expansion at low oxygen partial pres-
sures than LSC materials. As such LSC materials have
found renewed interest. It is, however, widely recog-
nized that Sr-doped materials do not sinter to high den2. Experimental
sity in air. Chicket al. [14] have shown that the sin- Chromite powders were synthesized by the glycine-
tering of La_,SrCrOs is enhanced by Cr-depletion nitrate process, using a stoichiometric fuel/oxidant ra-
though densities-94% theoretical density were diffi- tio [19]. Glycine-nitrate precursor solutions were pre-
cult to achieve even above 1500. Therefore, many pared by combining weighed aliquots of stock solutions
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of the individual metal nitrates. The concentrations ofto compare phase development in both quenched and
the nitrate stock solutions were initially characterizedcalcined LSC-30 samples. After XRD phase analysis
by gravimetric analysis-heating a known weight of ni- on the LSC-30 compositions was completed, some of
trate solution to 900C to form the respective oxide, the non-perovskite phases detected were synthesized
and then weighing the oxide formed. This enables conand reacted in various combinations. Unless other-
centration of the stock solution to be calculated in termawise stated these phases were produced by the glycine-
of the number of moles of metal ion per gram of solu-nitrate process. The resulting products were analyzed
tion. Gravimetric results were verified by EDTA titra- using the XRD and DTA/TGA to study the develop-
tion [20]. Gravimetric and EDTA techniques resulted ment and interaction of secondary phases in the LSC
in cumulative errors for the three component precursosystem.
solution amounting to approximately 0.5%. The syn- Differential thermal analysis (DTA) and thermo-
thesis of each composition was tightly controlled bygravimetric analysis (TGA) of the LSC-30 composi-
making large batches (typically 1 kg) of the com- tions was conducted on a Netzsch Model 409 DTA.
bined nitrate solutions, and measuring out each conPowders were pressed into small discs approximately
stituent solution to an accuracy of 0.01 g. Compo-5mm indiameter, typically weighing 50—-100 mg. Sam-
sitions investigated in this study were of the generaples were analyzed from room temperature to 18D0
formula (La,.7Srp.3)xCrOs wherex = 0.95, 0.97, 0.99, with a heating rate of 5C/min.
1.00,1.01, 1.03,and 1.05. These compositions will sub-
sequently be referred to as LSC-30, denoting 30 mol %
Sr substitution for La on the A-site. The degree of3. Results and discussion
non-stoichiometry is indicated by=0.95-1.05; e.g. 3.1. Sintering characteristics of
(La0.7Sro‘3)o.95Cr03 is denoted by LSC-SOX(Z 095) (La0.7Sro_3)XCr03 x = 0.95-1.05
and (La,7Sr0.3)1.0sCrOs by LSC-30 & = 1.05), etc. compositions

Powder used for sintering shrinkage measurement8. 1.1. Shrinkage dilatometry
was calcined at 650C for 30 min to remove residual Fig. 1 shows sintering shrinkage curves for LSC-30
carbon, and pressed into bars (200 x 5 mm) uniax- compositions. The shrinkage behavior for LSC-30
ially at 33 MPa and then isostatically at 130 MPa. Sin-compositionsx =0.95 and 0.97 is almost identical and
tering shrinkage tests were carried out in a Unithermhence the curve fox =0.97 has been omitted to im-
Model 1161 vertical pushrod dilatometer with a 40 gprove the clarity of the diagram. Rapid shrinkage for
load from room temperature to 1600 at a heating rate compositionsx = 0.95 and 0.97 occurs around 128D
of 2°C/min. and is consistent with the first two stages of liquid phase

As a first step in investigating the sintered density-sintering, particle rearrangement and solid solution-
temperature relationship of LSC materials, stoichio-reprecipitation processes [21]. Subsequent sintering of
metric LSC-30 x =1.00) was analyzed to determine these samples is more gradual, indicative of solid state
the optimum calcination temperature for maximumdiffusion. For LSC-30x = 0.99 and 1.00 the sintering
densification during sintering. Powder samples werébehaviorisinitially comparable to the= 0.95and 0.97
calcined at temperatures from 650-12a0for 1 h.  samples with significant densification occurring around
The optimum calcination temperature was established250°C. However, a second rapid sintering event is ob-
at800°C, yielding post-sintered densitiese83%the-  served close to 158 for x =0.99 and 1540C for
oretical. Calcined powders were uniaxially pressed ak = 1.00. The magnitude of the first shrinkage event is
33 MPa and isostatically pressed at 130 MPa. Densityapproximately equal for all samples »f< 1.00 pos-
temperature relationships were investigated from 1100sibly indicating the formation of similar volumes of
to 1700°C at 100°C intervals. At each temperature, liquid at 1250°C.
four samples of each composition were sintered for
2 h, and their densities measured by the Archimedes’
method using ethyl alcohol. Relative densities were cal-

