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1 SUMMARY

Ceramic membranes made from mixed oxygen-ionic and electronic
conducting perovskite oxides can selectively separate oxygen from air at
elevated temperatures. These membranes have several potential applications
that require a continuous supply of oxygen. For example, they may be an
alternative for cryogenic production of oxygen or alternative electrode
materials in solid oxide fuel cells. Of particular significance is the partial
oxidation of methane to syngas (CO + H,). By combining air separation and
partial oxidation of natural gas into a single step, the need for expensive
oxygen production by cryogenic means may be eliminated. Combined with
existing processes for gas-to-liquid production such as Fisher-Tropsch and
methanol synthesis, the MIEC membrane technology represents a very
attractive route for conversion of natural gas to liquid fuels.

The research in this field was initially concerned with the search for
materials with the optimum oxygen flux. Today, the long term stability of
the membranes is probably the main issue. The membranes have to be stable
under operating conditions, which include mechanical stability and
chemically compatibility with other materials like sealing and support
materials. However, the current understanding of the long term chemical
and mechanical reliability is poor and this is one of the major challenges for
solid state ionic research. The aim of this work has been to investigate the
mechanical properties and the chemical stability of Lag sSrgsFe;C0xOs.5
(x=0, 0.5, 1) materials when they are exposed to thermal and chemical
gradients.

The chemically induced stresses due to reduction of the valence state of the
transition metals are of particular importance with respect to the mechanical
stability. In paper I, the oxygen non-stoichiometry, investigated by thermo-
gravimetrical analysis, and thermal end chemical expansion, studied by
dilatometry and high temperature X-ray diffraction, of Lag 5Sry sFe; «CoxOs.5
materials are reported. The oxygen deficiency was observed to increase with
decreasing partial pressure of oxygen and increasing temperature
corresponding to expectations and previous reports. At ambient temperature
the thermal expansion coefficient of the materials were in the range 15-
18-10° K. Above a certain temperature thermal reduction of the material
take place, and the thermal expansion coefficient due to chemical expansion
raise to 16-36:10° K!. The chemical expansion g, defined as the linear
expansion due to a change in partial pressure of oxygen at constant
temperature, reached a maximum in the range 0.036-0.039 for the materials
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studied at 800°C. The change in ionic radii of the transition metals is the
main contribution to the chemical expansion. The crystal structure of the
perovskite materials were shown to be slightly thombohedral at ambient
temperatures and a transition to cubic phase were observed above 300°C.

This non-linear thermal expansion behavior is a major challenge for the
applications of the mixed conductor materials. Lag 5sSrgsFe; «Co,03.5
membranes in an oxygen partial pressure gradient will have different
oxygen deficiency on either side of the membrane. The increasing oxygen
deficiency is accompanied by a volume expansion as shown in paper I, and
this will lead to chemically induced stresses. These stresses and the failure
that might follow can be prevented by creep of the materials. Creep is also
important due to dimensional stability. In paper II, the steady-state creep
performance under compression of Lag 58rg sFe.xCoxO3.5 (x=0.5, 1) as a
function of temperature, atmosphere, load and two different grain sizes is
reported. The stress exponent found for the materials was close to unity and
an unusual low inverse grain size exponent close to one was found for one
of the materials. The activation energy of the two materials was not equal
and the influence of secondary phases on the creep was discussed. The
obtained creep behavior and microstructural investigation after
measurements point to a diffusion related mechanism for the creep. Higher
creep rates are found under reducing conditions and this suggest that creep
relaxation of mechanical or chemical induced stresses may enhance the
mechanical stability of oxygen permeable membranes.

In Paper III, the mechanical properties of Lag 5819 sFe;.xCox03.5 (x =0.5,
0.75, 1) were investigated by several methods. Fracture strength was
measured by four-point bending, fracture toughness was measured by SENB
and SEVNB methods and finally Young’s modulus were investigated by
four-point bending and resonant ultrasound spectroscopy. Four-point
bending showed a non-linear ferroelastic behavior at ambient temperature
due to thombohedral crystal structure. Above the ferroelastic to paraelastic
transition temperature the materials showed elastic behavior, however, at
temperatures from about 800°C a non-elastic respond was observed due to
creep. The measured fracture strength and fracture toughness were observed
to increase with increasing temperature, which was attributed to frozen-in
stress gradients in the materials during cooling due to different oxygen
stoichiometry. These stress gradients caused the low fracture strength and
fracture toughness at ambient temperature. At higher temperatures, the
stresses are assumed to relax resulting in a higher strength and fracture
toughness. At high temperature, the non-linear respond made systematic
errors in the calculated strength and fracture toughness. The Young’s
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modulus was measured from four-point bending and by resonant ultrasound
spectroscopy for two of the materials. These data obtained by these two
different methods were not in good agreement, which demonstrate the
difficulty to obtain reliable data for the Young’s modulus of such materials
by four-point bending. The presented findings have demonstrated the
importance of understanding ferroelasticity and chemically induced stresses
in order to comprehend the mechanical properties of such mixed valence
state perovskite materials.

A high oxygen flux is required in order to realize the oxygen permeable
membrane technology. At the same the chemical stability of the materials in
a pO, gradient must be good for a sufficient long period of time. The
oxygen flux performance and the long term stability of
Lag sSrosFe;xCoxOs5 (x=0, 0.5, 1) are the topics of Paper IV and V.
Oxygen fluxes through the membranes are found as a function of oxygen
gradient and temperature in a oxygen permeation cell using air and inert gas
on each side. The oxygen flux was observed to increase with decreasing pO,
on the secondary side until the surface exchange became rate limiting and
the fluxes reach a constant value. By further increase of the pO, gradient,
the flux seemed to decrease and this was attributed to the pO, dependence of
the surface exchange coefficient. The apparent activation energy of the
oxygen permeation was in good accordance with previous investigation of
similar materials.

After about 5 week of exposure in an oxygen gradient at about 1150°C, the
membranes were carefully examined by electron microscopy for evidence
for kinetic demixing and decomposition. Dependent of the overall
composition of the membrane, different secondary phases were formed at
the primary surface of the membrane. For the cobalt containing materials,
isolated grains or clusters of grains of cobalt oxide were formed. In case of
the Lag 5SrysFeO;.s membrane, a dense and about 20 um thick layer of the
secondary phase SrFe;»0;9 was formed at the primary side. The overall
(LatSr)/(Fe+Co) ratio was also seen to influence on the phase formed at the
primary side. Kinetic demixing was also demonstrated in all the membranes
although the metal concentration profiles were not drastically changed from
the initial concentrations. The formation of secondary phases was reflected
in the (La+Sr)/(Fe+Co) ratio across the membrane. The largest deviation
from the nominal stoichiometry was seen close to the surfaces indicating
steeper chemical gradients close to the surfaces. These phenomena may
strongly limit the long term stability of thinner membranes e. g. films on a
porous substrate.



2 INTRODUCTION

2.1 Background

The demand for energy conversion without environmental polluting
emissions causes the use of fuel cells more relevant. Large resources of
natural gas make a potential to use fuel cells in power production, where
electrochemical processes are used to produce electricity.® This provide
many advantages compared to traditional energy conversion systems
including high efficiency, reliability, fuel adaptability and low levels of SOy
and NOy emissions.! Solid oxide fuel cells (SOFCs) consist of two porous
electrodes separated by a dense pure oxygen-ion-conducting electrolyte, as
shown in Figure 1.

Cathode Electrode Anode

B0y +2e — O H,+ 0" > H,0+2¢

Air —___ <+— H,

Figure 1:  Operating principle of a solid oxide fuel cell. Redrawn from .



Such fuel cells convert H, to H,O or CH4 to CO, and H,O. Oxygen gas
flows over the cathode and is reduced to O* by combining with electrons
from the external circuit. The O ions diffuse through the solid electrolyte
and react with the fuel gas at the anode, and electrons are liberated. Because
of the high operating temperatures of typically 800-1000°C, they allow use
of fuels such as natural gas without a separate external reformer."’

There are numerous designs of SOFCs, e.g. tubular configuration,
monolithic solid oxide fuel cells (MSOFCs) and planar (biopolar plate)
design.”” For all types of fuel cells, chemical stability, dimensional stability
in different atmospheres and match of the thermal expansion coefficients
within the different cell components are of importance.” ' Electrolytes
should have a high oxygen-ion conductivity, but as low electronic
conductivity as possible. The most studied materials belong to the fluorite-
type solid solutions MO,-M’0O or MO,-M’’,03 where MO, is the basis
oxide and M’O and M’’,03 the dopands. Yttria stabilized zirconia (YSZ) is
the conventional electrolyte due to high ionic conductivity around operating
temperatures and stability in oxidizing and reducing atmospheres.’
However, Sr and Mg substituted LaGaOj is a future candidate as electrolyte
due to higher oxygen conductivity.'!' Other promising materials are
BaCe9Gdo 103 and CaAlg;Tip303,} and Gd and Sm doped CeO,.'*™ The
cathode promotes the reduction of oxygen gas to O>". Several metals such as
Pt and Ag can be used as cathode material, but for SOFC the most
commonly used materials are perovskites. The requirements are high
electronic conductivity, nonnegligible anionic conductivity and high
catalytic activity.” These requirements are fulfilled by most of the ABO;
oxide systems, where A is a rare earth element and B is a transition metal
(Fe, Ni, Co, Mn). In most cases, alkaline earth elements (Sr2+, Ca2+) are
partially substituted at A site and various transition metals can be used
simultaneous at B site, increasing the ionic and electronic conductivity.’
La; «SryMnO;_s materials are some of the most common cathode materials,
but La;«SriCoOs5 are also of interest.”>'® Sr and Fe substituted LaFeO;
materials also have properties which make them potential candidates as
cathodes.'”?! Anode materials require high stability in reducing atmosphere.
Transition metals are best candidates due to high catalytic activity.
However, the difference in thermal expansion coefficient between these
metals and the electrolyte can make problems for porous metal layers during
thermal cycling. Instead, fine-grained metal-YSZ cermets are sintered on the
electrolyte surface. Ni is the most common metal followed by Fe and Ru.” %
Interconnection materials are necessary to combine single cells to form
stacks by connecting the cathode material of one cell to the anode material
of the adjacent cell. Of special requirements are matching thermal expansion
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coefficients (TEC) to the other cell components, resistance to thermal shock
and gas tightness.” The most significant interconnect material is doped
LaCrO;. However, challenges are related to both the sintering23 and to
optimize the thermal expansion to avoid cracking during cycling.®

Even though there have been going on research on SOFCs for several
decades there are still challenges with respect to materials technology. At
present it is a drive to lower the operation temperature in order to utilize
metallic interconnects instead of LaCrQO; based materials. Lower operation
temperature is only possible if also the electrolyte becomes thinner, and
cells based on films in the range of microns supported by porous support are
the state of the art cell design.”*** Lower operation temperature will also
demand new electrode materials, particularly on the air side. With the new
SOFC design, the mechanical performance of both the electrolyte and the
porous support, which could be one of the electrode materials, becomes
even more important.

Dense membranes with mixed oxygen ionic and electronic conductivity are
receiving considerable attention due to possible applications for oxygen
separation and partial oxidation.” 3> Separation of oxygen using a mixed
ionic and electronic (MIEC) membrane is shown in Figure 2. The driving
force for oxygen transport is the difference in oxygen partial pressure across
the membrane. Since the MIEC membrane is dense and gas tight, the
oxygen ions migrate selectively through the membrane. Dissociation and
ionization of oxygen occurs at the high pO, surface, and the oxygen ions
recombine to oxygen molecules at the low pO, side. The flux of oxygen
ions is charge compensated by a simultaneous flux of electrons and holes.
Thus, the MIEC membrane can operate without attachment of electrodes
and external circuitry. The oxygen permeation rate is either controlled by
the rate of solid state diffusion within the bulk or the oxygen exchange in
either side of the membrane. In the bulk controlled regime, the flux will
increase with increasing pO, gradient and decreasing membrane thickness.
Below a characteristic thickness, L., the flux becomes controlled by surface
exchange reactions.’



pO," (high pO,) . pO,"" (low p0O3)
h
Oy(g) +4e —2 0% > 20" > 0y(g)+4e
-
4.—

Figure 2: Principle of an oxygen permeable membrane in a pO, gradient.

Materials with oxygen-deficient perovskite and perovskite related structures
have received much attention for the development of mixed conductors and
new solid electrolytes. High fluxes in compositions like La; xAxCo0,.,B,O3.5
(A = Sr, Ba, Ca and B = Fe, Cu, Ni) have widely been reported,”’d'd and
these compositions are candidate materials for oxygen permeable
membranes. Some of the challenges associated with MIEC materials are to
achieve a sufficient oxygen permeation flux at an attractive temperature, the
sealing to a support material and the long-term thermal and chemical
stability. The oxygen fluxes can be improved by using thin film membranes,
typically less than 25 um thick,”” due to reduced diffusional transport
resistance. For sufficient mechanical stability, such membranes must be
supported on a porous substrate. Thin dense layers of La-Sr-Fe-Co based
perovskites have been deposited on porous support of MgO, ALO; or
similar perovskites by tape casting, sputtering, vapor deposition or different
coating methods.'> #% 30 40 3933 ‘The chemical gradient across membranes
may lead to cation demixing and decomposition, and thin membranes give
rise to faster degradation. This may degrade the membranes within the
expected operating time. In addition, stresses on each side of the membrane
due to a gradient in oxygen vacancy concentration might lead to failure.*
Knowledge of mechanical properties such as fracture strength, fracture
toughness and creep resistance is therefore essential.



2.2 Aim of the work

The aim of the present work has been to establish a fundamental
understanding  of  chemical and mechanical degradation of
Lag s8rosFe;.xCox03.5 materials when they are exposed to thermal and
chemical gradients. The specific chemical composition was chosen in order
to give a cubic perovskite at ambient temperatures. It turned out that they
were slightly rhombohedral and this gave an effect on the mechanical
properties as shown in the thesis. The materials used in the study were also
chosen due to their high electronic and ionic conductivity, and are of
particular interest for oxygen separation at high temperatures. In such
applications the materials will operate in an oxygen partial pressure
gradient, and the influence of this gradient on the materials will be of
particular importance. Chemical, thermal and mechanical stability of the
materials are important for the utilization of such devices. They must be
chemical compatible with supports, tolerate thermal cycling and have
sufficient mechanical properties. Considerable mechanical stresses may be
present due to chemically induced stresses and gradients in the oxygen
activity across the membranes. Even small deviations from the nominal A:B
ratio of 1:1 may cause formation of secondary phases, which can affect the
properties.

The gradient in the chemical potential across the materials results in a
gradient in the oxygen non-stoichiometry, accompanied by a gradient in
chemical expansion due to changes in the unit cell volumes on the different
sides. This difference causes a chemically induced stress and might lead to
failure due to creep, kinetic demixing or fracture. To find clarify the effect
of expansion at different temperatures and environments, the oxygen
vacancy concentrations, thermal and chemical expansions  of
LagsSrosFe;xCoxO3s (x=0, 0.5, 0.75 and 1) materials in different
atmospheres have been investigated as a function of temperature (Paper I).

High creep resistance is important for the dimensional stability of the
devices. Creep relaxation may also to some extent be beneficial to avoid
failure. For this reasons the creep performance of the materials in various
atmospheres is of importance. Creep rates for Lag sSrg sFe;.C0yOs.5 x=05
and 1) materials have been investigated as a function of load, temperature,
atmosphere and grain size. The results give information of the mechanisms
for creep and hence the dimensional stability (Paper II). Creep data are also
of fundamental importance for the understanding of cation diffusion in the
materials.



One of the main challenges for the applications is to prevent mechanical
failure during fabrication and operation, and knowledge of mechanical
properties is essential. Of special importance are the mechanical properties
at operation temperatures, due to the desired long lifetime and estimation of
reliability. The fracture strength, fracture toughness and Young’s modulus
have been investigated at room temperature and at elevated temperatures for
Lag sSrg sFe1xCox03.5 (x = 0.5, 0.75 and 1) materials (Paper III).

The physical and the chemical properties are controlled through the
composition. For a material in a pO, gradient, kinetic demixing can occur
due to cation diffusion and this can lead to degradation since local
composition changes, secondary phases and perhaps morphological changes
may destroy the functionality of the materials and give rise to a decrease in
the lifetime. The understanding of the demixing process is of great
fundamental and practical importance due to prediction of the durability and
reliability of materials. Here, oxygen permeation has been investigated as a
function of pO, gradient and temperature for LagsSrosFe;<C0,Os.5 x=0,
0.5 and 1) materials (Paper IV). Formation of new phases on the surfaces
after long time in a pO, gradient and cation demixing of the same materials
have also been demonstrated, and this data is presented in Paper V.

2.3 The perovskite structure

Perovskites have the general formula ABO;. The ideal structure consists of
a cubic array of corner-sharing BOg octahedra where B often is a transition
metal. The A cation is 12-coordinated to the anions and interstitial between
the BOg octahedra. A is an alkali metal, an alkali earth metal or a rare earth
ion.” The perovskite structure is shown in Figure 3a).



Figure 3: a) The cubic perovskite structure and b) the brownmillerite
structure. >

Different oxidation states for the cations are possible in the perovskite
structure, e.g. AIBVO3, AHBWO3 or AIHBmOg, where the sum of the valences
of A and B cations is six. In many cases, the BOg octahedra are tilted or
rotated due to the presence of a “small” A cation,’ reducing the symmetry to
tetragonal, orthorhombic or rhombohedral. The tolerance limits of the
cationic radii are defined by the Goldsmidt factor, t, which is based on
geometric considerations

v+
e )
2(ry +1,)
where r,, r, and r, are the radii of the respective ions.” Nominally the

perovskite structure is stable between 1.05 <t < ~0.75.% The ideal cubic
perovskite lattice exists only for t close to 1, whereas the less symmetric
perovskites have t # 1.

Non-stoichiometry is common in perovskite materials, and can arise from
cation deficiency at A or B site, oxygen deficiency or oxygen excess.”
Anion vacancy is more common than vacancies at cation sites, and the non-
stoichiometry is usually written as ABOs_; according to the reaction
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)
ABO, — ABO,_, +~:-2-02(g) )

Oxygen deficient perovskites are the most common, but metal deficient
materials like LaMnOsis are also known. Since the oxygen non-
stoichiometry is determined by the sum of the valence state of the cations, &
can be increased by substituting a lower valent cation on A or B site. The
oxygen ion conduction will be enhanced by increasing the oxygen
deficiency. If B is a transition metal, its valence state will be temperature
and oxygen partial pressure dependent. Changes in the valence state of
transition metals will be compensated by a change in the non-stoichiometry.
When & = 0.5, the brownmillerite structure may be formed, see Figure 3b),
where one-sixth of anion sites are vacant. The oxygen vacancies are ordered
in such a way that alternating layers of octahedral (O) and tetrahedral (T,
T°) coordinated B-cations are formed.”® Other ordered structures are known
with different numbers of octahedra between the tetrahedral layers. Many
perovskite materials may order at low temperatures or at low partial
pressures of oxygen. In La;.SryFeOs.s several vacancy-ordered structures
are known belonging to the series A;B,O3n.1 (n =2, 3, 4, 8).5 6.57

Dann et al.’® have investigated the crystal structure of La;,SrFeOs;
(0<x<1,0<08<0.5) at room temperature. They found a cubic symmetry
for 0.8 <x <1, rhombohedral symmetry for 0.4 <x <0.7 and orthorhombic
symmetry for 0 <x <0.2. La;4SryCoOs.5 is rhombohedral for 0 <x <0.5
and cubic in the range 0.55 <x <0.7 at room temperature, according to
Mineshige et al.*® By increasing the temperature, most of the non-cubic
perovskites go through a phase transition to a structure with higher
symmetry. The tilting or deformation of the oxygen octahedra becomes
unstable because of lattice vibrations. Fossdal et al.®’ found by high
temperature x-ray diffraction a rhombohedral to cubic phase transition at
250 £ 50°C for Lag sSrosFeO3.5. LagsSrpsCo0;3.5 has a rhombohedral angle
of 60.1 at room temperature®® and a phase transition to cubic symmetry at
relative low temperature is expected.

The properties of the perovskite materials are controlled by the
compositions. The magnetic properties vary between ferro-, antiferro- and
paramagnetic, while the electrical properties vary between metallic, semi-
conducting and insulating.

The total conductivity is the sum of the electrical-, hole- and ionic
conductivity. The pO, dependence of the electrical conductivity for
Lag 6Sro4Cog2Fe( 303 at different temperatures is given in Figure 4.
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Figure 4: Electrical conductivity of Lag¢Srg4CoorFepsO; at different
temperatures as a function of oxygen activity.®!

On the high pO; side of the conductivity minimum, the materials exhibit p-
type conductivity. On the low pO; side of the minimum, there is n-type
conductivity.

The ionic conductivity is related to the defect chemistry since it depends on
the concentration of oxygen vacancies. By increasing the temperature or
reducing the oxygen partial pressure, the oxygen vacancy concentration will
increase according to equation (2). The non-stoichiometry of
Lag3Sr97C00;.5 as a function of pO, at different temperatures is shown in
Figure 5.
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Figure 5:  Plot of the oxygen non-stoichiometry, 8, in Lag3Sry7C00;.5 as a
function of log pO, at different temperatures.®

2.4 Thermal and chemical expansion

Thermal expansion is the relative change in dimension as the temperature is
increased or decreased due to anharmonic vibrations. Thermal expansion
data are usually reported as the linear thermal expansion coefficient o
defined as

_ Al
o= AT 3)

where Alis the change in length from the length at ambient temperature, /,,

and AT is the change in temperature.®® « is for most compositions positive

and near linear with increasing temperature. The magnitude of « for
perovskite materials at room temperature spans over a wide range. Typical
values for LaMO; (M = transition metal) are between 7 and 30-10° K
where the cobaltites have the highest values.®® 47 By plotting data for
La; xSryMO3 compositions as a function of Sr-doping on A-site with the B
cation constant, there will be a clear increasing tendency with increasing
doping concentration.® " 78! The same is seen for Co-doping on B-site in
Lap gSrgrFe1 xCo,O3 ™ and LaCrl.xCoxOg.82 Here the thermal expansion is
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close to linear with the substitution level. All these literature data are

summarized in Figure 6.
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Figure 6: Thermal expansion coefficients (TEC) for La;..SryMO; found in
literature.® " 7¢®1The upper small plot shows TEC for LaMO;

as a function of position in the periodic table.®” %7 The other
small plot shows the relationship of Co-doping on B-site in
Lag sSto2Fe;«Co403 7 and LaCry.4Co05.%2

The oxygen deficiency in Laj«SryFer.yCoyO3.5 materials increases with
increasing temperature and decreasing partial pressure of oxygen’ according
to the reaction

§—
La,_ Sr.Fe_,Co,0; ; — Lay_ Sr.Fe, ,Co O, . +—2—6~02(g)

4
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The gradual increase in the oxygen deficiency (8) is accompanied by an
expansion due to change in the unit cell volume with decreasing valence
state of the transition metals. The trivalent and divalent cation are larger
compared to the four-valent.®® A weakening of the ionic bonds caused by
removal of charged species will also contribute. This additional expansion is
called chemical expansion. The contribution of chemical expansion to the
thermal expansion is illustrated in Figure 7.

A

$ Chemical expansion

Expansion

Thermal expansion

>

Temperature

Figure 7: The contribution of chemical expansion to the thermal
expansion. The onset of thermal reduction is T,.

Above the onset temperature for reduction, T,, the chemical expansion will
contribute to a larger total thermal expansion coefficient until a maximum
followed by a drop when all B cations are in the reduced state. This increase
in thermal expansion coefficient above T, has been shown for both
La;«SryFe0;5 * 8 and La1SrxCo0;55 %% 8 materials in addition to
LajSrF el-yCoyO3_5.78 The phenomenon is inherent for all mixed-valence
materials forming oxygen vacancies by reducing the cations. Expansion
coefticients at different temperatures for selected perovskite materials are
given in Table 1.
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Table 1: Thermal expansion coefficient, a, for some perovskite materials in
air at room temperature (RT) and higher temperatures.

Material a-10° Temperature range Ref
K] [°C]
LaCrO; 7.7 RT o2
LaCr9Cog 103 9.3 It 82
LaCry 3C00205 10.7 82
LaCoO; 22.3 82
Lag gSro2Feq9C0p 103 14.5 200-900 78
Lag sSro2Fep5C0020; 15.4 100-800 78
Lag sSrg2Feq 7C0030;3 16.5 100-900 78
Layg §Srg2Fe 6C00.405 17.6 100-900 78
Lag gSro2Feq sCop 503 18.7 100-900 78
Lag sSro2Feq4C0p 403 20.0 100-900 8
Lag sSro2Feq 3C00703 20.3 100-900 78
Lag §Srg2Fep2C0p 303 20.7 100-900 78
Lag 5Sro2Feg 1C0050; 20.1 100-900 78
LaFeO, 11.6 200-420 60
LaFeO; 10.9 480-920 60
SrFeg sCop 5035 18 27-477 8
SrFe5C0050;.5 33 527-827 8
Lag 3S197C005.5 19.6 27-367 45
Lag3Sre7C00;.5 28.8 367-747 45
Lag sSro sFeOs.5 16.9 20-400 90
Lag sSrysFeOs5 18.4 700-1000 i
Lag 5Srg sFeq sC0503.5 16.9 20-400 90
Layg 5Srg sFeq sCop 50325 28.6 700-1000 9
Lay st sC003.5 17.9 20-400 %0
LagsSrosC005.5 30.7 700-1000 %0

The chemical expansion can be represented by the linear strain, €., and
quantified or normalized by £./A8 I where

£, = 5

Here, Ad and L-L, are the change in oxygen deficiency and cell parameter
between two partial pressures of oxygen at constant temperature. For
materials containing different transition metal ions, the normalized chemical
strain is expected to vary. The chemical expansion of perovskite materials
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containing Co and Fe is significantly larger than for similar materials
containing Cr. CeO, based materials, on the other hand, have significantly
larger chemical expansion than perovskite based materials. Reported data in
the literature are summarized in Table 2.

Table 2: Chemical expansion for different compositions found in the

literature.
Composition € Ad £/Ad  Temp[°C] Ref.
Lag 5SrosFeOs.s 0.0058  0.097  0.059 800 60

LagsStosFepsCoosOss  0.0045  0.116  0.039 800 90
LagsSrosFegsCoosOss  0.0043 0122 0.036 1000 9
Lag 5819 5C0055 0.0041 0.116  0.035 800 20
Lag7Cag3CrOss 0.0036 0.101  0.036 1000 92
Lag7Ca93CrosAly 1055 0.0040  0.118  0.034 1000 92
LageSro4Fe02Co0s035  0.0039  0.180  0.022 800 80
LaggSro2Croo7Vo030ss  0.0013  0.044  0.030 1000 93

Lag3Srg7FeOs5 0.0040  0.125  0.032 875 7
LagsSrosFesGagsOss  0.0015  0.035  0.044 875 7
LaMnOs.s 0.024 700 94
Lag §Srp2CrOs5 0.024 1000 93
CeooGdg 10195 0.0090  0.18 0.050 1000 o1
Ce3Gdy 201 9525 0.0112  0.17  0.066 1000 o

The thermal and chemical expansion and their temperature dependency are
important due to connection to sealing and support materials in practical
applications. Mismatch will cause stresses which may lead to cracking or
delamination. Sealant materials such as CaSiOs;, SrSiO; and other Si-based
glasses have thermal expansion coefficients in the range 9-14-10° K %
while supports as Al,O3, MgO, stabilized ZrO, and LaCrO; have thermal
expansion coefficients in the range 7-10-10° K1.%% 68 Stresses caused by
chemical expansion, may be allowed to relax during bending or extension
depending on membrane geometry.”® Otherwise, this may lead to damage
and failure of the device.

2.5 Fracture strength, toughness and E-modulus

In solid oxide fuel cells, oxygen permeable membranes and high
temperature electrochemical devices, the mechanical properties of the
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materials are important. One of the main challenges for these applications is
to prevent mechanical failure during operation, and the knowledge of
mechanical properties is particularly important. Of specially importance are
the mechanical properties of the materials at operation temperatures due to
expected lifetime and estimation of reliability. Among the mechanical
properties of interest are fracture strength, fracture toughness, Young’s
modulus and creep resistance.

Fracture strengths of perovskite materials found in literature are summarized
in Table 3.

Table 3: Fracture strength for perovskite materials at room temperature
(RT) and elevated temperatures.

Material Strength  Strength at high T Test  Ref.

at RT [MPa] method
[MPa]

LaFeO; 202+18 235+38 (800°C) 4-point '

LaCoO; 534 ~50% (850°C) 4-point %

Lay sSrysCo0s.5 138+12 181+18 (800°C) 4-point %

Lag §Sr9,C0o05 76} ~57* (850°C) 4-point %

LagsSrosFepsCoos03.5 12127 181+13 (800°C) 4-point  *°

LagsSrysFeg25Co0 75035 71£7 61420 (400°C) 4-point ¥

12111 (600°C)
120+11 (800°C)

Lag gSrg2Fe 3C00203 165 - biaxial® 1%
Lag ¢Sro 4Feq §C00 203 155 - biaxial® 1%
Lag 4Srg ¢Fep sCog 205 50" - biaxial® 1%
Lag»Srg gFe 3Cog 203 40" - biaxial® 1%
Lag §Sro2CrO; 49 67 (800°C) biaxial '*
Lag 7819 3CrO;3 234 - 3-point '
Lag gCag,Co03 150 ~63 (850°C) 4-point %
Lag 75Cay25CrO; 122426 ~60 (800°C) 4-point '®
Lag7Cag3CrO3 256 - 3-point '
Lay»Sr3Cro2Fen 03 340 113 (1000°C) C-ring '™
178 (1000°C, 10™atm) 105
109 (1000°C, 10™"%atm)
Lag §Sr02Cro2Feo 303 243 - biaxial® 1%
Lag ¢Sr0.4Cro2Feg 303 138 - biaxial® 1%
Layg 7S10.3Crg 8C00.203 230 - 4-punkt 77
Lag 975Cag 025CrOs + ~170 ~90 (1000°C) 4-point '
20Wt% Y,0;
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Table 3: (continued) Fracture strength for perovskite materials at room
temperature (RT) and elevated temperatures.

Material Strength ~ Strength at high T Test Ref.
at RT [MPa] method
[MPa]
Lag sS19sMnO; 78 59 (200°C) 4-point %
109 (400°C)
171 (600°C)
188 (700°C)
200 (800°C)
Lag g75S10.12sMnO;3 164 109 (400°C) 3-point  '°
150 (800°C)
222 (1000°C)
Lag 5S10.sMng 96C00.0403 38 59 (300°C) 4-point '®
142 (450°C)
115 (600°C)
115 (750°C)
LaCryoMgo 103 140 247 (125°C) 4-point '
87 (1000°C)
LaooSto1GapsMgo203 162414 55+11(900°C)  biaxial® '
LapgSro,GaggsMgo 1503 139+17 - 3-point '

f Materials with 10-13% porosity
The materials showed extensive cracking after sintering
“Ball-on-ring geometry

The temperature dependency of the fracture strength is influenced by the
crystal structure and phase transitions. For cubic and rhombohedral
materials, the fracture strength is decreasing with increasing
temperature.”® !> 114115 The opposite has been reported in some cases, but
this behavior is likely because of creep in the materials at high temperature,
causing a non-elastic behavior and systematic errors in the measurements.
Creep during four-point bending will give rise to overestimation of the
strength. In addition, a loss of ferroelastic behavior at high temperatures
could cause a reduction in the strength. Built-in stress gradients in the
materials during cooling due to different oxygen stoichiometry can also
affect the low temperature values.”

High fracture toughness increases the resistance with respect to crack-
initiations and propagation, a necessity for practical use of the materials.
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Fracture toughness of different perovskite materials found in literature is
given in Table 4.

Table 4: Fracture toughness (K;c) for perovskite materials at room
temperature (RT) and higher temperatures.

Material KicatRT KicathighT Test Ref.
[MPa'm”] [MPa-m”] method
LaFeO; 2.5 2.2 (400°C) SENB 7’
3.1 (800°C)
LaCoO; 1.3 - SEVNB 16
Lag gCag2CoO5 2.2 1.0 (800°C) SEVNB !
Lag 5819 5C005.5 1.5£0.3  2.9+0.4 (800°C) SENB %

LagsSrosFeosCoos0s55  1.3+0.1 - SENB ¥
1.240.1 1.5+0.2 (800°C) SEVNB
2.3+0.2 (1000°C) SEVNB
Lag §Srg2Cop2Feq 505 1.5 - Vickers 7
Lag »Sro sCog2Fep 303 1.0-1.1 - Vickers 'V
LaySrg sCro2Fe) 503 0.9+0.3  0.1x0.015 (1000°C) C-ring '0%1%

0.1440.01
(1000°C, 10™atm)
0.12+0.012
(1000°C, 10"atm)
Lag 975Cag 02sCrOs + 2.1 1.9 (1000°C) SENB 1%
20wt% Y,0;
LagoSro1GagsMgo20;  2.0-2.2 0.75 (600°C) SENB 18
LaCrooMgg 103 2.8 3.9 (125°C) SENB M

1.9 (1000°C)

The temperature variations are in correspondence with the fracture strength.
It is assumed that creep of the materials will influence the temperature
dependency in the same way as for the fracture strength.

The Young’s modulus will generally decrease with increasing
temperature.''*'?! There are different techniques for determination of the
Young’s modulus in a material. A simple technique is the four-point
bending b3y calculating the E-modulus from the siope of the stress-strain
behavior.®> ° However, it is difficult to achieve good accuracy in
determination of elastic constants by static methods.'” Dynamic methods
like resonance and ultrasonic wave propagation can give an order of
magnitude greater accuracy. Young’s modulus of perovskite materials found
in literature obtained by different methods is given in Table 5.
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Table 5: Young’s modulus (E) for perovskite materials at room
temperature (RT) and higher temperatures measured by different
test methods, a. 0. 4-point bending (4PB), resonant ultrasound

spectroscopy (RUS).
Material E at RT Eathigh T Test Ref.
[GPa] [GPa] method
LaFeO; 213+14  206+24 (800°C) 4PB 77
LagsSrosFepsCo0s03.5  131£1 1301 (800°C) RUS %
Lay sSry5C003.5 135+1 135 (800°C RUS 9
126 (1000°C)
LaCoOs 83+3° - 4PB %
Lag sS1p2C003 86+13° . 4PB %
Lag §Cag2Co0; 11243 - 4PB %%
Lag gSrgFep 3C0020;3 161+2 - Ultrasonic/ '
pulse-echo
Lag 6519 4Feq §C00203 15243 . Ultrasonic/ '
pulse-echo
Lag 4Srg.Feq 3C00203 167+9 - Ultrasonic/  '%
pulse-echo
Lag»SrogFeq §C0g203 188+6 - Ultrasonic/  '%°
pulse-echo
BaTiO; 110 130 (100°C) 4PB 12
190 (150°C)
Lag oSro.1Gap sMgg20;3 190 115 (600°C)  Ultrasonic/ '™
pulse-echo
Lay §Sr92Fen sCro20;3 192+7 - pulse-echo  '%
Lag 6Sr0.4Feo sCro20;3 139+2 - pulse-echo %
Lay 4519 6FesCro 203 135 - pulse-echo %
Lay S0 sFey sCro20; 128 - pulse-echo  '%
LagsSro2GagssMgo1sO3 18445 - pulse-echo '
Lag 9Srp.1Mng 96C00.0403 120 - ultrasonic '
res. freq.
Lag 7Sr93Mng 96C00,0403 118 - ultrasonic '
res. freq.
Lag 58r9.sMng 96C00.0403 30 - ultrasonic 1%
res. freq.

$ Estimated for 100% dense material using the method of Selguk and
Atkinson. '
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2.6 Creep

Creep is a plastic deformation of a material under constant stress.®® %4
Creep in ceramics takes place at high temperatures under relative low
stresses with low strain rates. ' In general, creep may be described by three
different stages; primary, secondary and tertiary creep. The behavior in
tension and compression is shown in Figure 8.

\':‘

ia}

4] [J)

Figure 8:  Typical creep curves. (a) Compression: the creep-rate decreases
in time but a quasi-steady-state portion (II) can be found after
the primary creep regime (I) and before the tertiary creep regime
(II). (b) Tension: the creep-rate first decreases in the primary
creep regime (I), a quasi-steady-state regime follows (II). The
accelerating tertiary creep (III) leads to failure. 1%

The quasi-steady state regime is usually treated as a steady-state regime and
its creep rate variation with stress and temperature is often taken as the state
for the creep equation. The generalized steady-state creep relationship '* for
oxide materials is given in equation (6)

(Y a0
5—-A(d] (p0,)" o exp[ RT} (6)
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where ¢ is the steady-state creep rate, A is a constant, d is the grain size, p
is the inverse grain size exponent, m is the oxygen partial pressure
exponent, ¢ is the applied stress, n is the stress exponent, Q is the activation
energy, R is the gas constant and T is the absolute temperature.