0.05

culated as a percentage of the theoretical density for
each LSC-30 composition, which had been established~ o
through X-ray diffraction (XRD) and subsequent unit 5
cell refinement. 2005
XRD analysis was performed on pressed samples & .o
which had been air-quenched after heating to tempera--£
tures from 800-1600C at 100°C intervals. Quenched i'o-l5 I
samples were crushed, ground and screened througts
a 200 mesh sieve prior to analysis. X-ray data was *;f
recorded between 1%and 80 20 with 0.04 steps, # -0.25
and a 2s count using a Philips Wide-Range Vertical ;[ _

Goniometer and a Philips XRG3100 X-ray Generator. 800 1000 T 1200 o 1400 1600
Additional XRD was conducted on powders, which had emperature (C)

been calcined fol h at temperatu.res between 800— Figure 1 Sintering shrinkage curves of (b#Sro.3)x CrO3 where 095 <
1600°C and allowed to cool slowly in a closed furnace. x < 1.05. Data fox = 0.97 has been omitted because it exhibits identical
Semi-quantitative XRD phase analysis was conducteshrinkage behavior te=0.95. Samples were heated &tCmin.
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For LSC-30 compositions with > 1.00 the sinter- tions of x < 0.99 (A-site depleted) are very simi-
ing shrinkage behavior varies considerably with respeclar indicating significant densification between 1200-
to compositions ok < 1.00. The first notable differ- 1300°C and a smaller event between 1500—-1600
ence is a brief but fairly rapid shrinkage event aroundmost pronounced fox = 0.99. Sintered density values
980°C. More rapid densification occurs at1l150°C  for x=0.95 and 0.97 were identical and tke=0.97
and the magnitude of this event decreases as A-site etrace has been omitted. LSC-86-= 1.00 behaves simi-
richment increases. The variation in shrinkage magiarly to samples withx < 1.00 until 1400°C. Between
nitude for these compositions is most likely related1400-1500C enhanced densification occurs for the
to the amount of liquid phase available for sintering.x = 1.00 composition. This does not correlate with the
For x=1.01 this is the only major densification phe- shrinkage datafor this sample, which indicates a second
nomena observed, although two additional small kinkgapid shrinkage event around 154D, Itis possible that
in the dilatometer curve are apparent around 130@he mechanism responsible for this event is kinetically
and 1400C. For x = 1.03 the magnitude of the first retarded, and was thus observed at a higher temperature
rapid shrinkage is less than that observedder1.01  in the shrinkage dilatometry than for sintered density
but a second major event occurs just below 14D0 measurements where samples were held at the sintering
For x =1.05, the shrinkage event beginning aroundtemperature for 2 h. This will be discussed in greater
1050°C is very brief. Subsequent sintering betweendetail in a later section.
1200-1380C takes place gradually, possibly suggest- The sintering characteristics of samples where
ing the formation of small amounts of a number of x > 1.00 correspond well to shrinkage data. LSC-30
different liquid phases, but is followed by a sharp in- x = 1.03 has been excluded from Fig. 2 because its sin-
crease in the sintering rate around 1400 Although  tering behavior closely resembles thatyof 1.05. It
the magnitudes of the major shrinkage events for thés interesting to note that at 1100 the densities of
A-site enriched samples are different, the temperatures > 1.00 compositions are approximately 10% greater
at which they occur (i.e. 960, 1150 and 14@) are thanx < 1.00. This parallels the shrinkage data in
identical for each composition. Above 1480, solid  Fig. 1, and possibly corresponds to the initial shrinkage
state sintering processes appear to dominate for all Aevent observed around 960 for x > 1.00 composi-
site enriched LSC-30 compositions. tions. Forx = 1.01 the sample reached almost 80% of
its theoretical density by 120, significantly higher
than that attained by other compositions at this tem-
perature. This is also verified by shrinkage data indi-

35 1.2._Sintered densit)_/ . ) catingx = 1.01 to have undergone the highest degree
Fig. 2 illustrates the relationship between relative den- shrinkage by 1200C. Forx = 1.03 substantial den-

sity (i.e. percent of theoretical density) and firing tem- gisi-ation occurs between 1100—12@ and a more

perature for LSC-30 samples sintered ®h from  gjonificant event from 1300-140C, as observed in
1100°Cto 1700°C at 100°C increments. Error bars are shrinkage analysis. The behaviono& 1.05 is almost

not indicated on the figure because they were smalléyaiica| tox = 1.03 with a large proportion of densifi-
than the symbols used to denote the relative densityaion occurring between 1300—14G0)
values for each composition. Sintered densities range \;ost interesting is the fact that compositions

from 85-93% theoretical at 170C, with the highest , _ 95 and 0.97 attain equivalent densities to those

densities observed for=0.99 and 1.00 compositions. 4chieved by the A-site enriched compositions. This is
The density-temperature relationships for composiqnirary to the shrinkage results presented in Fig. 1,
which indicated poor shrinkage for the LSC-30 A-site
depleted compositions. However, shrinkage dilatome-
try was restricted to a maximum temperature of 1800
and additional, undetected phenomena may be occur-
ring in the sintered samples above this temperature. Al-
ternatively, the high densities may simply be attributed
to solid state sintering during ¢h2 h hold time at
the higher sintering temperatures (1600 and 1100