Depending on the materials in question, there are different mechanisms for

. . o .63 .
creep controlled by viscoelastic effects, diffusion or porosity.® Strain can be
achieved by transport of matter by diffusion (diffusion creep) or by shear
. . . S 125 . .
along the grain boundaries (grain boundary sliding),'* according to which
mechanism provides the greater amount of strain. If the transport of matter
occurs by lattice diffusion, it is called Nabarro-Herring creep and the creep
varies with the inverse of grain size squared. If the transport of matter
occurs by grain-boundary diffusion, it is Coble creeg and the creep varies
with the inverse grain size raised to the third power.'

The stress exponent, grain size exponent and the activation energy can
provide information about the mechanisms of creep. A low stress exponent
and an inverse grain size exponent of 2 indicates diffusion through grains
(Nabarro-Herring creep) while an equivalent exponent of 3 indicates
diffusion via grain boundaries (Coble creep). Coble creep is favored over
Nabarro-Herring creep at low temperature because the activation energy for
grain boundary diffusion is less than for diffusion through grains. In
addition, Coble creep is favored for small grains.®

The activation energies obtained from creep measurements can be compared
to activation energies for the different ions, and the rate determining specie
can be found. Table 6 gives activation energies found in literature for cation
diffusion in perovskite materials. Activation energies for oxygen diffusion
are usually considerable lower than for cation diffusion, and the cations are
rate determining.

Several studies of the creep performance of perovskite materials are
available in the literature. Table 7 gives a summary of creep parameters
obtained for perovskite materials.

Understanding and investigating of creep is important due to the request for
dimensional stability of devices. By studying creep of at different
conditions, the mechanisms and behavior can be understood. This may help
finding materials with the best properties for the actual application.
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Table 6: Literature values of activation energies for perovskite materials
found by cation diffusion.

Composition Method Temp Ea Comment  Ref
[°C] [kJ/mol]
Lag7sCa2sCrOss  Instanteous  900-1400 318 bulk 7
source method, 261 grain b.

Sr-nitr solution
diff. couple

Lag 7Cag 5CrO;.5 SIMS, *°Cr  900-1100 213 bulk 128
266 grain b.
LaCrO, La** diff 480 12
LaCrO, Transientel.  1300-1400 387 130
cond. La**
YCrO; Diff. couple  1185-1446 272 B
Y?**
NdCrO; Diff. couple  1200-1500 343 132
Nd**
LagoSro1FeOs SIMS, Y¥, Cr** 900-1100 Y:168+24 bulk 133
Cr:150+30
128428 grain b.
LagoSro1Gago SIMS; *La,  900-1400 434 bulk, high T ™*
Mg 1029 84Sr, » Mg 145 bulk, low T
LaFeO; Diff. couple ~ 950-1350 31020 13
FeB+
YFeO; Diff. couple  1220-1352  450+20 126
GdFeO, Diff. couple ~ 1200-1400 397420 137
Gd203, F€203
Lag75Cag,sCrOs5  SIMS, “Ca  900-1100 219 bulk 138
123 grain b.
Lag75Cag25CrOss Ca-Sr-interdiff.  900-1100 226 bulk 138
202 grain b.
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2.7 Oxygen permeable membranes

Ceramic membranes made from mixed oxygen-ionic and electronic
conducting (MIEC) perovskite oxides allow selective separation of oxygen
from air at elevated temperatures, typically above 700°C.” The oxygen
permeation in a membrane is determined by either surface exchange
processes on one or both of the surfaces, or solid-state oxygen ion bulk
diffusion. The bulk diffusion depends on the temperature, oxygen partial
pressure and microstructure of the bulk. The surface exchange depends in
addition on catalytic activity, surface structure and area.’ The oxygen
transport through the bulk of a mixed conducting membrane is described by
the Wagner equation’

InZ,
RT " f o,0,
= — eton _dinP, 7
o 42F2L1[ Oyt @
n o,

where R is the gas constant, T is the temperature, L is the membrane
thickness, o and 6o, are the electronic and the ionic conductivity, and P(')2

and PO"2 are the oxygen partial pressures on the different sides of the
membrane.

For materials with high bulk diffusion or in the case of very thin
membranes, the oxygen flux may be rate controlled by oxygen surface
exchange. This transition from control by diffusion to control by surface
exchange is defined by the characteristic or critical thickness, L., of the
membrane.” L. is reported to vary in the range 20 to 3000 um depending on
composition, temperature and pO,."*’

There are many studies of these properties for similar compositions in the
literature. The first materials were LajxSryCoy.yFe,035, published by
Teraoka et al.'*® Here, the permeation rates were found to change by
substitution on A or B site. Other substitutions were also reported,'>” and
gave rise to different effects on the permeability rates, shown in Table 8.
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Table 8: Effect on cation substitution on the oxygen permeability for some
perovskite oxides.'>
Composition Effect on permeability
LageA5.4C0g8Fep 2055 A: Ba>Ca>Sr>Na
Lag 6S16.4C00 3B 2035 B: Cu>Ni>Co>Fe>Cr>Mn
Lng¢Srp4C003.5 Ln: Gd>Sm>Nd>Pr>1a

Literature data on oxygen permeability for selected perovskite materials are
given in Table 9. The data are for disc-shaped membranes with air on the
high pO, side. The fluxes are normalized by the thickness of the membrane.
The activation energies for the oxygen diffusion process are also given in
the table. The temperature range for calculation of the activation energies
are close to the given temperature for the reported oxygen flux. Generally,
data in the literature exhibit large variation even for the apparently same
materials. Such conflicting results reflect the experimental difficulties in
measuring oxygen fluxes, e. g. the effective pO, gradient across the
membrane and sample preparation.

The different oxygen partial pressures at the surfaces of membranes give an
oxygen activity gradient through the membrane. This gradient will cause a
gradient in oxygen non-stoichiometry and the subsequent difference in
volume expansion will lead to a build-up of mechanical stresses. Hendriksen
et al.*? calculated strain and stress profiles in a LagSrp4Cog2Feq503.5
membrane at operating conditions (800°C, pO, = 10™"? atm on the secondary
side and air on the high pO, side). The calculated profiles are shown in
Figure 9. The lattice expansion due to the pO, gradient is seen to result in an
overall expansion of the membrane of ca. 0.35 %. Tensile stresses (up to
70 MPa) are built up at the primary side and compressive stresses (up to
15 MPa) at the secondary side. Here, any stress relaxation due to creep is
not regarded. The tensile stress level is increased by increasing the
membrane thickness. The failure mode proposed is fracture of the
membrane due to the levels of these tensile stresses. However, in the case of
membranes thinner than a few hundred pum, the membrane must be
supported on a porous substrate and the relevant failure mode is rather a
delamination between membrane and support.*
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Table 9: Normalized oxygen permeability, jO,, for disc-shaped membranes
at different temperatures and different oxygen partial pressure at
low pO; side found in literature. Gas on high pO, side is air.

Material jO, T Ea pO,  Ref.
[(ml/min-cmz)-mm] [°C] [kJ/mol] [atm]

SrFeO; 0.91 996 90-110 102° 60
StFeg 67C00.3303 2.73 1000 100£7 He 7
Sto97Fe033C00.6703 42 992  90-110 1022 160
Lag sSro sFeOs.5 0.40 1147 10544 He ¢
Lag 5Srg sFeq sCop 5s03.5 1.2 1147 88+9 He '®
Lag 5S195C005.5 2.2 1147 68+1 He '
Lag »Sro sFep2C00£05.5 1.1 975 8246 He
Lag 7810 3Fe055 2.0 1000 31x19 102 V7
Lag 7Srg3Fe0s.5 0.23 1000 206+12 102! 1718
Lag 5819 sCo05.5 0.31 800 150+5 102
Lag3Sro7C00;.5 0.65 880 1025 4
Lag3Sre7C005.5 0.53 880 ottt ®
Lag3Sr97C00;.5 1.4 1000 5742 1076 4
Bay sSro sCoq sFe 2055 2.4 950 41 1013 162
Bag sSro sCop sFeq 2035 1.4% 900 42 He !
SrCop sFeq 20325 1.9 950 1013 182
LaSry sNigs03.5 0.10 950 107 %
LaGag sNig 5055 0.013 950 107 ®
Lag 4Cag ¢FeOs 0.061 900 107+1 Ar ¥
Lag 4CagCogsFep sO3 0.11 900 12010 Ar ¥
Lag 6S10.4C0g2Feq 03 0.29 950 128+8 He ¥
Lag 6Srp 4Cop 2Feq 303 0.46 1000 102 #®

*) Thickness not given.
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Figure 9: Calculated pO,, strain and stress profiles across a

Lag 6S19.4Cog 2Fe 8035 membrane exposed to a pO; of 10" atm
at the low pO; side and a pO, of 0.2 atm at the high pO, side
(T = 800°C). From Hendriksen et al.**

2.8 Stability of materials in potential gradient

Homogeneous materials can be exposed to thermodynamic potential
gradients, for instance gradients in temperature, chemical or electrical
gradients, or uniaxial pressure.'*'%° These gradients act as driving forces on
atoms in a crystalline material and fluxes of atoms result. The fluxes may

lead to three basic degradation phenomena of the materials.
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The material, which was originally chemically homogeneous, becomes
chemically inhomogeneous (kinetic demixing).

Formation of new phases might take place, i.e. the initially single-
phase material might decompose into new phases (kinetic
decomposition).

The original morphology of the material might become unstable and a
new morphology might be established (morphological instability)



Membranes placed in potential gradients are not in equilibrium with their
immediate surroundings and all three phenomena observed above are kinetic
in nature. If the applied thermodynamic potential gradient is removed, the
directed fluxes will disappear. Owing to diffusion processes the material
will relax and again become homogeneous. The new phases will disappear,
and the new morphology might become unstable and the old might be re-
established.'®* 163

Demixing of oxides in a pO, gradient is investigated for many binary and
tertiary oxides. Martin'® has shown the chemical potential gradients and the
concentration profiles for cation fluxes, cation vacancies and electron holes
for an (A1 xBx)O oxide that is exposed to such a gradient. This is shown in
Figure 10.
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Figure 10: Schematic setup of an oxide that is exposed to an oxygen
potential gradient. (a) Chemical potential gradients of the
chemical components A, B, and O. (b) Fluxes of cations, A%
and B2+, cation vacancies, V, and electron holes, h, and
demixing profile of the faster component A and shift of the
crystal surfaces.'®

Gradients in the chemical potentials of the chemical components A and B
(Figure 10a) are induced as a consequence of the Gibbs—Duhem relation
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x,dp, +xpdpg +x,dp, =0 8

The cations are assumed to be mobile by means of cation vacancies in the
cation sublattice of the oxide. Thus, the fluxes of cations and vacancies are
coupled,

jA2+ +j32+ +jV :0 (9)

At the high pO, side, cations A** and B**, are oxidized by oxygen gas and
new lattice molecules, AO and BO, of the oxide are produced. At the low
pO; side the oxide molecules are reduced to cations and oxygen. As a
consequence of these reactions, both oxide surfaces shift to the side of
higher oxygen potential. If both cations have different mobilities, the
originally homogeneous oxide will become inhomogeneous, as shown in
Figure 10b). The faster of the two components A and B becomes enriched at
the high pO, side, while the slower component is left behind and becomes
enriched at the low pO; side. The equation for demixing at steady-state'®®

LoD L prinve, =|2a 1)Ly, (10)
1-x, D,x, D, )2 7

shows that the ratio D/Dg determines whether there is kinetic demixing and
at which side of the oxide component A becomes enriched. If both
components have the same diffusion coefficient, DA/Dg = 1, there will be no
demixing, while if Da/Dg>1, Vx, has the same sign as the oxygen

potential gradientVy,, , i.e., A becomes enriched at the high pO; side. If B

is the faster component, Da/Dg <1, A becomes enriched at the low pO,
side. The degree of demixing is dependent on the difference in mobility
between the cations and the gradient in the driving force. A large difference
in mobility and a thinner material increase the degree of
demixing, 3 164 167-170

The cation demixing in binary and tertiary oxides is widely reported.
(Co1xGa)0, ™ (CoNip)is0,1  YSZ IS (Mn Fey);0, 77
(Co,Mg)0,"s” 15178 (Mn, Fe)0,!"” Ni;Tix20,!® NiTiO3,'”® Co,TiO4 1% are
some of the examples. However, only limited studies on kinetic demixing
and kinetic decomposition in perovskite materials are reported. Kim et al.'”
have investigated the low pO; side of Lag 3¢Srg.64C0¢65Cug3503.« membrane,
and found a perovskite phase enriched on La and Co in addition to grains of
non-perovskite Sr-Cu oxide with minor amounts of La and Co. Diethelm et
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al.'® studied Lag 6Cag.4Fep.75C002503.5. After use of CHy at the low pO; side,
they found decomposition to three layers. La was enriched, and Fe and Co
was found as metallic clusters. On the high pO; side, they found (Ca and)
Co oxide. The low pO, side of Lag3Srg7C00;.5 was investigated by van
Doorn et al."®! after 120h at 900°C. They found a thin porous layer mainly
of SrCO; and a Sr enriched phase was discovered between surface layer and
bulk. Lag 4Cag¢Fe.«CoxOs.5 (x = 0, 0.25 and 0.5) membranes 47 decomposed
at secondary side, and an enrichment of transition metals was found.
However, no composition change across the membrane was detected.

The physical and the chemical properties of this kind of materials are
controlled through the composition. The occurrence of kinetic demixing and
chemical decomposition results in a degradation since local composition
changes. Secondary phases and perhaps morphological changes may destroy
the functionality of the materials and give rise to a decrease in the
lifetime, 7" 173174, 177, 182185 Therefore, the understanding of the demixing
and decomposition processes is of great fundamental and practical
importance due to prediction of the durability and reliability of these
materials.
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Abstract

The oxygen non-stoichiometry of Lag sSrysFe;xCoyO3.5 (x = 0, 0.5, 1) have
been measured as a function of temperature by thermogravimetry. The
oxygen deficiency was increasing with increasing temperature and
decreasing partial pressure of oxygen. This was coincident with the
contribution of chemical expansion to the thermal expansion, due to larger
unit cell volume. Below ~ 500°C in air and ~ 400°C in N,, a constant
oxygen deficiency was frozen in due to slow oxidation kinetics. Thermal
and chemical expansion of the material have been measured by dilatometry
and high temperature x-ray diffraction. The crystal structure of both x = 0.5
and x = 1 was rhombohedral at room temperature with a phase transition to
the cubic perovskite at 350 + 50°C. The thermal expansion of the materials
up to the onset of thermal reduction was 15-1810°K™. At high
temperature, chemical expansion contributed to the thermal expansion and
the linear thermal expansion coefficients were in the range 16 - 35-10° K.
The chemical expansion, g, showed a maximum of 0.0045 for x=0.5 and
0.0041 for x =1 at 800-900°C. The normalized chemical expansion, £/A3,
was 0.039 for x = 0.5 and 0.035 for x = 1 at 800°C. The chemical expansion
can be correlated with the difference in ionic radius of the transition metals
in various valence states.

* Correspondence to Tor.Grande(@material.ntnu.no



Introduction

La;«SriFe;yCoyOs.5 materials are potential candidates for oxygen
permeable membranes due to high electronic and ionic conductivity.'
Applications as gas sensors or electrodes in solid oxide fuel cells have also
been suggested.'"” Chemical, thermal and mechanical stability of the
materials are important for the utilization of these devices,* and one of the
main challenges is to prevent mechanical failure during fabrication and
operation.

The oxygen deficiency in La;SriFe;.yCoyO3.5 materials increases with
increasing temperature and decreasing 6partial pressure of oxygen.' This has
been shown for both La;«SryFeOs5 > and La;«SryCoOs.5 12 materials in
addition to Lal.xerFel.yCoyO3-5.13'15 The gradient in the chemical potential
used to permeate oxygen through La;«SrcFe;.yCoyOs3.; materials results in a
gradient in the oxygen non-stoichiometry across the membrane due to a
reduction of the valence state of the transition metals in the materials with
decreasing chemical potential of oxygen. The gradual increase in the oxygen
deficiency (8) is accompanied by a chemical expansion due to a change in
the unit cell volume with decreasing valence state of the transition metals.'®
Oxygen permeable membranes are due to the lattice expansion subjected to
a chemically induced stress when exposed to a gradient in partial pressure of
oxygen. The magnitude of the stress, which might cause failure due to
creep, fracture or even kinetic demixing, depends on the geometrical
constrains, oxygen flux and the chemical expansion properties of the
materials.* > !” The chemical expansion comes in addition to the thermal
expansion caused by anharmonic vibrations. The chemical expansion can be
quantified by €/Ad where ¢ = (a—ao)/ao.18 Here, Ad and a-a, are the change in
the oxygen deficiency and the pseudo cubic lattice cell parameter, for a
change between two partial pressures of oxygen at constant temperature. For
materials containing different transition metal ions, the normalized chemical
strain is expected to vary. For Lag7Sry3Cr; <Al Os-materials, the e/Ad-ratio
is determined to 0.034-0.036 at 1000°C," 0.050-0.066 for Ce|.\GdyO2.q at
1000°C ' and 0.059 for Lag sSrgsFeO; at 800°C.%° The chemical expansion
of perovskite materials containing Co and Fe is significantly larger than for
similar materials containing Cr. CeO, based materials, on the other hand,
have significantly larger chemical expansion than perovskite based
materials. The chemical expansion can be rationalized by the increase in
ionic radii when the cation at B-site in the perovskite structure is reduced
from M*" to M** and/or M***! For all transition metals, the ionic radii will
increase up to 20 %. Volume expansion due to ordering of oxygen
vacancies® has also been suggested.
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We have recently started an experimental program focusing on
Lag 5Srg sFe1.xCoxO3.5 materials. The materials have been characterized with
mechanical properties such as fracture strength and toughness,”
compressive creep performance® and finally oxygen flux?® and long term
stability in chemical potential gradients.?® Here, we report on the thermal
properties of Lag sSrg sFe;.<CoxO3.5 materials measured by high temperature
x-ray diffraction, thermogravimetry and dilatometry. Trends in the thermal
behavior, including the chemical expansion of perovskite materials, are
discussed in relation to the ionic radii of the transition metals.

Experimental

Materials preparation

Lag 5Srg sFe1.xCoxO3.5 (x = 0, 0.5 and 1) were synthesized by spray drying.
Aqueous solutions of stoichiometric amount cation nitrates (Merck or Fluka,
p.a.) were made, and glycine (Merck, p.a.) was added as a complexing agent
in a glycine/nitrate mole ratio of 5/9. The content of crystal water in the
nitrates was determined by thermogravimetrical analysis. The total
concentration of the cations was approximately 0.8 M. The solutions were
dried in a Biichi Mini Spray Dryer B-191 with hot air (150°C) as the drying
medium. The resulting solid precursors were ignited for decomposition to
oxide by allowing it to fall through a vertical alumina tube preheated to 800-
900°C. The resulting oxide powders were ball milled (Si3N4-balls) overnight
in 100% ethanol or isopropanol. The milled powders were further calcined
at 900°C (x = 0.5 and 1) or 1000°C/1050°C (x = 0) for 24 h in air. The
powders were then ball milled (SizNs-balls) for 24 h, and heat-treated at
600°C for 24 h.

The resulting powders were pressed uniaxially (37 or 60 MPa) into bars or
cylinders, which were further pressed cold isostatically at 200 MPa. The
materials with (x = 0.5 and 1) were sintered in air at 1150°C for 2 or 12
hours, respectively, while LagsSrysFeOs.5 was sintered at 1250°C for 12
hours. To avoid cracking during cooling, the cooling rate after sintering was
set to 50°C/h (1150-750°C), 6°C/h (750-450°C) and 100°C/h (450°C-room
temperature). The ends of the sintered samples were finally ground parallel
to each other and polished before the characterization by dilatometry.
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Characterization

The density of the sintered materials was measured by the Archimedean
method (ISO 5017) in isopropanol. The densities were, 95, 96, and 99 % for
x = 0, 0.5 and 1, respectively. The theoretical densities for the three
compositions, determined by x-ray diffraction, were 5.99 g cm™, 6.29 g cm™
and 6.39 g cm™ respectively.

The oxygen non-stoichiometry at room temperature of both calcined
powders and sintered materials was determined by iodometric titration
and/or thermogravimetrical analysis in hydrogen atmosphere. The reported
oxygen deficiency is the mean value of the two methods. To avoid the
influence of humidity, the powders were pre-heated to S00°C immediately
before titration/reduction.

Iodometric titration was performed by mixing 100-150 mg of the powders
with 0.8 - 1 mg KI and 25 ml deionized distilled water in a round-necked
vessel. The vessel was flushed with N, gas to avoid air-oxidation of excess
I'. 25 ml of concentrated hydrochloric acid was added to dissolve the sample
and the solution was immediate titrated against a 0.05 M sodium thiosulfate
solution, using starch as the indicator. Iodometric titration of sintered
materials was impossible due to problems to dissolve the samples
completely in hydrochloric acid solution within an acceptable time. The
uncertainty in the oxygen deficiency is given as the standard deviation of
the titration.

Reduction in 5% H, in N, was performed by heating 250-300 mg of the
powders to 1300°C for 24 hours. The total mass loss during reduction as
measured gravimetrically and the non-stoichiometry was calculated
according to the following reaction.

La,Sv,Fe, Co O, ;, —

%La203 +y28r0+(1—x)Fe+xC0+

%ﬂ@(g) )

The proposed reaction during reduction was confirmed by x-ray diffraction.
The uncertainty in the oxygen deficiency by the gravimetrical analysis is
estimated to + 0.005.

Thermogravimetrical analysis (TG) was performed using a Netzsch STA
449C. The measurements were made on the calcined fine-grained powder.

The powders were preheated to 500°C prior to the analysis to avoid
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humidity. 100-200 mg of samples were heated stepwise (10°C/min) to every
100°C (100 - 500°C) or every 50°C (550 - 1000°C). The holding time for
each step was 2 hours (100-650°C) or 1 hour (700-1000°C) in order to
establish equilibrium. The same steps were used during cooling, and the
loss/absorption of oxygen was measured. The average data from the second
heating and cooling cycles in air are reported, while only the second heating
cycles in N, are reported. Corrections were made for changes in buoyancy
with the temperature. Combined with the oxygen non-stoichiometry
obtained by titration/reduction at room temperature, the oxygen non-
stoichiometry at different temperatures was calculated. The uncertainty at
each temperature is estimated to + 0.01. The partial pressure of oxygen in
N, during the measurements was estimated to 10™. The specification of the
nitrogen gas gives a maximum oxygen partial pressure of 3 ppm, but this
level will be a lower limit due to the evolution of oxygen from the powders
during heating.

Thermal expansion of the materials was determined by high temperature X-
ray diffraction (HTXRD) and by dilatometry. Dilatometry was performed in
air using a Netch DIL 402C. Rectangular bars (5 x 5 mm, length 20-25 mm)
or cylinders (d = 8 mm, length ~ 12 mm) were heated to 1000°C with
alumina spacers on both ends. The heating and cooling rates were 1°C/min.

HTXRD was carried by a Siemens D5005 06-8 diffractometer, using Cug,
radiation. Powders were made from sintered materials and were heat-treated
in O, atmosphere at 400°C for 12 hours and cooled slowly (15°C/h) to room
temperature prior to the diffraction experiments. The oxidized powders were
then dispersed in isopropanol and applied on a Pt strip located in a high
temperature camera (HTK 16, Anton Paar GmbH). Diffraction patterns were
collected every 100°C from room temperature up to 1000°C in both air and
N, atmospheres. The recording of the data delayed for 30 minutes at each
temperature to establish equilibrium with the atmosphere. The diffraction
data were recorded with a step size of 0.04° and a count time of 10s. The
unit cell parameters were refined by the Rietveld method®’ using the
Siemens Win-Rietveld programs, V 2.05. Both the perovskite and the

platinum reflections were refined, using the cubic space group Pm3m or the
rthombohedral space group R3¢ for the perovskite and cubic space group

Pm3m for Pt. A Pearson VII peak shape function was used for both phases.
The thermal expansion of Pt, determined from the temperature dependence
of unit cell parameter, was in good accord with literature.?®
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Results

Oxygen non-stoichiometry

The oxygen non-stoichiometry, 3-8, of the materials at room temperature is
presented in Table 1. The materials did not oxidize completely during
cooling and were oxygen deficient at ambient temperature.

Table 1: Ambient oxygen non-stoichiometry of LagsSrgsFe;<CoyOss

materials.
Composition Type of 3-8 3-
powder (reduction) (iodometric titration)
x=0 calcined 2.898+ 0.005 2.970 + 0.003
x=0.5 calcined 2.974+ 0.005 2.952 +0.005
sintered 2.915+ 0.005 -
x=1 calcined 2.973+ 0.005 2.953 + 0.005

sintered 2.913+ 0.005 -

Oxygen non-stoichiometry for Lag sSrgsFeO3.5 and Lag 5Srg sC00;.5 is shown
as a function of temperature in air and nitrogen in Figure 1. The raw data are
given in Appendix I. The ambient oxygen deficiency is the mean value
given in Table 1. The oxygen deficiency of Lag 5Srg sFeq sCog sO5.5 measured
at several different partial pressures of oxygen is shown as a function of
temperature in Figure 2. The oxygen deficiency of the materials is
increasing with increasing temperature and decreasing partial pressure of
oxygen according to the reaction:

Lay ;Sr, Fe, ,Co,0, , — La, St ;Fe, ,Co,0, +—‘§---2_—‘502 &) ()

For both data sets, the average from the second heating and cooling cycles
in air and second heating in N, are reported due to chemical inhomogeneity
of the powders even after calcining. TEM/EDS analysis of individual grains
of the calcined powders have shown some variation in the La/Sr ratio.?®
After heat-treating at higher temperatures, the materials become
homogeneous and the small deviation from cubic symmetry at ambient
temperature become evident.
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Figure 1: Oxygen non-stoichiometry, 3-8, of LagsSrysFeOs5 (LSF) and
Lag 581 5C003.5 (LSC) in air and in nitrogen atmosphere. The
uncertainty in each point is estimated to + 0.01. The solid lines
are models, see text. Insert shows weight loss of LSC versus
time for the temperature steps 600-650°C and 850-900°C. The
broken line is the temperature profile.

The solid curves in Figure 1 correspond to models for the oxygen non-
stoichiometry. In the case of La;«SryFeOs.s, the electrons are localized, and
a point defect model has been shown to describe the non-stoichiometry.> &
In the La;«SryCoOs.5 system, the electrons are delocalized and can been
modeled by a rigid band formalism.” ® The line for Lag sSrgsFeOs.5 is
obtained by using the following constants in the point defect model;
K;=1-10° AH = 98.18 kJ/mol and AS = 69.81 J/Kmol.® In the case of
Lay 5Sr95C00s.5, the calculated oxygen non-stoichiometry was obtained by
using the following constants; Eqx = -281 kJ/mol, Sox = 0.0749 kJ/Kmol and
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g(e) = 0.015 (kJ/mol)’. The models describe the oxygen deficiency
relatively well at high temperatures. The discrepancy between the models
and the experimental data at low temperatures is due to departure from
equilibrium behavior. This is illustrated in the insert in Figure 1, where the
weight loss versus time at for the steps 600-650°C and 850-900°C is shown.
The broken line is the temperature profile. The relaxation time at 600 is
significantly longer that at 850°C and the true equilibrium oxygen non-
stoichiometry was not obtained below 600-650°C.
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Figure 2: Oxygen non-stoichiometry of LagsSrysFeqsCoo 35055 (LSFC) as
a function of oxygen partial pressure. The uncertainty in each
point is estimated to + 0.01.
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Thermal expansion behavior

The HTXRD diffractograms of the powders were refined in the cubic space
group Pm3m for all the temperatures in both atmospheres. At the lowest
temperatures, a small splitting of the peaks indicates slightly rhombohedral
distortion. However, the deviation from cubic structure was so small that the
cubic refinement was easily performed. In addition to the cubic, the
rhombohedral space group R3c was used to fit the diffractograms up to
300°C. The results are given in Table 2. Above 300°C the diffraction patters
were refined only in the cubic space group Pm3m since the rhombohedral
splitting of the diffraction lines had vanished. The second order cubic to
rhombohedral  phase transition of  LagsSrosFepsCops0s55 and
Lag sSr5C00;3.5 is located between 300 and 400°C. The phase transition
temperature may also to a first approximation be defined as the temperature
where the rhombohedral angle becomes 60°. The phase transition
temperatures of the two materials according to this approach are 350 + 50°C
respectively. The corresponding phase transition of Lag 5Sry sFeO;_5 has been
reported at 250 + 50°C.%°

Table 2: Rhombohedral unit cell parameters, ashombohedrat @and o, and the
calculated apseudo cubic @s function of temperature obtained from
high temperature x-ray diffraction by refining a rhombohedral
space group for Lag sSry sFe;.xCoyOs.s.

Composition Temperature  arhombohedral o pseudo cubic

[°C]

x=0.5 Rt 5.438 60.13 3.846

200 5.455 60.09 3.857

300 5.466 60.05 3.865

x=1 Rt 5412 60.17 3.827

200 5.431 60.07 3.840

300 5.443 60.01 3.849

The cubic lattice constant for the different materials as function of
temperature and atmosphere are summarized in Appendix II. The cubic cell
parameters for Lag sSrgsFepsCoos03.5 and LagsSrysCoOs.5 are shown as a
function of temperature in Figure 3. The lattice constants obtained in both
air and in nitrogen atmosphere (pO, = 10™ atm) are shown in the figure. The
expansion of the lattice become more significant at high temperatures and in
nitrogen atmosphere. The linear thermal expansion of the materials were
obtained by a linear fit to the data at high and low temperature. The
expansion coefficients at different conditions are summarized in Table 3.
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Figure 3: The cubic lattice constant of Lag 5Srg sFegsCoo 5035 (LSFC) and
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Lay 5Srp5C00;.5 (LSC) as a function of temperature in air and in
nitrogen atmosphere. The solid and dashed lines are guides to
the eye. The squares are the pseudo cubic lattice constant in air
obtained from rhombohedral model.



Table 3: Thermal expansion coefficient for Lag sSrgsFe;xCoxOj3.5 obtained
by dilatometry (og4i;) and high temperature x-ray diffraction (oyq).

N i g Temperature

Composition 100 K 100K r;rg]e Atmosphere

x=0 15.31+£0.02 13.7+1.0%) 20-400 Air

16.09+0.02 22.1+1.1*)  700-800 Air

16.30+£0.02 16.4+0.3%) 20-400 N>

16.55+0.01 263+0.8%*)  700-800 N>

x=0.5 16.93+£0.01 16.0£0.5 20-400 Air

28.57+0.009 323+0.9 700-1000 Air

1770+ 0.01 17.7+0.1 20-400 N,

32.99+0.01 344+0.8 700-1000 N,

x=1 17.87+0.01 163+0.5 20-400 Air

30.59+0.01 31.1+£1.2 700-1000 Air

17.69+0.02 18.6+0.9 20-400 N2

32.72+0.03 342+13 700-900 N,

*) From Fossdal et al.”’

The linear thermal expansion of dense polycrystalline bars measured by
dilatometry in air and nitrogen atmosphere is shown in Figure 4. For clarity,
the two datasets for Lag sSrgsFepsC0o505.5 and Lag 5SrysC00;.5 are shifted
by 1% and 2 % to distinguish the different compositions. The data for the
Co-containing materials demonstrate a clear shift in the thermal expansion
at around 600°C. This is related to the onset of the thermal reduction of the
materials, see Fig. 1 and 2. The corresponding shift for LSF is observed at
higher temperature. Linear thermal expansion coefficients found by liner fit
to the data are summarized in Table 3. There is generally a relatively good
agreement between the expansion coefficients found by the two different
methods.

A shift in thermal expansion coefficient from the first derivative of the
dilatometry curves could have indicated the phase transition temperature
from rhombohedral to cubic phase. No such shift could be observed and the
thermal expansion of the two polymorphs are therefore quite similar.
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Figure 4: Linear thermal expansion of LagsSrosFeOss (LSF),
Lao‘5sr0‘5Feo.5C00.5O3-5 (LSFC) and La0_5Sr0,5CoO3-5 (LSC) in air
and nitrogen atmosphere measured by dilatometry.

Chemical expansion

The chemical expansion contributed to the overall thermal expansion above
~500°C in air and ~400°C in N,, see Figure 3 and 4. The chemical
expansion of the materials, calculated from the lattice constants in air and
N, atmosphere, is shown in Figure 5 as function of the temperature. Here
the chemical expansion is defined as & = Aa/a,, where Aa=a- a, is the
change in the unit cell parameter from air to nitrogen at constant
temperature. The reference state a, correspond to the lattice constant in air.
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The chemical expansion is increasing with increasing Fe content and seems

to go through a maximum at around 800-900°C.

In order to compare different materials the chemical expansion can be
normalized by the change in oxygen deficiency, /A, where AS = § - §, is
the change in the oxygen deficiency from the reference state &, This
normalized chemical expansion is also shown in Figure 5.
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Figure 5: Chemical expansion, g (filled symbols) and normalized

chemical expansion, £/,

(open

symbols)

of

Laolssro_5F€0‘5C00,5O3-5 (LSFC) and La0_58r0.5C003-5 (LSC)
calculated from high temperature x-ray diffraction. The lines are

guides to the eyes.
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Discussion

Thermal expansion

A near linear expansion (anharmonic vibrations) is observed until ~500°C;
the temperature region with essentially constant oxygen non-stoichiometry.
The linear expansion coefficient (o) in this region is widely reported in
literature. The magnitude of a at room temperature spans over a wide range
for La1.xerFel.yCogOg.s—materials. Typical values are between 7 and
30-10° K115 203193 1y general, an increase in the thermal expansion is
observed with increasing temperature and decreasing partial pressure of
oxygen.

Thermal expansion coefficients have been measured for a whole range of
compositions in the low temperature range, but no systematic contribution
from chemical expansion at high temperature has appeared. By plotting data
for La;«SryMO;3 compositions as a function of Sr-doping on A-site with the
B cation constant, there will be a clear increasing tendency with increasing
doping concentration as shown in Figure 6. In the upper insert in the figure,
ambient thermal expansion of LaMOs is shown as a function of M, the
transition metal. No obvious trend is evident. The magnetic and electronic
nature of the materials is probably governing the thermal expansion.
Moreover, thermal expansion of materials with constant A-site composition
is shown as function of the substitution level on the B-site in
Lag gSrgoFe;.xCoxO3 and LaCry.«Co4Oj3 in the lower insert. Here the thermal
expansion changes close to linearly with the substitution level. In this work,
the linear thermal expansion coefficient for Lag sSrysFe;.xCoxO3.5 in air and
N3 increase with increasing Co-content, see Table 2.

Chemical expansion

The onset temperature (T,) is defined as the temperature where the total
thermal expansion deviates from the linear (and only thermal) expansion. T,
seems to vary within the different composition, and seems to decrease with
increasing Co/Fe-ratio. Fossdal et al?® have shown that this onset
temperature decreases with increasing Sr/La ratio on A-site in the perovskite
structure, and with decreasing partial pressure of oxygen.
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Figure 6: Thermal expansion coefficients (TEC) for La;«Sr,MO; found in
literature."> ***° The upper small plot shows TEC for LaMO; as
a function of position in the periodic table.?% ** *!>! The other
small plot show the relationship of Co-doping on B-site in
Lag §St9,Fe; xCox0; '* and LaCr;,Co,05.”!