100

S
£
§ 70| | used.
2
é 60 -
3.1.3. Phase determination by X-Ray
50 b 1 diffraction
Table | indicates the wt% of non-perovskite phases
40 : : : s s : s detected by XRD for each LSC-30 composition air
1000 1100 1200 1300 1400 1500 1600 1700 1800 quenched from 800-160C. Some phases in Table I,

Temperature (°C) at the higher temperatures investigated, are proceeded
. . . by “T” rather than a value indicating weight percent.
Figure 2 Sintered density data for (6aSt0.3)xCr05 (0.95 = x = 1.05) - ic yanotes a trace amount of a phase was detected
after sintering fo 2 h at 100°C intervals between 1100-1700. Data . o . P . !
for x = 0.97 and 1.03 have been omitted as they follow the curves forthough it was difficult to establish the exact proportion
0.95 and 1.05, respectively. of the phase present.
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TABLE | Percent by weight of non-perovskite phases present in4&& 3)CrOs (0.95 < x < 1.05) samples quenched in air from 800-1600
(T denotes a trace amount)

x = 0.95 x =097 x = 0.99 x =1.00 x =101 x =103 x =1.05
800°C 8.8SrCrQ 8.7SrCrQ 8.7 SrCrQ 8.5 SrCrQ 8.7 SrCrQ 10.1 SrCrQ 9.3 SrCrQ
1.1 LaCrOg 1.3 LaCrOg 2.0 LaCrOg 2.9 LaCrOs 4.6 LCrOg
900°C 8.6SrCrQ 8.8SrCrQ 7.9SrCrQ 7.7 SrCrQ 8.2 SrCrQ 8.7 SrCrQ 9.6 SrCrQ
1.2 LayCrOg 1.6 LapCrOg
1000°C 7.4 SrCrQ 7.6SrCrQ 7.7 SrCrQ 7.0 SrCrQ 8.0 SrCrQ 7.9 SrCrQ 5.3 SrCrQ
05CpO;  0.5CkO;3 2.0Spe7(CrOs)2 2.2 She7(CrOs)z
1100°C  6.1SrCrQ 4.6 SrCrQ 5.4 SrCrQ 4.5 SrCrQ 3.8 SrCrQ 3.8 SrCrQ 2.3 SrCrQ
0.7 Cp0O3 0.4 CpO3 1.0Sp67(CrOs)2 1.1Spe7(CrOs)2 1.9 Spe7(CrO4)2 3.3 Ske7(CrOy)2
0.8 LgOs3 0.8 LgOs3
1200°C 4.2 SrCrQ 4.7 SrCrQ 4.0 SrCrQ 4.0 SrCrQ 2.7 SrCrQ 1.9 SrCrQ 1.6 SrCrQ
0.9 CrO3 0.6 CrO3 1.6 Spe7(CrOs)2  1.1Spe7(CrOs)2 2.4 Ske7(CrOs)2 4.1 Spe7(CrOs)2
0.9 LaO3 1.3 La03
1300°C 3.7SrCrQ 3.4SrCrQ 3.2SrCrQ 2.8 SrCrQ 1.1 SrCrQ 0.9 SrCrQ 0.8 SrCrQ
0.9 Cp0O3 0.8 CpO3 0.7 Spe7(CrO4)2  1.5Ske7(CrOs4)2 1.3 Spe7(CrOs)2 4.0 Spe7(CrOs)2 4.0 Spe7(CrOa)2
0.9 LaO3 1.2 La0O3
1400°C 1.6 SrCrQ 2.1 SrCrQ 1.9SrCrQ 1.2 SrCrQ T SrCrQy T SrCrQy T SrCrQy
1.0 Cr0Os 0.7 CrO3 1.2Spe7(CrOs)2 1.5Ske7(CrOs)2 1.3 Ske7(CrOs)2 2.3 Spe7(CrOs)2 2.8 Sk7(CrOs)2
0.5 Cp0O3 0.8 LO3 1.0 LapO3
1500°C 1.0 CpO3 1.5 SrCrQ 1.1srCrQ 0.8 SrCrQ 2.7 Sp7(CrOa)2 4.4 Sp 7(CrOa)2 3.2 Spe7(CrOs)2
T Crp0O3 1.3 SI2_67(CI'O4)2 1.2 S§_67(CI’O4)2 1.0 LapO3
T Cr0O3
1600°C 0.7 CpO3 T CrpO3 1.3 SQ_67(CI’O4)2 0.8 S§_67(CI’O4)2 1.9 SE_57(CI’O4)2 3.5 SQ_67(CI'O4)2 2.7 SQ_67(CI’O4)2
T Cr0O3 0.6 LaaO3
- 5ic0, h\ Cr03 (m.p. §22?5°C), which first appears around
O-cr0, 1000°C and is still present in trace amounts even at

1600°C. Fig. 3 also shows a number of unidentified
peaks detected by X-rays from 110D to 1300°C.
Similar peaks were observed in the same temperature
o o range for all LSC-30 compositions. These phases are
only observed in trace amounts and not detected above