All the materials studied here are nearly stoichiometric at room temperature
and onset of thermal reduction is evident around 500°C in air and 400°C in
N,. This behavior is typical for Fe- and Co-containing perovskites.>* 4% 52
The chemical expansion observed at hi%her temperatures is a result of the
reduction of Fe** and Co** to the larger’! Fe**, Fe**, Co™ and Co®" with a
resulting increase in oxygen non-stoichiometry. Table 4 shows the
(typ — Ty )/ 1y 1adii ratio for the first row transition metals. As we can

see, all the M®" cations are larger than the M** cations and one would expect
the reduction of the valence state of the metal ions to be accompanied by a
volume expansion.
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Table 4: Cation radii and relative radii ratio for the first row transition

metals.?!
Metal Thst T D Tl
[A] [A] rM‘*

Ti 0.605 0.67 0.107
A% 0.58 0.64 0.103
Cr 0.55 0.615 0.118
Mn 0.53 0.58 (LS) 0.094

0.645 (HS) 0.217
Fe 0.585 0.645 (HS) 0.103

0.55 (LS) -0.060
Co 0.53 (HS) 0.545 (LS) 0.028

0.61 (HS) 0.151
Ni 0.48 (LS) 0.6 (HS) 0.250

0.53 (LS) 0.104

As shown in Figure 5, the chemical expansion, ¢, increases with
temperature until 800°C where it reaches a constant value. Above 900°C, a
decrease in chemical expansion is observed. This behavior can be explained
based on the assumption that the total thermal expansion will become equal
in different atmospheres at high temperatures, when the oxygen vacancy
concentration reaches its maximum value corresponding to only three valent
transition metal ions. In the case of only Fe on B-site, this is when the
vacancy concentration is equal to x/2, where x is the doping of Sr on La-
site, corresponding to only Fe(Ill). In the case of the Co-containing
materials the metals will be continuously reduced until they decompose, and
a wide region with only Co(IIl) is not observed.

The chemical expansion will also vary with composition. As Figure 5
shows, for a fixed La/Sr-ratio at given temperatures, the chemical expansion
decrease with increasing Co-content on B-site. Variations are also expected
with different La/Sr-ratios and substitution of different cations. Reported
chemical expansion found in literature show generally that the expansion of
perovskite materials containing Co and Fe is almost the same for similar
materials containing Cr. CeO, based materials, on the other hand, have
significantly larger chemical expansion than the perovskite materials.'®

For materials containing different transition metal ions, the normalized
chemical strain is expected to vary. Atkinson et al.'® have summarized this
ratio for different chromites. In the literature, there is also data available for
ferrites, cobaltites and compositions with other cations. Table 5 shows the
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chemical expansion and normalized chemical expansion &/Ad ratio for
different materials reported in the literature.

Table 5: Chemical expansion for different compositions found in the
literature and the present work.

Composition € Ad e/AS  Temp[°C] Ref.

LagsSro sFeOs.s 0.0058 0.097 0.059 800 20
Lao‘5SI'0.5F€0_5C00,503-5 0.0045 0.116 0.039 800 This work
LagsSrosFepsCopsOs5  0.0043  0.122  0.036 1000  This work

Lag sS19sC005.5 0.0041 0.116 0.035 800  This work
Lag 7Cag3CrOs.5 0.0036 0.101  0.036 1000 19
Lay7Cag3CrosAlg 1055  0.0040 0.118  0.034 1000 19
Lag6Sro4Fe2C005035.5  0.0039  0.180  0.022 800 39
LaggSro2Croo7Voe30ss  0.0013  0.044  0.030 1000 53
Lag3Srg 7FeOs.5 0.0040 0.125 0.032 875 38
Lag7Sro3FeosGag40s.s  0.0015  0.035  0.044 875 38
LaMnOj;s 0.024 54
Lay gSr2CrOs.; 0.024 3

Figure 7 shows a plot of £/A8 versus Ar/r, for selected perovskite materials,
where Ar/r, is the change in cation radii between the different oxidation
states. The solid line indicates the expected tendency if only the change in
valence for the transition metal ions causes the chemical expansion, and the
experimental data show a relatively good correlation. The main contribution
to the chemical expansion can therefore be related to the change in the ionic
radii when the transition metal is reduced. Other factors which may
contribute are for example ordering of oxygen vacancies, but this is out of
the scope of the present work.

Chemical induced stresses

Above the onset temperatures for chemical expansion, and at operation
temperatures for these materials, the oxygen non-stoichiometry will be quite
large. If the materials are placed in a gradient of pO,, there will be
differences in the unit cell volume at each side of the material and the
materials are subjected to a chemically induced stress. To describe these
stresses, the variation in oxygen non-stoichiometry across the materials is
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transition metal ions causes the chemical expansion.

important to investigate. The gradient in oxygen deficiency is dependent on
the thickness of the membrane, oxygen diffusion and surface exchange
kinetics.® The changes in dimensions caused by the increasing oxygen non-
stoichiometry are of great importance due to potential applications at
operation temperatures. The chemical induced stresses may cause failure of
the devices due to creep or fracture, and the mechanical properties of the
materials are of grate importance. The fracture strength and toughness and
creep resistance of the present materials at the operation temperature will be
followed up in two other contributions.

64



During cooling, an oxidation will take place from the surface of the
materials and a stress gradient can easily be obtained. Tensile stresses may
occur because of lower unit cell volume at the oxidized surface compared
with the bulk. Therefore, cooling is the most critical step for this type of
materials. To avoid cracking, a very slow cooling rate is required to allow
the material to equilibrate. Most critical is the temperature range around the
onset temperature for chemical expansion. Below this temperature, the bulk
diffusion of oxygen is quite slow.

Conclusion

Oxygen non-stoichiometry, thermal and chemical expansion of materials
Lag5SrgsFe1.xCoxOs.5 (x = 0, 0.5, 1) have been determined. Below an onset
temperature of ~500°C in air and ~400°C in Nj, the oxygen deficiency
remain constant and a linear thermal expansion is observed. At the onset
temperature for thermal reduction of the valance state of Co and Fe, the
thermal expansion is significantly increased due to the contribution from
chemical expansion caused by the reduction of the valence state of Fe/Co. A
reduction in the oxygen non-stoichiometry is observed simultaneously. The
change in ionic radii of the transition metals is the main reason for the
chemical expansion. The thermal expansion coefficient and the chemical
expansion increases with increasing temperature and partial pressure of
oxygen. The non-linear thermal expansion behavior of the oxygen
permeable materials is a major challenge for potential applications for the
materials.
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Abstract

Steady state compressive creep rate was measured in Lag sSry sFeg sCog 5035
(LSFC) and Lag 5Srg5C00s.5 (LSC) materials at temperatures between 900
and 1050°C and stresses from 5 to 28 MPa. The stress exponent has been
found to be close to unity for both materials while the apparent activation
energy for creep was considerably higher for LSC (619 + 56 kJ/mol) than
for LSFC (392 + 28 kJ/mol). The grain size exponent for LSC was
determined to be 1.28 + 0.14. Considerably higher creep rates were
observed for both materials in N, atmosphere at 900°C compared to air.
Based on the present findings possible creep relaxation of mechanical or
chemical induced stresses in oxygen permeable membranes have been
addressed, especially at reducing conditions.
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Introduction

La,SrsFe;,CoyO3.5 materials have recently received considerable attention
due to their combined electronic and ionic conductivity at elevated
temperatures. They are potential candidates for oxygen permeable
membranes, gas sensors and electrodes in high temperature electrochemical
devices.'” Oxygen permeable membranes are of particular interest for
production of syngas (CO + H,) by direct conversion of methane or for
oxygen production from air.

Chemical, thermal and mechanical stability of the materials are important
for the utilization of such devices.” They must be chemical compatible with
supports, tolerate thermal cycling during preparation and operation, and
have sufficient mechanical properties. The creep resistance is important for
the dimensional stability of the devices. Considerable mechanical stresses
may be present due to chemically induced stresses and gradient in the
absolute pressure across membranes. Creep relaxation may also to some
extent be beneficial to avoid failure. For this reasons the creep performance
of the materials in various atmospheres is of importance. Creep data are also
fundamentally of importance for the understanding of cation diffusion in
these materials and related phenomena such as sintering and grain
growth.®"

Several studies of the creep gerformance in perovskite materials have been
performed. Kleveland et al.'* measured creep behavior in Sr-deficient and
Sr-excess SrFeOs.s materials in the temperature range 800-1000°C in air.
The stress exponent for these materials was close to unity, and the activation
energy was 260 + 30 kJ/mol. The creep rate is faster in the Sr-deficient
material compared to the Sr-excess material.

A few studies have been investigating titanates. Park et al.'’ measured creep
behavior in BaTiO; in the temperature range 1200-1300°C by varying
partial pressure of oxygen and grain size. The stress exponent was 1 and the
grain size exponent 2. Obtained activation energy was 720 kJ/mol. The
assumed mechanism for creep was grain boundary sliding accommodated
by lattice cation diffusion. Carry et al.'® measured a stress exponent of 2 and
an activation energy of 800 kJ/mol in the temperature range 1150-1250°C
for fine-grained BaTiO;. Wang et al.'” have measured compressive creep in
single crystals of SrTiO; in the temperature range 1250-1520°C. They found
a stress exponent of 3.5 + 0.1. A strong plastic anisotropy is observed, and
the creep is easier along the <110> orientation than the <100> orientation.
Simultaneously, the activation energy is higher for the <100> orientation
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(730-770 kJ/mol) compared to the <110> orientation (620 kJ/mol). They
also investigated the effect of different atmospheres, and found differences
between the two orientations by a stronger relationship between creep and
atmosphere for low partial pressures of oxygen in the <110> orientation.
Wang et al.'® investigated also creep in YAIO; single crystals in the
temperature range 1490-1610°C and found the same anisotropic effects as
for the SrTiOj; single crystals.

Several authors have reported creep data for Sr-substituted LaMnO;. Cook
et al. ' investigated creep for 10, 20 and 30% Sr-doped LaMnO; as a
function of partial pressure of oxygen at 1250°C. They found that the
materials were deformed by grain-boundary sliding accommodated by
lattice diffusion. Depending on partial pressure of oxygen and Sr-
concentration, either cation vacancies or oxygen vacancies controlled the
creep rate. Wolfenstine et al.”” measured compressive creep behavior of
Lag ¢9Sry;MnO; between 1150-1300°C in air. They found a creep exponent
close to unity and the activation energy was 490 kJ/mol. The deformation
was controlled by a diffusional creep mechanism by lattice diffusion of
cations, either La or Mn. Wolfenstine et al.> investigated further other Sr-
doped LaMnOj; materials in the temperature range 1150-1300°C, and found
out that the steady-state creep rate decreased with decreasing Sr content.
The mechanism for creep was the same as for Laogsro‘anOy19

Luecke et al®® measured creep in four-point bending for
(LageSrp.1),Gap sMgp»03.5 (z = 1.0, 0.98 and 0.95) in the temperature range
950-1350°C. The stress exponent for all compositions was 1.49 + 0.10 and
the activation energy was 426 + 9 kJ/mol. The inverse grain size exponent
was dependent of the composition (z) and calculated to 3.1 (z=0.98) and
1.9 (z=10.95).

Wolfenstine et  al.*?'**  investigated the creep rate in
Layp gSrg2Gag gsMgo 1502825 and compared the results of this composition to
cubic zirconia. The temperature range for creep measurements in
Lag gSrg2Gag gsMgg 1502805 was 1200-1300°C and they found a stress
exponent close to unity and an activation energy of 521 + 15 kJ/mol. The
creep rate is controlled by cation lattice diffusion. They compared the creep
behavior at 1300°C with cubic zirconia at the same temperature, and found
out that the creep rate of zirconia is about 25 times lower.

Majkic et al> 2324 investigated the creep behavior in SrCoggFe(20s.x
materials with different grain size in the temperature range 850-975°C in
air. The stress exponent was close to unity in the low stress range, indicating
diffusion controlled creep. In the high stress range, the stress exponent is
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temperature dependent and measured to 2.2 - 2.9. This increase from unity
indicates that the material undergoes a transition from diffusion to
dislocation creep in this stress range. The activation energy is determined to
457 kJ/mol below 925°C and 268 kJ/mol above 925°C. The values indicate
a cation diffusion controlled creep. The change in activation energy
indicates that the A and B site cations switch being the rate controlling
specie. The inverse grain size exponent resulting from a linear fit to the data
has been found to be close to unity.

The creep behavior for Lag,SrosFegsCrp203.5 in the temperature range
1100-1200°C with different grain size and in different pO,-atmospheres,
was investigated by Majkic et al.*>?® In air, a stress exponent of 1.4 in the
lower stress range indicates diffusion-controlled creep. In the higher stress
range, the material undergoes a transition from diffusion to power-law
creep. The diffusion is controlled by the slowest cation with an activation
energy of 566 kJ/mol. The inverse grain exponent in air is found to be 2.3
and indicates diffusion mainly through the bulk. The creep behavior is
characterized by an oxygen partial pressure exponent of m=0.04 at
pO, > 10" atm. At even lower pO,, the creep rates increases and the
behavior is characterized by an oxygen partial pressure exponent of -0.5. At
the same time, the activation energy increases from values between 532 and
479 kJ/mol in the m = 0.04 pO,-range to 885 kJ/mol in the m =-0.5 pO,-
range. The inverse grain exponent changes with changing pO, to 2.07 in the
m =-0.5 pO,-range and indicates that the contribution of bulk diffusion
changes from predominant to nearly pure bulk diffusion.

We have recently started an experimental program focusing on
Lag 5Srg sFe;xCo,03.5 materials. The materials have been characterized with
respect to thermal expansion, chemical expansion and oxygen
stoichiometry,” mechanical properties such as fracture strength and
toughness *° and oxygen permeation and long term stability in chemical
potential gradients.’'>*> Here we report on the compressive creep
performance of the corresponding materials. The stress exponent, the
inverse grain size exponent, the oxygen partial pressure exponent and the
activation energy are found, and the mechanism for creep discussed.
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Experimental

Materials preparation and characterization

LagsSrosFe;xCox03.5 (x = 0.5 (LSFC) and 1 (LSC)) powders were
synthesized by a modified glycine-nitrate method and calcined as described
previously.?

The powders were single phase according to X-ray diffraction, but
thermogravimetry showed a weight loss around 920°C due to the phase
transition of Co304 to CoO. The Co304 content was determined by using the
weight loss obtained while heating crushed sintered samples (2°C/min) to
1100°C. The results are summarized in Table 1. The density of the cylinders
was measured by the Archimedean method (ISO 5017) in isopropanol and
the result is summarized in Table 1. The theoretical densities used were
629 ¢ cm” (LSFC) and 6.42 g cm” (LSC), calculated from x-ray diffraction
patterns and oxygen non-stoichiometry. The oxygen non-stoichiometry, 8, at
room temperature is found for both materials by iodometric titration and
reduction in hydrogen.”® The characteristics of the two materials are given
in Table 1.

Table 1: Density, oxygen non-stoichiometry and Co3;04-content in

Lag 5S1g sFe1.xCoxO3.s.
Composition  Label Co0304 Density 3-3
[wt%] [%0]
x=0.5 LSFC 0.99 97 2.963 £ 0.016
x=1 LSC 0.98 99 2.963 +0.014

Calcined powders were pressed uniaxially into cylinders (diameter 10 mm,
60 MPa), which were finally pressed isostatically at 200 MPa. The relative
green densities obtained were 52-54 %. LSFC was sintered in air at 1150°C
for 12 hours. LSC was sintered in air at 1150°C for 12 hours and at 1250°C
for 36 hours in order to obtain samples with different grain size. The heating
rate was 200°C/h. To avoid cracking during cooling, the cooling rates were
50°C/h (1150/1250-750°C), 6°C/h (750-450°C) and 100°C/h (450°C-room
temperature).

The end faces of the cylinders were grinded to a height-to-diameter ratio of
approximately 2:1 and polished (until diamond size of 1 pum) to verify
parallelism. The uncertainty in sample height is measured to & 20 pm.
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X-ray powder diffraction (XRD) of powders and crushed sintered samples
was performed on a Siemens D5005 diffractometer (CuKa radiation) in the
20 range 20-80° with a 0.030° step and step time 8 s. Investigation of the
calcined powders and crushed sintered samples showed single phase
materials. The cubic cell parameters obtained from the diffraction patterns
for powder calcined at 900°C were 3.842 + 0.001 A and 3.833 + 0.002 A for
LSFC and LSC, respectively.

Microstructural analysis was performed using a Hitachi S3500 N scanning
electron microscope. The grain size was measured by a linear intercept
method after thermal etching (1130°C, 0.2 h). Ten SEM images were taken
from different parts of the polished and etched surfaces of sintered samples.
The number of grain boundaries of six different lines at constant distance
across the pictures was counted and the grain size was calculated. Here, we
have assumed that the grain size is equal to the intercept length without
further notice. The microstructure of samples after creep measurements was
investigated by SEM. Samples of both compositions were polished and
thermally etched after the creep experiments to look for differences in grain
shape.

Experimental setup

The setups for the compression creep tests in different atmospheres are
shown in Figures 1 and 2. For the setup in air atmosphere, the samples were
placed between two alumina push-rods. The specimen and the push-rods
were heated to set-point temperature with a resistance-heated furnace (80
mm vertical hot zone). A thermocouple was positioned close to the
specimen and controlled the temperatures to + 1°C by a Yokogawa LIP5S50E
controller. Another thermocouple was also positioned close to the specimen,
and operated as a safety thermocouple connected to a Yokogawa UT350L
controller. A high temperature capacitive extensometer (Instron) was used
to measure the displacement of the push-rods. A load cell was griped to the
lower alumina tube and controlled the load.

For the measurements in inert atmosphere, the specimens were placed
between two SiC push-rods. The upper push-rod had a hole in the end
towards the specimen. Between the specimen and this hole, a semi-spherical
piece of WC was placed to intercept possible variations in the parallelism of
the specimen. The sample and the push-rods were placed in a furnace with
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carbon heating element inside a controlled atmosphere chamber. A
thermocouple was positioned close to the specimen and controlled the
temperature to = 1°C by a Yokogawa UPS550E controller. A high
temperature capacitive extensometer (Instron) was used to measure the
displacement of the push-rods. A load cell, which was gripped to the upper
push rod, controlled the load.

The test temperatures were 900, 950, 1000°C and 1050°C in air and 900°C
in N. The stress was increased in steps of 5 MPa from 5 MPa to 25 MPa. In
addition, a stress of 28 MPa was used for some of the measurements. Before
terminating the measurements, the load was again set to 5 MPa (labeled 5
MPa-2). At each stress level, the specimens were kept at constant stresses
for 24 h and the strains were measured. The creep rates were calculated
from data points between 18 and 24 h for every stress level. In addition,
stress relaxations were measured by exposing the sample to 25 MPa before
keeping the strain constant and let the stress relax as a function of time.
These results are given in Appendix III. For all creep rate data, the
engineering strain is calculated. The strains were not large enough to give
any differences between true strain and engineering strain.

Alumina pushrod —»

Specimen \

P——
Thermocouples ~ ——__

\

Extension rods

< /

Figure 1:  Schematic drawing of compression creep tests in air. Cylindrical
specimens were used.
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Semi-spherical WC

< \
Extension rods

P %

Specimen _
‘Thermocouple ———

SiCpushrod —»

Figure 2: Schematic drawing of compression creep tests in N,. Cylindrical
specimens were used.