Relative Intensity

200°(]
1300°C. Some of the peaks were tentatively identified
100 as LaSrO;. This melts at 2100C, and as such is not
000°d expected to play a significant role in the sintering of
o0’ these samples.
s The SrO-C3O3; phase diagram [22] indicates the
s 30 % 33 melting point of SrCrQto be 1253C, and hence it is

reasonable to conclude that this phase is responsible for
the first shrinkage event observed for samples0.95
Figure 3 X-ray diffraction patterns of quenched 4.£513)o9sCrOs  and 0.97. Rapid shrinkage for A-site depleted Ca-doped
from 022—380 20 indicating non-perovskite phasespresentbetweenBOO—LaCrOs around 1000C, observed by Chick [12] and
1600°C. Carter [23], was similarly attributed to the melting of
CaCrQ, (melting point 1022C). The melting tempera-
3.1.3.1. (La7Sr3)xCrOs (x=0.95 and 0.97). tureof SrCrQwas verified at 1256C by DTA analysis
Shrinkage and sintered density results suggest thatf commercially supplied SrCrfAlfa Aesar, 95% pu-
these A-site depleted phases are subject to similaiity). Thermal analysis, DTA and TGA, was also per-
sintering phenomena since they both exhibit a singldormed on a pressed sample (weighitd00 mg) of
rapid densification event, similar in magnitude, around.SC-30 x = 0.95 to confirm a melting event around
1250°C. XRD analysis substantiates this indicating1250°C. The recorded data is presented in Fig. 4. An
that the same two non-perovskite phases, SECrOendotherm for the melting of SrCrQvas observed at
and CpOs are present in bottk=0.95 and 0.97 1256°C, and the small but rapid weight loss at this tem-
compositions. Fig. 3 presents XRD data for LSC-30perature is assumed to be related to incongruent melting
x =0.95 samples quenched from 80D to 1600°C. in air of SrCrQ to liquid and CpO3, as depicted in the
The figure focuses on aPrange of 22-38indicating  SrO-CpO3 phase diagram [22]. Oxygen is believed to
high intensity peak positions of the non-perovskitebe lost due to the reduction of &rin SrCrQ, to Cr3*
phases. SrCrQis the principal non-perovskite phase in CryOs.
observed in LSC-30¢ =0.95 and 0.97, exsoluted due  There is also a more gradual weight loss evident
to poor solid solubility in the perovskite at lower tem- from 800°C to 1500°C. Various LSC compositions
peratures, and its concentration decreases steadily withere subjected to TGA analysis with 2 heating and
increasing temperature as shown in Fig. 3 and Table 2 cooling events to establish if this weight loss was re-
The other non-perovskite phase detected by XRD igpeated on reheating. The first heating indicated weight

Angle, 20°
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Figure 4 DTA and TGA curves for (La7Sro.3)0.905CrOs indicating the
melting of SrCrQ at 1256°C.

Figure 5 Comparison of X-ray diffraction patterns of quenched
(denoted by Q) and calcined (denoted byC) samples of
loss whereas subsequent cooling and re-heating of thgao.7Sr.3)oesCrOs. Quenched samples were heated @C2nin to the
same sample showed no additional loss in Weight. préndicated tempe_ratures and then quenched in air. Calcined samples were
sumably if CrQ volatilization, known to occur above ngtﬁif:gggr:ifnat temperature for 1 h, and subsequently cooled
A . perature.
1000°C [1], was responsible for the observed weight
loss, additional weight loss would have occurred on the
second heating. The weight reduction might otherwisealuring sintering. Fig. 5 compares XRD traces for both
be explained by the reintroduction of the SrGrihase calcined and quenched LSC-3G=0.95 samples be-
into the perovskite structure (LaCgPas the temper- tween 1000 and 140@. The phases present at each
ature increases. XRD of=0.95 samples indicates a temperature are essentially the same, though the cal-
gradual decrease of SrCs@ith increased temperature cined powder indicates larger proportions of unidenti-
(800-1600C) as indicated in Fig. 3 and Table I. Chick fied phases at 120C. However, by 1400C only trace
et al. [12] also found that CaCrPwas reintroduced amounts of GfO3 are detected in the calcined powder
into the perovskite structure in Ca-doped Lagsdth ~ and this cannot account for the high sintered density.
increased firing temperature. Redissolution of SrrO As such, it seems most likely that solid state sintering
into the perovskite occurs according to the following at high temperature (1500—-1700) for two hours may
equation (Kroeger-Vink notation [24]): be responsible for the high densities achieved.

(1 — @)Lag 7/(1 - a) SH©3—a)/(—a)Crio.7/1 - a) CT (03— a)/(1— )O3 +aSICrQy
—> Laj;SI0.3Cr57Cro30s +a/20, )

Redissolving Sr into the perovskite requires areduc3.1.3.2. (La 7S 3)CrOs; (x = 0.99 and 1.00).Both
tion of C®* to Cr¥* and the loss of 1.5 oxygen atoms shrinkage and density measurements indicate that these
for every Sr-Cr “molecule” redissolved. Far=0.95  compositions exhibit very similar sintering characteris-
the recorded weight loss from 800 to 1200°C is ap-  tics. They produce the highest densities of all the com-
proximately 0.8 wt %. Semi-quantitative phase analysigositions after sintering fo2 h at1700°C, and both
of this composition indicates a 4.7 wt % reduction of exhibit two well defined liquid phase sintering events.
SrCrQ, over the same temperature range, as indicate®TA and TGA analysis of LSC-38 = 1.00, shown in
in Table I. If we assume that all of this phase has redisFig. 6, verifies the first liquid formation at 1256, the
solved into the perovskite then this would result in anmelting point of SrCrQ. This data is virtually identical
overall sample weight loss of 0.7 wt % which is almostto that obtained for LSC-38 = 0.95, shown in Fig. 4.
identical to the decrease in weight observed. Sustaineldindicates gradual oxygen loss from 80Dto 1500°C
gradual weight loss after the SrCy@®as melted is pre- due to a C¢* to Cr¥* reduction as SrCrgredissolves
sumably due to the continued redissolution of Sr€rO into the LaCrQ perovskite phase, and a small, rapid
(now liquid) into the perovskite structure. weight loss resulting from further €r to Cr** reduc-

XRD was also conducted on powder samples of thdion, and oxygen evolution upon incongruent melting
LSC-30x =0.95 that were calcined for one hour and of SrCrQy to liquid and CpO3. An endotherm associ-
then slow cooled in the furnace. These studies werated with the second sintering eventoccuringin LSC-30
conducted at 100C intervals from 800C to 16000C  x =1.00 at 1540C is not observed in Fig. 6 because it
to determine if different phase phenomena may be reeccurs above 1500, the maximum operating temper-
sponsible for the unexpectedly high densities achievedture of the DSC. One observable difference between
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Figure 6 DTA and TGA curves for Lg7Sr 3CrO;s indicating the melt-
ing of SrCrQ at 1256°C.
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Figure 7 X-ray diffraction patterns of quenched 4.#r3CrOs be-
tween 22—45 20 indicating non-perovskite phases present from 800—
1600°C.

x=0.95 and 1.00 is the appearance of a small en
dothermic peak around 1086Q. This corresponds to a
small kink in the shrinkage curve for LSC-3G=1.00
(Fig. 1), which is a more prominent feature in A-site
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Figure 8 DTA data indicating melting and recrystallization tempera-
tures for in-house produced %57(CrOy),.

0.99. Spe7(CrOy), occurs in greater abundance for
samples wherg > 1.00. Sp g7(CrO,); is not shown in
the SrO-Cs03 phase diagram. The closest related com-
pound on the phase diagram igSr,Og [22]. However,
XRD data does not exist for £r.Og, and the closest
known compound for which XRD data can be found is
SrCr,0;. These two discrepancies suggest that there
may be some inaccuracies in the published Srgogr
phase diagram. X-ray phase pure &(CrO,), was
produced in-house by reacting a stoichiometric powder
mixture (ball milled in isopropanol for 24 h) of SrGO
and CpO3at 1350°C for 1 hin a Ptrucible. DTA anal-
ysis of the reacted powder is shown in Fig. 8. It reveals
an endotherm around 1448 on heating, believed to
be the melting of S1g7(CrOy),2, and an exotherm for re-
crystallization at 1441C on cooling. A small exotherm

at 1362°C may be associated with an impurity phase
not detected by X-ray.

- The XRD trace in Fig. 7 shows the evolution and
partial disappearance of the non-perovskite phases in
LSC-30x =1.00. The trace fox =0.99 is similar to
this with a slight decrease in the proportion of the

enriched samples, and may be related to the presen& 67(CrO,), phase observed and the presence of trace

and decomposition of L&rOg. XRD indicates the ap-
pearance of LCrOs between 800 and 100C after

Cr,0O3 above 1300C. The trace in Fig. 7 indicates
the disappearance of £@rOg by 900°C, the gradual

which it disappears from X-ray detection as shown inreduction in the amount of SrCiCas it redissolves

Table I. The relevance of L&rOg will be addressed

into the LaCrQ perovskite with increased tempera-

in greater detail with reference to the A-site enrichedture, and the evolution of the higher melt tempera-

samples in which it is more abundant.

ture Sk g7(CrO,), phase at 1100C, and which is still

In an attempt to determine phenomena responsiblpresent in small amounts even at 1600

for the second shrinkage event it is necessary to No additional phases were detected by XRD to
carefully consider phases detected by XRD for theseccount for liquid melting and densification above
compositions. Fig. 7 shows XRD data for LSC-301500°C. To investigate if the two strontium chro-
x=1.00 from 800°C to 1600°C and between 20— mate phases may interact to from a higher melting
45° 20. Of significant interest is the appearance ofpoint phase a 50-50 wt% mixture of SrGr@nd
trace amounts of another strontium chromate phase&r, g7(CrO;), was analyzed by DTA. Endotherms were
Sr67(CrOy4)2 (presumably the formula might also be observed at 1230 and 1405. Hence it is not possi-
written as Sg(CrOy)3). This phase has previously ble to explain the high temperature melting by interac-
been observed by Hartl and Braungart [25] as blackion of Sk g7(Cr0O,4)2 and SrCrQ. With no evidence of
hexagonal platelets on strontium oxide growing in thehigher melt temperature phases we speculate that the
presence of Cr (lll) oxide and air at temperaturesSr, 67(CrO4), phase is most likely responsible for the
from 1250-1400C. Sk 7(CrOy), is detected by XRD  second densification event. While this phase may melt
from 1100-1600C for x=1.00 and 1300-160CC from at 1450°C, XRD indicates only trace amounts
for x =0.99. The stoichiometric composition=1.00  are present. Such small amounts of liquid may not be
contains slightly more of this phase than LSCx3&  able to dissolve sufficient solid, a requirement during
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Figure 10 DTA and TGA data for LaCrOg produced by combustion