Results

Phase composition and microstructure

Figure 3 a) shows a SEM image of the LSC material sintered at 1150°C and
then thermally etched. The average grain sizes are given in Table 2.

Figure 3: Microstructure of thermally etched LagsSrosCoOs5 (LSCI)
material. a) Sintered at 1150°C and b) after creep measurements.
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Table 2: Average grain size for Lag sSrosFe;.<CoxO3.5 sintered at different

temperatures.
Composition  Sintering temperature Grain size Grain size
[°C] before creep after creep
[nm] [pm]
LSFC 1150 1.1+£0.2 1.5+02
LSC1 1150 1.7+ 0.4 22+04
LSC2 1250 103+£2.6 -

Figure 3b) shows an etched surface of a LSC bulk sample. As seen, there
are no changes in the grain shape compared to before creep measurements.
The grain sizes after creep are given in Table 2. This means that there is no
significant grain growth in any of the compositions during creep, and the
creep rates are not affected by it.

Previous TEM investigations®® have shown that the secondary phase Co304,
which transforms to CoO above 920°C in air, was observed as ~0.5 um
grains located at grain boundaries. The low content of cobalt oxide is
assumed to have insignificant effect on the creep performance, except the
effect of Co-excess on the grain boundary chemistry as discussed further
below.

Creep data

An example of typical creep curves is given in Figure 4 where strain vs.
time is given for LSFC and different stress levels at 950°C. The minimum
creep rates are calculated from the linear region between 16 and 24 hours.
The parameters for creep were obtained by fitting the experimental data to a
generalized steady-state creep relationship33 given in equation (1)

e‘:A{-j;} (p0,)" 0" exp[—j%} 6))

where ¢ is the steady-state creep rate, A is a constant, d is the grain size, p
is the inverse grain size exponent, pO; is the partial pressure of oxygen, m is
the oxygen partial pressure exponent, ¢ is the applied stress, n is the stress
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exponent, Q is the activation energy, R is the gas constant and T is the
absolute temperature.

o —
0.0 "T‘E::.‘ 5 MPa‘;
02F ™ “'*\,__\\ 10 MPa)

% :3:2 “ \ \\\\@\ﬁaé

£ 08} :

? 0} e g
12 F . 20 MPa’
—16

0 5 10 15 20 25
Time [h]

Figure 4: Strain vs. time for different stress levels for
Lag 5Sry.5Feq5C00.503.5 at 950°C.

A summary of the obtained creep rates at different stresses, temperatures,
oxygen partial pressures and grain sizes are given in Tables 3 and 4. Table 3
shows the data for LSFC while Table 4 shows the data for LSC.
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Table 3: Minimum creep rates for LagsSrgsFeosCopsOs.s at different
stresses, temperatures and oxygen partial pressures.

Temperature Grain size  pO; Stress  Steady-state creep rate

[°C] [um] [atm] [MPa] 107 s™]
900 1.1 0.21 5.00 1.53
10.00 3.67
15.01 3.91
20.01 7.59
25.01 8.90
28.01 15.6
5.00 1.33
950 1.1 0.21 5.00 10.1
10.00 24.2
15.00 78.4
19.99 166
25.00 249
5.00 2.90
1000 1.1 0.21 5.00 6.57
10.00 36.1
15.00 100
19.99 189
24.99 290
27.92 356
5.00 6.40
1050 1.1 0.21 5.00 57.6
10.00 342
15.01 614
900 1.1 107 5.02 33.8
9.99 36.4
15.02 50.8
20.03 65.5
25.03 87.5
28.02 102
5.00 7.71
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Table 4: Minimum creep rates for LagsSrosCoQO;.5 at different stresses,
temperatures, oxygen partial pressures and grain sizes.

Temperature Grain size pO, Stress  Steady-state creep rate

[°C] [um]  [atm] [MPa] [107 s
900 1.7 0.21 5.00 0.780
10.00 1.02
15.00 1.37
20.00 1.60
25.00 1.76
28.00 1.92
5.00 0.763
950 1.7 021  5.00 7.28
10.00 13.8
15.00 20.4
19.99 30.7
25.00 48.7
5.00 2.57
1000 1.7 0.21 5.00 18.9
10.00 81.8
15.00 184
19.99 290
24.99 393
5.00 9.90
1000 10.3 021  4.99 2.50
9.98 10.6
14.97 17.6
19.96 21.9
24.94 31.8
4.99 4.55
900 1.7 10° 5.01 88.3
9.99 94.4
15.02 114
20.03 145
25.03 225

By plotting logarithmic creep rate versus logarithmic stress and adjust a
linear regression, the stress exponent n in equation (1) can be calculated
from the slope. This is shown for the two materials in Figure 5a) and b). The
different stress exponents for the different compositions, temperatures and
atmospheres are given in Table 5.
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Figure 5:

In (stress/MPa)

Presentation of In creep rate vs. In stress for
Lag sSrysFepsCo0503.5 (@) and LagsSrysCo0s.5 (b) at different
temperatures. The slope of the curves gives the stress exponent
n.
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Table 5: Stress exponents for LagsSrosFe;xCoyOs.5 at different
temperatures, oxygen partial pressures and grain sizes.
Composition Temperature Grainsize pO,  Stress exponent

X [°C] [um]  [atm] [n]
0.5 900 1.1 0.21 1.24+£0.12
950 1.1 0.21 2.42+0.29
1000 1.1 0.21 2.36 + 0.04
1050 1.1 0.21 2.20+0.30
900 1.1 10° 1.05+0.27
1 900 1.7 0.21 0.53 + 0.02
950 1.7 0.21 1.45+0.25
1000 1.7 0.21 1.91 £ 0.08
1000 10.3 0.21 1.54 +0.15
900 1.7 10° 0.90 + 0.22

The activation energy, Q in equation (1), can be calculated from the linear
regression of a plot of In creep rate versus inverse temperature at constant
load. The data is shown in Figure 6. The calculated activation energies are
398 + 28 klJ/mol for LSFC and 619 + 56 kJ/mol for LSC. However, the
activation energies seem to increase with increasing stress. Table 6 shows
the activation energy for LSC at the different stresses.

Table 6: Activation energy for LagsSrgsCoO;.5 at different stresses and
temperatures between 900°C and 1000°C.

Stress Activation energy
[MPa] [kJ/mol]

10 545 + 46

15 609 + 22

20 647 + 35

25 673 £ 72

The inverse grain size exponent (p) can be found from a linear regression of
a log-log plot of strain rate versus inverse grain size at constant stress and
temperature, shown in Figure 7 for LSC at 1000°C in air. The average value
obtained is 1.28 + 0.14.
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grain size exponent p.

By plotting In creep rate versus In pO; at constant temperature and stress,
the oxygen partial pressure exponent m can be calculated. Figure 8 shows
the plots for LSFC (a) and LSC (b) at 900°C. m is determined to
-0.23 £0.04 and -0.46 £ 0.02 respectively, assuming an oxygen partial
pressure of 10” in nitrogen. The pO, may be higher due to oxygen release
from the sample. By assuming an oxygen partial pressure of 10, m will

change to -0.31 + 0.05 for LSFC and -0.60 + 0.02 for LSC.
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The temperature-compensated creep rate (TCCR) is calculated by dividing
both sides of equation (1) by the exponential temperature term exp(-Q/RT).
Plot of TCCR versus In stress for the different compositions are shown in
Figure 9. The slope of the plots gives the mean stress exponent for the
different materials. For LSFC, n is equal to 1.83 +£0.23 and for LSC, n is

1.32+£0.21.
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Figure 9:  Plot of temperature-compensated creep rate (TCCR) versus In
stress for LagsSrgsFesCogs503.5 (LSFC) and Lags5SrysCo0Os.5
(LSC). The dotted lines indicate the 95% confidence interval.
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Discussion

Microstructure

The microstructure analysis of the materials confirmed that the grains
remained equiaxed after creep. No significant grain growth and no
indication of elongation of the grains could be observed, as shown in Figure
3. Some kind of diffusion accommodated grain boundary sliding has been
suggested as the mechanism for creep based on similar observations in
Lag»Srg gFegCrp,05.5 and SrCoo,gFeole3_5.9’ 2527, 33 A purely diffusional
creep mechanism such as Herring-Nabarro or Coble creep®* would imply
uniform elongation of all grains.

The materials in this study have been sintered at 1150°C. The sintering rate
of green bodies has also been investigated by dilatometry and the onset for
sintering of calcined powder is observed at §10°C for LSC and 840°C for
LSFC with maximum sintering rate around 1065°C for LSC and 1100°C for
LSFC. Figure 10 shows sintering performance for cold isostatic pressed
LSFC and LSC green bodies, both containing minor amounts of secondary
phase Co304. The sintering curves show that sintering occurs at lower
temperatures for LSC compared to LSFC, both the onset for sintering and
the maximum sintering rate. This is in good accordance with the higher
creep rates for LSC, and the mechanisms for creep and sintering in these
materials seem to be related.

The materials used in this study where not phase pure but contained some
minor content of a Co304, which transformed to CoO at high temperatures.
Since we have no creep data on phase pure materials, the influence of the
secondary phase is not clear. However, it is previous seen®® that powder
with increasing amount of secondary phase need longer sintering time. It is
believed that this may influence the creep rates in the same way. In addition,
the grain boundary chemistry is obviously affected by the excess amount of
Co, and if grain boundary diffusion is the dominant diffusion mechanism, a
change in the overall cation stoichiometry might change the creep
performance.
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Figure 10: Sintering curves for green bodies of LagsSrosFepsCoos0s.5
(LSFC) and Lag 5Sr5Co0s.5 (LSC) as a function of temperature.

Stress exponent

The values for the stress exponent alone indicate a diffusion controlled
mechanism in the stress range investigated. Traditional diffusional creep
models (Herring-Nabarro and Coble) as well as models involving grain
rotation or sliding®* all predicts n=1. Stress exponent close to unity has
been observed in a number of different perovskite materials® * % 1 1928
Table 7 shows creep parameters for selected compositions. At higher stress
levels than used here, a sharg transition to power law creep has been
observed in similar materials.”>*

For deformation to occur in diffusional creep, the entire unit cell of the
compound must be transported. For a multi component material, the

diffusion rate will be controlled by the slowest moving specie along its
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fastest path. In this material, the activation energy for oxygen ion diffusion
is considerably lower than the activation energy found for creep, and it is
clear that cation diffusion is rate limiting. The diffusion of Co/Fe in these
materials has been observed to be faster than Sr/La’' and grain boundary or
bulk diffusion of Sr/La are most likely controlling the creep performance.

Table 7: Creep parameters of perovskite materials in air. GBS = grain
boundary sliding, LD = lattice diffusion

Composition Temp n Ea p Ref
[°C] [kJ/mol]
SrFe0s4 800-1000 unity 260+30 i
BaTiO; 1200-1300 ] 720 2 10
BaTiO; 1150-1250 2 800 6
Lag §Sro,MnOs 1165-1265  1.3+0.2 530+40 1
Lag 9Sro 1 MnOs 1150-1300  unity 490 19
(LaooSr01),GagsMgo»0;5  950-1350  1.49+0.10  426x9 3.1 (z=0.98) %
(z=1, 0.98, 0.95) 1.9 (z=0.95)
L%AgSYQvQG%.g5Mgo_1503 1200-1300 unity 521+£15 . ’22
SrCoq sFe 2054 850-975 unity 457 (T<925)  Unity >
2229 268 (T>925) 2324
Lag,SrosFeqsCro-,0sq  1100-1200 1.4 566 2.3 2528

Inverse grain size exponent

For LSC an inverse grain size exponent of 1.28 +0.14 was determined.
Such a low inverse grain size exponent and stress exponent close to unity is
relatively rare. In perovskite materials grain size exponents closed to 2 has
been reported for BaTiO;,'®  (LagoSro1).GaosMgo035°  and
Lao,ZSro_gFeo_gCro_zOg.-5,25'28 while in SrCoggFe(,03.5 a similar low value
have been reported.” > ** An inverse grain size exponent of 2 indicates
grain boundary diffusion, while 3 indicates bulk diffusion.>* The seemingly
unusual low influence of the grain size on the strain rate observed here
indicates that grain boundary diffusion might be dominating. However, the
presence of the secondary cobalt oxide phase might have an influence on the
grain size exponent.
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Activation energy

The apparent activation energies of the two materials were significantly
different. Apparent activation energies for creep in perovskite materials
reported in the literature is included in Table 7, and varies considerably in
the range 260-800 kJ/mole. As shown in Table 6, the apparent activation
energy for LSC seems to depend on the stress level. The reason for this
behavior is not clear. There is also no obvious reason for the relatively large
change in activation energy between the two materials. Generally in
materials with high content of secondary phases low activation energies
have been reported.'” Here, the two materials have the same amount of
secondary phase. However, it might be possible that this phase affect the
creep rates in different ways. In addition, the secondary phase undergoes a
phase transition from Co3;04 to CoO at 920°C. This can affect the
calculation of activation energy since the transition occurs between the
lowest temperature and the other temperatures for creep measurement. More
creep data around the phase transition temperature are necessary to be sure
of the influence.

As mentioned previously these activation energies are far higher than
reported for oxygen ionic diffusion in perovskites (< 100 kJ/mole).
Activation energies for tracer diffusion of cations in perovskites are in the
same range as reported for creep.’>*® In those cases where grain boundary
diffusion has been differentiated from bulk diffusion, activation energy for
grain boundary diffusion has been reported to be considerably higher.

Oxygen partial pressure exponent

The oxygen partial pressure exponents, -0.23 +0.04 and -0.46 + 0.02 at
900°C for LSFC and LSC respectively, show a larger creep rate at low
oxygen partial pressures than in air. There are few reports on creep in
perovskite materials in variable atmosphere. Cook et al.!! reported m < 0 for
La; xSrxMnOj3.5 and pO, > 107 and assumed the oxygen vacancies to be rate
controlling. Majkic et al. 2% report the same trend for
Lag2SrsFepCro2035 at pO; < 10" atm. The standard random defect
model based on non-interacting point defects could not describe the
observed creep behavior. They explain the creep mechanism by a model

taking account of <Bg ~V; —B;B> cluster formation. The effect of the

94



clusters on the diffusion rate arose from cluster interactions forming
channels with low B site cation diffusion.

We have no reasons to assume a similar mechanism for creep in these
materials. However, the oxygen non-stoichiometry, 8, and then the molar
volume is seen to be very dependent on temperature and atmosphere above
500°C.* The oxygen vacancy concentration is high at the temperatures
where the creep measurements are performed. The chemical expansion due
to the oxygen vacancy formation causes larger unit cell volume and hence
more space for the diffusing ions. This may cause higher diffusion rates.
Therefore it is assumed that the oxygen vacancies contribute to the creep
mechanism, especially in inert atmosphere where the concentration is
higher. This may give rise to different mechanisms for cation diffusion with
possible lower activation energy in N, compared to air. The cation vacancy
concentration is assumed to be independent of oxygen partial pressure at
such high oxygen vacancy concentrations.

Influence of creep for applications of the materials

The creep rates observed here were dependent on the oxygen partial
pressure. For a membrane exposed to oxygen partial pressure gradients,
there will be a gradual change in creep resistance from oxidant to fuel side.
The material close to the fuel side will experience a drastic increase in the
rate of deformation compared to the high pO, side. In addition, higher
fracture toughness can be expected at this side because of possible
diffusional crack blunting and crack healing.”® How creeg) influences in a
membrane, depends on the pO, profile. Hendriksen et al.” have calculated
an approximately linear profile for a LaggSry4CogoFeq303.5 membrane
under operating conditions. Other conditions may give rise to different
profiles. It is previously seen?’ that the surface exchange coefficient, Kchem,
decreases with decreasing pO, for LSC, and this may affect the profile. An
assumed behavior of almost constant values from the low pO, side followed
by a larger increase close to the high pO; side may cause an almost constant
creep rate until close to the oxidizing surface followed by a significant
decrease.

High creep rates gives possibilities for creep relaxation in the materials.
Table 8 gives absolute creep rates for different materials at 1200°C in air
and at 5 MPa load. For most of the compositions the reported values are
estimated from other temperatures and/or different loads. In addition the
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grain size is varying. However, the values are useful for general discussions.
A limited number of compositions make it difficult to draw particular
conclusions, but A-deficient materials seem to have lower creep rates. By
keeping a fixed La/Sr ratio on A-site, a change or substitution on B-site will
change the creep rate dramatically. Removing of La in La-Sr-Fe-Co
materials seems to increase the creep rate and few cations may give the
impression of higher creep rates than high substitution level. At high applied
stresses on a membrane, the membranes with high creep rates will deform
instead of failure due to fracture. Other materials with lower creep rates
have larger potential for fracture during operation. Too high creep rates will
on the other hand give rise to problems with the dimension stability.

Table 8: Creep rates at 1200°C in air and 5 MPa load for different

compositions.
Composition Creep rate  Grain size Ref
[s-1] [um]
SrFe0;.4, 5% A excess 4107 <5 .
SrFe0;.q, 5% B excess 3107 <5 12
BaTiO; 610 19.3 10
Lag 9Sro ;MnO; 1-10°® 5 1
Lag oSt0.1Gag sMgo 203 1-10°® 19.6 2
(Lag.9S10.1)0.98Gag sMgp 203 4-10” 16.2 20
(LaosSro.1)o0sGagsMgo20;  3:10° 21.2 »
Lag gSrg2Gag ssMgo.1503 2-107 8 2
Lag 5Srp sFepsCo503.5 3-10°® 1.1 This paper
Lag sSr5C0045 4-10°° 1.7 This paper
SrCoq sFeq 2034 9103 2.4 ’
Lag2Sro sFeo sCro203.4 6107 3.2 %

Experimental difficulties

The creep measurements were performed by increasing the load from 5 MPa
to the maximum load, and then back to 5 MPa. At this lowest load, the creep
rates sometimes differ from the expected linear relationship versus load,
both at first and second loading. We do not have any explanation for this
non-reproducibility. Non parallel edges of the samples could have given a
larger creep rate until the edges are parallel, but this can not explain the
behavior for the second time at 5 MPa. Therefore, all the data obtained are
used in the calculations of the exponents and the activation energy.
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The assumed oxygen partial pressure for measurements in inert atmosphere
is a moment of uncertainty. The pressure is only measured in the flow into
the furnace chamber, not out of the chamber. However, calculations show
that the oxygen partial pressure exponents are not so sensitive to the oxygen
partial pressure and the given exponents and standard deviations are within
the assumed pO, variation.