Figure 9 DTA and TGA curves for (Lg7Sr.3)1.05CrOs indicating ma-
synthesis.

jor endotherms at 960, 1140 and 1413

the rapid stages of liquid phase sintering. Increases ik@2CrOs heated to 950 and 110G, held for one hour
temperature may increase the solid solubility in theand then quenched in water suggest a different decom-
Sr,.67(CrOy): liquid and also decrease the viscosity of POSition to that suggested by Berjoan [26]. At 9D

the liquid to the point where rapid densification canXRD indicates partial decomposition of 4@rGs to
take place. Fig. 1 shows the second rapid event occuts?CrOs. No LaygCr7O44 Was detected, though this may
at 1540°C in LSC-30x = 1.00 and 1580C in LSC- be present in proportions too small to be detected by
30x=0.99. The increase of temperature foe=0.99  X-rays. At 1100°C, the decomposition of the b&rOs

may be associated with the fact that this compositioriS complete with the formation of LaCgJ65 wt %)
contains less $&7(CrOg)- liquid and also the presence and LaOs (35 wt%). The weight losses observed at
of trace CpO3 (an expected second phase in a Cr-riche?Ch of these temperatures in Fig. _10 are associated
composition), which may also be dissolved in the lig-With Oz loss due to Ct" to Cr** reduction as LsCrOg

uid, and potentially reduce the amount of additionalProgressively decomposes to LaGrO

solid that can be dissolved.

This theory might also be supported by the fact that
while shrinkage analysis (Fig. 1) indicates the sec-
ond shrinkage event occurs at 154Din the LSC-30  The decomposition temperatures and weight losses
x=1.00 sample, smtgred dgnsﬁy measurements diSrecorded by DTA-TGA for pure LaCrOg (Fig. 10) cor-
play a sharp increase in density between 14001600 respond fairly well with the endotherms and weight
(Fig. 2). This suggests that the process responsible fqpsses observed for the LSC-86= 1.05 sample at 875
densification may be kinetically retarded. On heatingand 1060C in Fig. 9. Thus itis possible that these ther-
at 2°C per min in the dilatometer there may be insuf- mal events are to some degree associated Wﬂ:ﬁﬂ%
ficient time for the small amount of liquid to wet and decomposition reactions.
dissolve appreciable amounts of solid to facilitate rapid |n an attempt to explain the endotherm observed
sintering. Longer sintering times may allow dissolution ground 960C, thermal analysis was performed on a
of solid into the S567(CrOs). phase more readily. mixture of SrCrQ and LaCrOs since these two com-

pounds co-exist in fairly significant amounts in the A-
3.1.3.3. (La7Sr3)xCrO3 (x=1.01, 1.03 and 1.05). site enriched LSC-30 compositions from 800—-1000
Fig. 9 shows thermal data recorded for an LSC-30DTA and TGA data for 80 wt% SrCr20 wt%
x =1.05 composition. Three principal endothermic La,CrOg are shown in Fig. 11, and indicates 3 en-
events are indicated at 960, 1140 and 1428vhich  dotherms at 944, 995 and 123D. A significant weight
correspond well with the temperatures at which rapidoss is recorded around 95G which accurately cor-
shrinkage occurs in the A-site enriched samples. Twaesponds to the weight loss observed for the LSC-30
smaller endotherms are also apparent at 875 ankl=1.05sample in Fig. 9. It is reasonable to conclude
1060°C. that the observed endotherm and associated weight loss

Allcompositions withx > 0.99 contain LaCrOgbe-  at 950°C in Fig. 9 are the result of interaction between
tween 800-1000C (Table I), and observed endotherms SrCrQ, and LaCrOs.
around 875 and 106 are believed to be associated To investigate possible phase interactions between
with the decomposition of this compound. Berjoan [26] SrCrQ, and L&CrQOg, X-ray analysis was performed on
reports that under an oxidizing atmosphere@Ds 80 wt % SrCrQ-20 wt % LaCrOg mixtures heated to
begins to decompose into LaGy@nd LagCr;Os4 1050 and 1300C, heldfa 1 h and then quenched in wa-
at 950°C and transforms into them completely by ter. These results are presented in Table Il. The percent
1050°C. DTA and TGA of LaCrOg, Fig. 10, pro- by weight of phases listed are essentially the same at
duced in-house by combustion synthesis, indicate twdoth 1050 and 130QC indicating that any reactions are
exothermic events at 894 and 10ZBand correspond- completed by 1050C. As expected L#CrOs decom-
ing weight losses at both these temperatures. XRD oposes to LaCr@ We would also expect to see 133