Previous studies have shown that the phase transition Co3;0; — CoO give
rise to a volume expansion of 16.4 vol% at 920°C.*° This may cause stresses
in the perovskite matrix surroundings and further crack trapping and
enhancement of the fracture toughness. Most likely, the creep can cause
relaxation of the material and reduce the stresses. Figure III-1 in Appendix
III shows that by keeping the strain constant, the stress will relax until 50%
of original value within a time aspect of three hours.

Conclusion

The steady state compressive creep performance of the perovskite materials
Lag sSrgsFeqsCops03.5 (LSFC) and LagsSrgsCo0;s (LSC) has been
determined at temperatures between 900 and 1050°C and stresses from 5 to
28 MPa. The stress exponent has been found to be close to unity. The
microstructure after creep gave no indication of grain growth and elongated
grains, only equiaxed grains were observed after creep. These two
observations point to a diffusion related mechanism for the creep. The grain
size exponent for the LSC material was determined to be 1.28 + 0.14, which
is an unusually low grain size exponent for ceramics. The apparent
activation energy for creep was considerably higher for LSC (619 + 56
kJ/mol) than for LSFC (392 + 28 kJ/mol). The influence of a secondary
phase due to deviation from the nominal cation stoichiometry is proposed as
a plausible explanation for the large difference in the activation energy. The
creep performance in inert atmosphere of both materials was also
determined at 900°C. Considerably higher creep rates were observed for
both materials in N, atmosphere at 900°C compared to air. The higher creep
rate under reducing conditions suggest that creep relaxation of mechanical
or chemical induced stresses is proposed to enhance the mechanical stability
of oxygen permeable membranes.
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Abstract

The Young’s modulus, strain-stress behavior, fracture strength and fracture
toughness of LagsSrosFe;«CoxOss (0<x<1) materials have been
investigated in the temperature range 20-1000°C. The Young’s modulus at
room temperature measured by resonant ultrasound spectroscopy of the
materials with x = 0.5 and x = 1 were 130 = 1 and 133 + 3 GPa,
respectively. A non-linear stress-strain relationship during 4-point bending
observed at room temperature was inferred as a signature of ferroelastic
behavior. Above the ferroelastic to paraelastic transition temperature the
materials showed elastic behavior, however, at temperatures from about
800°C a non-elastic respond was observed due to creep. The room
temperature fracture strength measured by four-point bending was in the
range 107-128 MPa. The fracture toughness measured by SEVNB method
was 1.16 + 0.12 MPa-m” at room temperature for the material with x = 0.5.
The measured fracture strength and fracture toughness were observed to
increase with increasing temperature. Possible reasons for this increase in
fracture strength and fracture toughness were discussed. Tensile stress
gradient caused by oxygen non-stoichiometry gradients frozen in during
cooling was proposed to explain the low ambient fracture strength and
toughness.

* Correspondence to Tor.Grande@material.ntnu.no



Introduction

Sr-substituted LaFe;CosO35 materials are candidates for oxygen
permeable membranes, gas sensors and electrodes in high temperature
electrochemical devices due to their high electronic and ionic conductivity
at elevated temperatures.'® One of the main challenges for these
applications is to prevent mechanical failure during fabrication and
operation. Therefore, knowledge of mechanical properties of these materials
is essential. Of special importance are the mechanical properties at operation
temperatures, due to the desired long lifetime and estimation of reliability.
Several reports on the fracture strength and fracture toughness of various
perovskite materials with ionic or mixed conductivity have been published
over the last two decades. However, only a few studies of the temperature
dependency of the mechanical properties for these perovskite materials have
been reported. The room temperature fracture strength of perovskite
materials based on LaMO; (M = La, Co, Mn, Cr, Ga) measured by four
point bending is typically 100-160 MPa.”'! The corresponding room
temperature fracture tou§hness of the materials are reported in the range
1.3-2.8 MPa-m”® 213 \where orthorhombic perovskites have higher
fracture toughness than rhombohedral and cubic perovskites. For
thombohedral and cubic materials, the fracture strength generally decreases
with increasing temperature.® ' ' The fracture toughness is either constant
or decreasing with increasing temperature.® '>'° There are conflicting
reports on the Young’s modulus of these materials. Young’s modulus in the
range 100-200 GPa have been reported, but there is no physical explanation
for the large variation. Different methods have however been applied, but
when data from the most reliable techniques'® are considered, the Young’s
modulus of LaMOs-materials is in the range 120-200 GPa,!% 12 1617

Lag sSrpsFe1.xCox03.5 materials are rhombohedral perovskites at room
temperature, but transforms to cubic structure around 300°C.'* From
ambient temperature to 1000°, a linear expansion of 1.5-2.3 % in air or
1.7-2.5 % in N3 is found. At the same time the oxygen non-stoichiometry,
3-8, decreases from 2.93-2.97 to 2.78-2.84 in air or 2.66-2.77 in N2.18
Recently, it has been shown that rhombohedral and orthorhombic perovskite
materials demonstrate a ferroelastic behavior,” ' 13 1920 j o 4 hysteresis
behavior in stress-strain relationship. Lag 5Srq sFe;.xCoxOs.5 materials fulfils
the criteria to be ferroelastic, i.e. a phase transition between the ferroelastic
phase and a high temperature paraelastic phase (cubic) introducing twin
boundaries or domains in the materials and secondly that these domains can
be reoriented by external stress.”' The reorientation of the ferroelastic
domains under mechanical stress may lead to toughening of the materials
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and the temperature dependence of the fracture toughness of rhombohedral
and orthorhombic perovskites have been related to the ferroelastic
behavior.” " In the paraelastic phase no domains are present and the
materials show elastic behavior.

Lag sSrgsFe1.xCoy03.5 materials show low creep resistance at elevated
temperatures.*>2* Creep rates in the range 1-10° — 2:10® s are reported at
900°C for x=0.5 and x=1, and even larger creep rates at higher
temperatures or in inert atmosphere.”’ Even at operating temperatures
around 800°C for devices with these materials, compressive creep rates are
found to be significant. Creep may also give rise to systematic errors in
bending experiments as shown in this paper.

We have recently performed an experimental study focusing on
Lay 5sSrosFe;.xCoxOs.5 materials. Here, we report on Young’s modulus,
strain-stress behaviour, ferroelasticity, fracture strength and fracture
toughness of these materials. Particular attention is devoted to the observed
temperature variation of the measured mechanical properties.

Experimental

Materials preparation

Lag5Sro.sFerxCox035 (x = 0.5 (LSFC), 0.75 (LSF25C75) and 1 (LSC))
powders were synthesized by spray drying of glycine/nitrate solutions as
described elsewhere.'® Calcined powders were uniaxially pressed (60 MPa)
into bars (8x8x58 mm, for four-point bending) or cylinders (diameter 10
mm and length 20 mm, for resonant ultrasound spectroscopy), and finally
pressed isostatically at 200 MPa. The relative green densities obtained were
52-54 % of theoretical. The samples were sintered in air at 1150°C for 2
(LSFC1, LSF25C75) or 12 h (LSFC2, LSC). The heating rate was 200°C/h.
To avoid cracking during cooling, the cooling rate was 50°C/h (1150-
750°C), 6°C/h (750-450°C) and 100°C/h (450°C-room temperature).

Bars for mechanical testing were machined (Mil. Spec. 1942) to
3x4x45 mm®. All the edges were chamfered. After machining, some of the
bars were annealed at 500°C for 2 h to eliminate possible preferential
orientation of ferroelastic domains caused by the machining. The end faces
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of the cylinders were ground and polished (until diamond size of 1 um) for
determination of Young’s modulus.

Characterization of microstructure and phase composition

The microstructure of the materials before and after the mechanical testing
was investigated with a Hitachi S3500N scanning electron microscope
(SEM) and a JEOL 2010F transmission electron microscope (TEM)
equipped with a field emission gun (FEG), operating at 200 kV. The grain
sizes were estimated by a linear intercept method from SEM-images of
polished (1 um diamond finish) and thermally etched (0.2 hours, 1130°C)
surfaces. Ten images were taken from different parts of the polished
samples. To verify the phase purity, X-ray powder diffraction (XRD) of
calcined powders and sintered materials were performed on a Siemens
D 5005 6-0 diffractometer using CuK radiation. Thermogravimetry (TG)
was performed using a heating rate of 2K/min on the crushed sintered
samples using a Netzsch STA 449C instrument up to 1100°C. Dilatometry
(DIL) was performed on sintered samples using a Netch DIL 402C
instrument up to 1000°C.

Characterization of mechanical properties

Four-point bending strength of machined specimens was measured at
different temperatures between room temperature and 1000°C using a fully
articulating 40/20 span SiC bend fixture (MTS Model 642.85). Deflection of
the specimens during loading was measured with a MTS Model 632.70-03
Bend Bar Extensiometer with three extensiometer pushrods (Model 602.81).
The two outer pushrods were placed in correspondence with the two upper
rollers of the bend fixture, while the third was placed in the center of the
sample. Details are given in Appendix IV. A total of 5-11 bars were tested
for each temperature. Fracture toughness (Kjc) was measured by the single
edge notch beam (SENB) method or single edge V-notch beam (SEVNB)
method at different temperatures using the same fixture as described above.
The notch depths of the SENB specimen were ~ 0.8 or 1.2 mm and the
widths were ~ 0.2 mm. For the SEVNB specimen, the notches were
machined to 0.8 mm and further cut with a razor blade to totally 0.9-1.0 mm
to make a V-notch. The fracture toughness was calculated using equations
from ISO 15732,2% see Appendix V. A total of 3-4 bars were tested at
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each temperature. The mechanical testing was performed by using a Cormet
20 kN electromechanical machine with a 2 kN HBM load cell and a
Sigmatest controlled-atmosphere furnace with a Kanthal A heating element
and nickel radiation shields. The heating rate was 200°C/h while the cooling
rate was 300°C/h. The furnace chamber was evacuated and backfilled with
synthetic air before the high temperature measurements, and the
measurements were performed in flowing synthetic air. The bars were
equilibrated at the measurement temperature for one hour prior to the
measurements. For the high temperature measurements, the samples were
exposed to a load of 14 MPa at during the heating to avoid any movements
in the fixture during the heating. The measurements were performed in
position control with a rate of 8 pm/s for four-point bending and 1 pum/s for
SENB and SEVNB measurements The dimensions of the specimens were
corrected for thermal expansion.'® One of the LSF25C75 bars was kept at
800°C at constant stress (25 MPa) for 18 hours and the creep rate in the
steady state region at the end of the relaxation was calculated. The fracture
surfaces were examined by SEM to determine the fracture origins.

Selected LSFC2 samples were also heat treated in flowing N,
(pO, ~ 107 atm) at 800 or 1000°C to prepare samples for measurement of
fracture strength and fracture toughness at elevated temperature in N.
Heating and cooling rates in the ranges 15-100°C/h and 50-100°C/h,
respectively, were tried. Due to extended fracture of the samples after
cooling, only two samples were tested for fracture strength at room
temperature according to the procedure described above.

The Young’s modulus of the LSFC and LSF materials was measured by
resonant ultrasound spectroscopy (RUS). Cylinders were placed on the top
of three piezoelectric transducers, and further placed in a resistance heated
furnace with controlled atmosphere. Measurements were performed for each
sample in the 50-400 Hz frequency range with a resolution of 0.035 Hz. A
multidimensional algorithm (Quasar International) were used to analyze the
spectra by fitting the obtained frequency peaks to theoretical peaks based on
dimensions, density and a set of guessed elastic constants. New elastic
constants were then calculated. Young’s modulus for the materials was
obtained for every 100°C from room temperature up to 1200°C in air and N,
atmospheres (pO, ~ 10 atm).
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Results and discussion

Microstructure and phase composition

The relative density, average grain size, and excess Co304 content in the
materials” are given in Table 1. The theoretical densities used for the
calculation of theoretical density were 6.29 gem™ (LSFC), 6.30 gem™
(LSF25C75) and 6.42 gcm'3 (LSC) calculated from x-ray diffractograms
and oxygen non-stoichiometry.'® The influence of secondary phases was
neglected in the calculation of theoretical densities.

Table 1: Relative density, average grain size and excess Co304 content for
the LagsSrosFe;xCoxOs5 materials sintered at different

temperatures.

Composition Label Sintering Rel. Grainsize  Co304
X time at density [um] content
1150°C[h]  [%] [wt%]

0.5 LSFCl1 2 97 0.8+0.1 0.10

0.5 LSFC2 12 95 1.1+0.2 0.99

0.75 LSF25C75 2 97 14+0.3 2.8

1 LSC1 12 99 1.7+ 04 0.39

1 LSC2 12 99 1.7+£04 0.98

A typical image of the microstructure of these materials is shown in Figure
1. The pores in the materials were sub-micron in size as seen in the insert in
Figure 1. Larger flaws observed as the fracture origins did also contribute to
the closed porosity.

Thermogravimetrical analysis showed that small amounts of Co304 were
present in the samples (Table 1), indicating a small deviation from nominal
composition.22 The excess Co304 was located in grains about 0.5 pm in size
consisting of several Co3;0O4 crystallites as shown in the TEM-image in
Figure 2. The Co30;4 crystallites were formed according to reaction (1) when
excess CoO was oxidized to Co304 during cooling of the material from the
sintering temperature.

3Co0+ %40, (g)— Co,0, (1)
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Figure 1: SEM image of etched surface of Lag sSrgsFegsCogs03.5 material
sintered at 1150°C for 12 hours (LSFC2). Insert: Polished
surface of the same material.

The expansion due to reaction (1) is 16.4 vol%, which introduces
compressive “radial” stresses and tensile hoop stresses in the perovskite
matrix surrounding the Co304 inclusions. For LSF25C75 containing
2.8 wt% Co30y4, the expansion was observed by dilatometry between 950°C
to 910°C to be 0.3 vol%.?” For the other materials, the effect of the Co;0;4
inclusions was not detected by dilatometry. The stresses generated around
the Co304 inclusions due to the volume expansion may result in crack
trapping and enhancement of the fracture toughness.”®
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Figure 2: TEM image of LagsSrosFeqsCoos0s.s (LSFC1) with an
inclusion consisting of several Co30y crystallites.

Young’s modulus

The Young’s modulus of the LSFC2 and LSC2 materials measured by RUS
in air and N; is shown as a function of temperature in Figure 3.

The average value of the Young’s modulus for LSFC and LSC for
T<400°C is 130+1 and 133+3 GPa, respectively, independent on
atmosphere. Generally a decrease of about 1% per hundred Kelvin in
Young’s modulus is expected with increasing temperature for
polycrystalline ceramics without grain boundary softening.”® Two of the
data sets actually demonstrate a depression of the Young’s modulus with
increasing temperature. The temperature dependence of Young’s modulus
can also generally be described by equation (2) according to Hillig”!

3

£:1_ I ()
E, T

m

112



140_"'I"'l"'l"'!'"I"'l"

g ° LSFC air
138 o LSFC N, ]
: u n LSC air |
136 g o ™ u. % . o O LSCN, 1
© i m M sFe0, |
o 134 5 = 3 .
0] A “ ——— LlaFeO; |
— 132 '-_. .
2] - i ]
2 130 IRy O e E‘! j
= i .. g » 0 ]
T 128} ' . °* :
£ i ) 5 i ]
Ul 126: -.Q. ]
124 : SR _-
122 o ]
120 TN BT i \ M IS ST BT RS

0 200 400 600 800 1000120014001600

Temperature [°C]

Figure 3: Young’s modulus of LagsSrosFeosCoo503.5 (LSFC2) and
LagsSrp5C00s3.5 (LSC2) in air and N, as a function of
temperature, measured by resonant ultrasound spectroscopy.
The solid and the dashed lines represent the model from
Hillig”" and the dotted lines are guides to the eye.

where Eg is the Young’s modulus at room temperature, T is the actual
temperature and Ty, is the melting temperature of the material. The model is
compared to the measured data in Figure 3 using E, = 131 GPa and the
melting point of LaFeO;3 ** (dashed line) and SrFeO; 3*** (solid line). The
model predicts a considerably sharper reduction of the Young’s modulus
with increasing temperature than observed. Hence, the thermal and chemical
expansion'® is not significantly influencing the value of the Young’s
modulus of these materials. Neither is a possible contribution from frozen in
tensional stresses at the surface as discussed later in the fracture strength
chapter. The Young’s modulus of the materials is therefore considered quite
constant in the whole temperature range studied.
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Strain-stress relationship and apparent Young’s modulus

The strain-stress relationship for LSFC2 and LSF25C75 at different
temperatures measured by four-point bending is given in Figures 4 and 5.
LSC1 investigated at room temperature and 800°C showed a similar
behavior as LSF25C75. At room temperature, the strain-stress relationship
is non-linear and for LSFC2 an inflection point around 80 + 10 MPa is
observed (Figure 4). This non-linear behavior is interpreted as the signature
of ferroelast1c1ty in the materials as a part of a hysteresis curve in strain-
stress is observed.” ' For LSF25C75 and LSC, the inflection point in strain-
stress behavior is at a higher stress level than the maximum stress level
obtained here. A higher value is expected because an inflection point of 215
MPa has been observed for Lag;Cap3C0o0; in compression studies.” By
increasing substitution of Ca for La in LaCoOs, an inflection {)omt at a
higher stress level was observed consistent with the present data.'” LaFeOs
has previously been shown to be a soft ferroelastic material with a very
narrow hysteresis loop also consistent with an increasing value for the
inflection point with increasing x in LagsSrsFe;«Co403.5 materials. The
strain-stress data observed at room temperature for the present materials
demonstrates that they are ferroelastic. At 400°C and higher temperatures,
the stress-strain relationship does not show any inflection point, which is in
accordance with the transition to a paraelastic phase above 300°C.'® A linear
stress-strain behavior is therefore expected above the transition temperature.

However, an increasing degree of non-linearity is again observed for
measurements at high temperatures, especially at 1000°C. The steady state
creep rate of LSF25C75 at 800°C and 25 MPa calculated from four-point
bending was 6.8:10"°s? and by extrapolating creep data obtained at
different temperatures and different loads, the compressive creep rate for
LSFC2 at 800°C and at 175 MPa (load corresponding to the fracture
strength) was estimated to 4-10% s by assummg the same creep rate-stress
relationship as the one measured for 1000°C The creep rate in tension is
expected to be even larger than this value.”® These significant creep rates at
800°C and higher temperatures are therefore responsible for the observed
non-linear behavior in the strain-stress behavior.