Lap,CrOs—» LaCrO; + 1/2Lap03 + 3/40,  (2)

5728



TABLE Il Phases formed after reacting 80 wt % Srgr920 wt % suggested for Ca-doped LaGOSakai et al. [27]

La;CrOs at 1050 and 130%C for 1 h indicate that CaCr and LaCrOg react to form
Actual wt % of all Wtoratioof srcrg  La1-xCaCrOz and a calcium oxychromate compound
identified phases to SE7(CrOs)2 of the type Cg(CrOq4),, wherem > n. Their work im-
— plies that the most plausible G&rO,), composition
Starting mixture 80 SrCr® 100 SrCrQ would be Cg(CrOy), though such a phase was not de-
1050°C. 1 é%;afgrgs oy gfégo“)z tected by X-ray at room temperature. Chital. [12]
31 Ske7(CrOs)2 58 Sk 67(CrOs)> propose that the melting of a GECrOs), type phase,
46 LaCrQy most probably CgCrOy),, was responsible for a sec-
1300°C, 1 h 25 SrCr@ 41 SrCrQ ond rapid shrinkage event observed around TZ0for
2(53 f:g(cgroz;)z 59 Sp67(CrOs)2 A-site enriched Ca-doped LaCsO

XRD of LSC-30 indicates that all compositions
of x > 0.99 contain LaCrOg around 800-1000C,
and the presence of this appears to drive decompo-
' 100 sition of SrCrQ to Sk g7(CrO4)2. Sk e7(CrOs). may
be a decomposition product because@idDs removes
chromium from SrCr@to form a more thermodynami-
cally stable LaCr@. Hence SrCrQis transformed into
the Cr-depleted compound3r(CrO,),. The amount
of Sk 67(CrOy), formed in each composition seems de-
pendent on the initial proportion of L&rOg at 800°C.
For each compositiorx =0.95-1.05, the amount of
SrCrQ, at 800°C is approximately equahb{10 wt %)

»
P>

1230°C;

Endothermic

j Weight Loss 497

Weight Loss, 100%-% AW

Exothermic

i \
................ DTA A : ; i
‘ e 95 whereas the amount of L@&rQg increases with A-site

800 900 1000 1100 1200 1300 1400 1500 enrichment. Larger amounts of the JGrOs appear
Temperature (°C) to cause increased SrCr@ecomposition. Composi-
Figure 11 DTA and TGA data for a mixture of 20 wt% SrCxiGand tions LSC-30x = 0.95 and 0.97, in which no 1L&rOs
80 Wt % L&CrOs. was detected by XRD, do not indicate the presence of
S1.67(CrOy)2.

In summary, interactions between JGrO; and
SrCrQy result in the complete decomposition of
LayCrQg predominantly to LaCr@ and the partial
decomposition of SrCrpto Sk g7(CrOy4),. This de-
composition takes place between 900-1100The
weight loss observed at 96Q in Fig. 9 is most likely
associated with this decomposition and results from
chromium reduction; LeCrOg to LaCrQO; and SrCrQ
t0 Sk.67(CrOy)2.

While the previously discussed decomposition reac-

tions account for the endotherm and associated weight
’/\ R A CAS loss observed forthe LSC-30=1.05 sample at 960C
VN , : , (Fig. 9), no low melting temperature phases were de-
2% 26 28 30 32 34 36 38 tected by X-ray to explain the rapid shrinkage event
Angle, 20 . ? oo .
occurring at this temperature. However, it is possible
Figure 12 X-ray diffraction patterns of quenched @#Sn3)10sCros  that during decomposition some form of particle rear-
from 22-38 20 indicating non-perovskite phase present between 800+angement takes place to account for the comparatively
1600°C. small shrinkage observed.

The endotherm and weight loss observed at 210
though this may be present in undetectable amountgor LSC-30x =1.05 coincide with the second rapid
or its formation may have been suppressed by thehrinkage event for the A-site enriched samples. Al-
presence of SrCrin the starting mixture. More in- though this temperature is 110 below the melting
teresting is the partial decomposition at 10800f temperature of pure SrCyQt is plausible to suspect
SrCrQ, to Ske7(CrO,4)2. This decomposition is also that the shrinkage at 114CQ is associated with the
apparent in Fig. 12, showing X-ray data for quenchedmelting of SrCrQ. Referring back to Fig. 11, DTA-
LSC-30x = 1.05 samples which indicates a significant TGA trace of SrCr@-La,CrGg, it is apparent that
decrease in the proportion of non-perovskite SrgrO La,CrQOg, lowers the melting point of the SrCrby
between 900-110CC. In the same temperature range approximately 30C. Chicket al.[12] observed a sim-
Sr67(CrOy)2 appears. ilar decrease in melting temperature with the addition

The LaCrOs-SrCrQ, decomposition reaction pre- of Lay,CrOs to CaCrQ in their studies on Ca-doped
sents a plausible explanation for the appearance dfaCrO;. They suggested that dissolution of a moder-
S 67(Cr0Oy4)2 in LSC-30 compositions whepe> 0.99.  ate amount of La oxide into the Ca-Cr oxide should
A similar reaction between CaCiGand LaCrQOg is  increase the entropy of the liquid, thereby lowering the

| A -sSrCrO, O-La0,
| © -La,cro, W - Unidentified Phase
® -5, /(C10,),

Relative Intensity

5729



T T T T 10
5100, (x=1.05)
o 9
g § 8 O 5100, (x=1.01)
E _:é —a— Srzm(CrO 1)y (x=1.05)
s & 7
< Z 6l —B— 51, ((C10,), (x=1.01)
= g
£
< 4
) § 3
g =,
=
k= 14
=
= 0 T T T "
800 900 1000 1100 1200 1300 1400

1200 1250 1300 1350 1400 1450 1500 Temperature ('C)
Temperature ("C) Figure 14 Comparison of the proportions SrCr@nd Sp67(CrOz)2 in

) ) (Lap.7Sr0.3)1.01CrOs and (La,.7Sr0.3)1.05CrOs with increasing tempera-
Figure 13 DTA data for a mixture of 70 wt% S7(CrOq)2, 15 wt% ture from 800—1400C.

SrCrQ and 15 wt % LaOs.

® - 51y 2(Cr0,

melting point. The incorporation of La into the SrCrO 0-cr0,
does not completely explain the 110 reduction ob- ‘

O -La,04
served in our studies. However, the additional presence . | 1.0 W
of both Spg7(CrOy), and LaOs (Table 1) may help g | 1.03 w\/\/

to further reduce the melting temperature of SrgrO 101

Intensity

It is also possible that these phases interact to form a;

peritectic melting point around 105C. kv \«Www/\w/
The final shrinkage event observed for A-site en- 0.99 M, I,
riched samples occurs at1400°C and is most likely 0.97 L\E R j

1ve

Relat

explained by the melting of $§7(CrO,),. At this tem- 0.95

perature, X-ray data (Table 1) indicates the presence

of SrCrQy, Ske7(Cr0s), and La0s. While DTA of 20 22 24 26 28 30 32 34 36 38 40
in-house produced &g7(CrOy), indicates its melting Angle, 20°

temperature- a§l4500_C, the presence of SrCn@md Figure 15 X-ray diffraction patterns of (L&;Sr 3)xCrOz (0.95 < x <
L6-1203 m.ay interact with the 3[67(CI’O4)2 to reduce 1.05) between 22—-4020 indicating non-pérovékite phases pr(;senTafter
this melting temperature. Fig. 13 shows DTA-TGA datajntering fo 2 h at1600°C
for a mixed sample of 70 wt % Sg7(CrOy)2, 15 wt%

SrCrQ, and 15 wt % LaOg3. This proportion of phases

was chosen to reflect the amounts of each phase d&-=1.05 composition exhibits enhanced shrinkage at
tected by XRD between 1200-140Q0D. The trace in- 1400°C.

dicates two endotherms at 1396 and 14@4which XRD data previously presented of quenched sam-
correspond well to the temperature for the third rapidples indicates that non-perovskite phases remain even
shrinkage event. at 1600°C. Fig. 15 shows X-ray traces for each com-

Although the shrinkage events for the A-site en-position after sintering at 160@ for 2 h. As expected,
riched samples occur at the same temperatures, the twer-enriched samples containfOx; as the second phase
most significant shrinkages vary considerably in magwhich increases with the proportion of excess Cr. For
nitude depending on the extent of A-site enrichmentA-site enriched LSC, the predominant second phase is
Shrinkage at 1150C decreases with A-site enrichment Sr.67(CrOs)2, which increases with A-site cation en-
whereas shrinkage at 1400 increases with A-site en- richment. For the largest A-site excess investigated,
richment. The magnitude of the 1150 event is pos- LSC-30x=1.05, L&Os is also present as a second
sibly related to the amount of SrCyQresent at the phase. Thiswould limitthe application of this particular
temperature of melting and the 14@Devent similarly ~ composition due to hydration of k&3 and subsequent
related to the proportion of $§7(CrOy),. Fig. 14 com-  disintegration of the interconnect.
pares the proportion of these phases, detected by XRD,
in LSC-30x=1.01 and 1.05 samples. At 110G,
x=1.01 contains more SrCrOpresumably because 4. Conclusion
less LaCrQg, present at 800-90C€, has resulted The A-site enriched LSC-30 materials considered in
in reduced SrCr@ decomposition to S7(CrOy),.  this study exhibit rapid shrinkage around 1080
Thusx =1.01 has a greater volume of SrCy@quid  This is attributed to the melting of SrCrOeven
available for sintering. However, at 1400 LSC-30 though the melting point of pure SrC@s 1253°C.
x=1.05 contains more $g7(CrOy), thanx=1.01, The 100°C reduction in melting point was believed
due to increased L&rOg interaction with SrCr@ to be the result of La dissolution into the SrGrO
at 800-900C, which results in larger amounts of and possible interaction with other detected phases,
Sr67(CrOy)2 as a decomposition product. Hence thesuch as Sts7(CrOy)2. Almost identical behavior has
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