114



Figure 4:
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Strain vs. stress relationship for Lag sSrg sFepsCog503.5 (LSFC2)
at room temperature, 800°C and 1000°C. Note that for testing at
elevated temperature a pre-stress of 14 MPa was applied to the
sample during heating.
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Figure 5: Strain vs. stress relationship for LagsSrgsFeq25C007503.5
(LSF25C75) at room temperature, 400°C, 600°C and 800°C.
Note that for testing at elevated temperature a pre-stress of 20
MPa was applied to the sample during heating,

The Young’s modulus is proportional to the inverse slope of strain-stress
curves for elastic materials with symmetric deformation behavior. The
apparent Young’s modulus obtained from strain-stress relationships of the
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present materials is summarized in Table 2. The apparent Young’s modulus
is calculated using the inverse slope from the first measured 5-10 MPa of
the strain-stress curves if non-linear behavior is observed.

Table 2: Apparent Young’s modulus and fracture strength of
Lag 5Sry sFe1.xCoxOs3.5 materials at different temperatures measured
by 4-point bending. The given uncertainty is the standard
deviation between the different bars.

Composition Temperature Apparent Fracture Number
[°C] Young’s strength of bars
modulus [MPa]
[GPa]

LSFC1 RT, non-annealed 115+5 107+ 15 11

RT, annealed 116 £ 10 121+£7 5

800 160 + 10 181+13 5

LSFC2 RT, annealed 1187 128 £ 12 8

800 169+ 8 166 + 15 6

1000 121+ 11 181 +23 5

LSF25C75 RT, annealed 115+3 717 6

400, annealed 176 + 8 61+20 3

600 177+ 4 121 £ 11 3

800 160+ 10 120+ 11 5

LSC1 RT, non-annealed 122+5 138+ 12 8

800 157+7 181 +18 6

The apparent Young’s modulus given in Table 2 is not in good agreement
with the values obtained by RUS. Particularly, the temperature dependence
of the apparent Young’s modulus determined by 4-point bending is non-
physical as the Young’s modulus should decrease with increasing
temperature.”® The increasing apparent Young’s modulus from room
temperature to 400°C and above is probably related to the ferroelastic
behavior of the materials below 300°C.

At high temperatures and high stresses, where creep contributes to the
stress-strain relationship, a systematic depression of the apparent Young’s
modulus is expected. At low stress levels the creep is not considered to
affect the stress-strain relationship, and we therefore have no reliable
explanation for the non-physical behavior of the apparent Young’s modulus
from 4-point bending. However, RUS is considered to be a more reliable
method,"® and the Young’s modulus of the materials obtained by RUS is the
far most credible.
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Fracture strength

The fracture strength of the materials obtained by four-point bending is
included in Table 2. This fracture strength value is the linear-elastically
computed strength value for all data even if they are non-elastic. These
calculated values are unrealistic high when non-linear strain-stress
relationship is observed due to the non-symmetric deformation behavior in
tension and compression.>>>®

Machining of the bars prior to the mechanical testing may induce
preferential orientation of the ferroelastic domains due to the stresses
applied. This preferential orientation of domains may reduce the fracture
strength. Here, it is seen that heat-treatment at 500°C for 2 hours gives a
small increase in the fracture strength for LSFC1 at room temperature from
107 £ 15 MPa to 121 + 7 MPa and a decrease in standard deviation is
observed. These results show that the bars should be heat-treated before
measurements at temperatures below the ferroelastic to paraelastic phase
transition temperature in accordance with previous reports."* For
temperatures above the phase transition, the materials are expected to relax
before the measurements and a heat-treatment is not considered to be
necessary.

The fracture origins of all samples were porous regions or flaws with
extension up to 100 pm. In a few cases a secondary phase was observed as
the origin. The fracture mirrors are also easily seen, especially for the
fracture surfaces of bars tested at room temperature. An example of a porous
fracture origin and fracture mirror of LSFC1 is shown in Figure 6. More
images are shown in Appendix VI. At room temperature and 400°C a
intragranular fracture mode was generally observed while at temperatures
above 600°C an intergranular fracture mode was observed as can be seen
from the fracture surfaces of LSFC2 at room temperature and 800°C given
in Figure 7.
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Figure 6: SEM image of a fracture surface after four-point bending of a
Lag 5Srg sFeo sCops03.5 (LSFC1) bar. The fracture mirror is
easily seen. The insert is the fracture origin.

Table 2 shows that the fracture strength increases with increasing
temperature, however, several factors contribute to the uncertainty of these
values. In the following a discussion about these factors is given. Deviation
from linear and symmetrical deformation will lead to systematic errors in
the calculated fracture strength. Since the deviation from linear deformation
is largest at temperatures below 300°C (due to ferroelasticity) and at the
high temperatures (due to creep), a minimum in calculated fracture strength
is expected at around 4-600°C where an elastic behavior is observed. Since
such a minimum in calculated fracture strength is not observed (Table 2),
the non-elastic behavior and error related to this is not the major factor
giving the increase in fracture strength with increasing temperature. The
effect of the Co304 secondary phase is not expected to significantly affect
the fracture strength. However, if it did a decrease in fracture strength with
increasing temperature is expected as the cobalt oxide phase will be reduced
upon heating at high temperatures. The loss of the ferroelastic behavior
above the phase transition temperature will also cause a reduction in the
expected fracture strength of the materials.
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Figure 7:  SEM images of a fracture surface of LagsSrgsFeysCogsOs.s
(LSFC2) after four-point bending measurements at a) room
temperature and b) 800°C.

The factor which we believe is the most significant for explaining the
observed increase in fracture strength with increasing temperature is the fact
that a gradient in oxygen content could have been generated during the
cooling of these materials from the sintering temperature. During the
cooling the interior of the samples will have lower oxygen content than the
exterior introducing tensile stresses on the surface of the materials compared
to the interior. The stress gradients hence generated will weaken the
material at low temperatures. During testing at elevated temperatures where
the oxygen diffusivity becomes sufficient for equilibration of the oxygen
content, the oxygen gradient will be eliminated and hence a higher fracture
strength value is obtained. We therefore suggest that fracture strength values
observed at elevated temperatures is more representative for the fracture
strength of stress free materials than the fracture strength values obtained at
room temperature. The significant effect of the stress gradients is supported
by the fact that a very large fraction of samples cracked when reduced
samples were prepared by cooling in nitrogen atmosphere. The change from
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transgranular to intergranular fracture mode with increasing temperature
may contribute to the observed increase in nominal fracture strength.

Based on dilatometry of polycrystals,'® the oxygen content of the bulk is
frozen in at 400-600°C. In N, the oxygen loss and chemical expansion is
considerably higher. Stresses in membranes induced by the gradient in & are
conveniently normalized with respect to the magnitude of the maximum
possible biaxial stress, Spmay, expressed as®’

A

]s ax|:E

e mas| 3)

where ¢, is the maximum chemical strain and E is related to the Young’s
modulus, E, and the Poisson’s ratio, v, by

- E

E=_—_ C))

—v

By using a Young’s modulus of 130 GPa (LSFC2), Poisson’s ratio of 0.33
and maximum stress of 166 MPa, €. max 18 calculated to 9:10™*. The chemical

expansion, &, found for LSFC at 800°C between air and N, atmosphere was
4.5-10”," and hence above €.ma - 1his calculation can explain the built-in

stresses in the materials during cooling. The materials will be oxidized, but
when the temperature is lowered to a certain point, the transport from bulk
will be too slow and remain in the reduced condition while the surface still
will be oxidized. The difference in oxidation state between bulk and surface
may give stresses in the in the order of what give failure.

Fracture toughness

Fracture toughness of the materials obtained by single edge notch beam
(SENB) method and single edge V-notch beam (SEVNB) are summarized
in Table 3.
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Table 3: Fracture toughness measured by single edge notch beam (SENB)
method and by single edge V-notch beam (SEVNB) method for
Lag 5Srg sFe.,CoxO3.5 materials at different temperatures.

Notch Temperature Fracture No.
Comp. Method length [°C] toughne§s of
[mm] [MPa-m”]  bars

LSC1 SENB 1.17-1.20 RT, non-annealed 1.47 + 0.44
1.16-1.19 RT, annealed 1.49 +0.30
1.16-1.18 800 2.88 +0.44

LSFC1 SENB 0.75-0.78 RT, non-annealed 1.31+0.11 3
1.14-1.16 RT, non-annealed 1.84 +0.33 3

LSFC2 SEVNB 0.87-0.96 RT, annealed 1.16 £ 0.12 5
0.92-0.95 800 1.48+0.16 5

0.92-0.95 1000 2.26 +0.20 4

3

3

3

The annealing of the LSC bars did not influence the absolute values of the
toughness. The standard deviation for the measurements performed by the
SEVNB method is smaller compared to the SENB method due to the better
defined notch as is illustrated in Figure 7.

The fracture toughness increases with temperature. Both the fracture
toughness and the fracture strength shows the same temperature de?endency
as is shown in Figure 8 which is in accordance with equation (3)**°®

o, =K, /¥ 3)

where Y is a dimensionless factor dependent on the crack configuration and
c is the half of the crack length or the entire length of an edge crack. The
stress gradient developed due to the difference in oxygen stoichiometry is
therefore also influencing on the fracture toughness values.

122



Figure 7: Notch shape for a) a SEVNB-bar (LSFC2) and b) a SENB-bar
(LSFC1) of Lag 5Srg sFe sCog 503.5 materials.

Fracture strength of reduced samples

The measured fracture strength of two LSFC2 bars pre-reduced in nitrogen
atmosphere was 13 and 24 MPa. After cooling in nitrogen atmosphere the
surface of the samples appeared cracked as can be seen from Figure 9 giving
the low fracture strength. It was also a large fraction of the samples that
fractured during the cooling in nitrogen atmosphere, showing that
considerable stress gradients develop in the materials due to gradient in
oxygen concentration. This is also in agreement with the proposed effect of
the stresses due to oxygen concentration gradient on the nominal fracture
strength of the samples.
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Figure 8: Fracture strength and fracture toughness for
La0,5SI‘0_5F60_5C00_5O3-5 bars.

Figure 9:  Surface of a Lag sSrgsFeysCoosO3.5 bar (LSFC2) heat-treated in
N prior to fracture strength measurement.
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Conclusion

Lag 58rg sFe1.xCoc03.5 materials, 0.5 < x < 1, are ferroelastic and show a non-
linear strain-stress relationship below the ferroelastic to paraelastic phase
transition temperature of 300°C. Above this temperature a liner strain-stress
relationship is observed, however, at temperatures exceeding about 800°C
the materials again shows non-linear behaviour due to creep. The room
temperature values for fracture strength (4-point bending) and fracture
toughness (SEVNB) were 107-128 MPa and 1.16-1.84 MPa'm”
respectively, and these values were observed to increase with increasing
temperature. This increase was attributed to frozen-in stress gradients in the
materials during cooling due to different oxygen stoichiometry. These stress
gradients caused the low-temperature fracture strength and fracture
toughness values to be low. The Young’s modulus at room temperature
measured by resonant ultrasound spectroscopy of the materials with x = 0.5
and x = 1 were 130+ 1 and 133 + 3 GPa, respectively. Apparent Young’s
modulus values calculated from strain-stress relationships were not in good
agreement with the values obtained by RUS. The present findings have
demonstrated the importance of understanding ferroelasticity and
chemically induced stresses in order to understand the mechanical properties
of mixed valence state rhombohedral perovskite materials.
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Oxygen permeability of
Lay sSrysFe; .Co,0;.5 (0 <x < 1) materials

Hilde Lea Lein, Tor Grande and Kjell Wiik*

Department of Materials Technology,
Norwegian University of Science and Technology,
7491 Trondheim, Norway.

Abstract

Oxygen flux through LagsSrysFe;xCoxO35 (x =0, 0.5 and 1) membranes
has been found as a function of oxygen partial pressure and temperature. In
a He - air gradient at 1148°C for relative thin membranes (0.81-0.97 mm),
the fluxes varied between 0.4 and 2.8 ml/min-cm? dependent on
composition. The activation energies was calculated to 67-105 kJ/mol for
the temperature range of 970-1148°C, with the highest values for x = 0. For
the smallest pO; gradients, diffusion controlled the permeability. Larger pO,
gradients caused a surface exchange controlled flux. The fluxes were seen to
decrease for the largest gradients, due to the oxygen partial pressure
dependency of the surface exchange coefficient.

* Correspondence to Kjell. Wiik@material.ntnu.no



Introduction

Due to the mixed conductivity, La;.SryFe;.,Co,03.5 materials are potential
candidates as oxygen permeable membranes. In such a dense membrane,
there is transport of oxygen ions and electrons at elevated temperatures
without an external electrical circuit, and the driving force for the oxygen
ions is the difference in oxygen partial pressure on each side of the
membrane.'™

The oxygen permeation is determined by either surface exchange processes
on one or both of the surfaces, or solid-state oxygen ion bulk diffusion. The
bulk diffusion depends on the temperature, oxygen partial pressure and
microstructure of the bulk The surface exchange depends in addition on
surface structure and area.' The oxygen transport in bulk is described by the
Wagner equation

In POz

f Uelgion d ln P02 (1)

In P('}z Uel + Uion

RT
42 F?L

jo2 =

where R is the gas constant, T is the temperature, L is the membrane
thickness, o and o;e, are the electronic and the ionic conductivity, and P';
and P"o, are the oxygen partial pressures on the different sides of the
membrane.’

For materials with high bulk diffusion or in the case of very thin
membranes, the surface exchange processes may be the rate controlling step
for oxygen transport. This transition from predominant control by diffusion
to control by surface exchange corresponds to the critical thickness, L, of
the membrane.! L, is reported to vary in the range from 20 to 3000 um
dependent on composition, temperature and pO,.’

Here we report the oxygen permeation of Lag sStosFe;xCo03.5 (x =0, 0.5
and 1) materials as a function of temperature, oxygen partial pressure across
the membrane and time. Special attention is made to a decrease in oxygen
flux in the surface exchange controlled regime. There are many studies of
these properties for similar compositions in the literature,”'* however, the
temperature where the measurements have been performed is lower than
used here.
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Experimental

Materials preparation and characterization

Lay 5SrosFe;.xCoxO3.5 (x = 0 (LSF), 0.5 (LSFC) and 1 (LSC)) powders were
synthesized by spraydrying of glycine/nitrate solution as described
elsewhere.”® Oxide powders were calcined at 900°C (LSFC and LSC) or
1050°C (LSF) for 24 h in air. The powders were then ball milled (Si3N;-
balls) for 24 h, and heat-treated at 600°C for 24 h.

The stoichiometries of the materials were shown to deviate from the
nominal, resulting in the presence of small amount of a cobalt oxide
secondary phase. The amount of cobalt excess was determined by
thermogravimetrical analysis using the weight loss due to the phase
transition of Co304 to CoO. In order to obtain an A-excess membrane, a
small amount of calcined LSFC powder was added Sr-nitrate to a SrO
excess of 0.66 wt%. The strontium nitrate was dissolved in water and the
calcined powder was added. The water was then removed by evaporation.

The calcined powders were pressed uniaxially into discs (57 MPa) and
pressed cold isostatic (200 MPa). The relative green densities obtained were
52-54 %. The compositions LSFC and LSC were sintered in air at 1150°C
for 2 or 12 hours respectively. The composition LSF was sintered in air at
1250°C for 12 hours. The Sr-added LSFC was sintered at 1250°C for 24
hours. To avoid cracking during cooling, the cooling rate for all
compositions was set to 50°C/h (sintering temperaure-750°C), 6°C/h (750-
450°C) and 100°C/h (450°C-room temperature). The surfaces of the sintered
samples were grinded parallel and to wanted thicknesses (~ 1 mm), and then
polished (until 1um diamond size). Table 1 gives a summary of the different
membranes investigated.
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Table 1: Average grain size and relative densities for Lag sSrg sFe .xC0x03.5
sintered at different temperatures.

Membrane Composition  Sintering  Sintering B-excess A-excess

Name X temperature time Co304 SrO
[°C] [h] [wt%] [wt%]
LSFC3 0.5 1150 2 0.10 -
LSFC 4 0.5 1150 2 0.10 -
LSF 5 0 1250 12 - -
LSC6 1 1150 12 0.98 -
LSFC 7 0.5 1250 24 - 0.66

The microstructure of the materials before and after the permeation
experiments was investigated with a Hitachi S3500 N scanning electron
microscope (SEM). The grain sizes were estimated by a linear intercept
method of 2-dimentional SEM-images of the polished (1um diamond finish)
and thermal etched (0.2 hours, 1130°C) surfaces. Ten images were taken
from different parts of the polished samples. To verify the phase purity,
X-ray powder diffraction (XRD) of calcined powders and sintered materials
were performed on a Siemens D 5005 6-0 diffractometer using CuK
radiation. The data were collected with a step size of 0.03° and a count time
of 8 s. The densities of the membranes were determined by the
Archimedean method (ISO 5017) in isopropanol. Table 2 gives the
thicknesses, average grain sizes and the relative densities of the membranes.
Here the theoretical densities used are 5.99 gcm® (LSF), 6.29 g cm™
(LSFC) and 6.42 g cm™ (LSC) calculated from x-ray diffraction and oxygen
non-stoichiometry.

Table 2: Average grain size and relative densities for Lag sSrg sFe;.xC0oxOs.5
sintered at different temperatures.

Membrane  Composition  Thickness  Grain size Relative
Name X [mm] [pm] density [%]
LSFC 3 0.5 0.81 0.8+0.1 97
LSFC 4 0.5 0.94 0.8+0.1 97
LSF 5 0 0.94 1.2+0.2 95
LSC6 1 0.97 1.7+04 99
LSFC 7 0.5 0.88 3.1+0.6 95

The pores in all the materials were sub-micron in size, except for the A-
excess LSFC which had pores up to 10um.
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Permeation experiments

The experimental setup for the oxygen permeation measurements is shown
in Figure 1.

-
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Figure 1:  Experimental setup for the oxygen permeation measurements. 1:
Alumina tube with inlet gas and thermocouple. 2: Alumina tube.
3. Alumina support. 4. Membrane. 5. Sealing (Pt). 6. Alumina
disk. 7. Alumina tube with inlet gas and thermocouple.

The membrane is placed between two vertical alumina tubes with platinum
as the sealing material. Above the membrane, an alumina tube with inlet
secondary gas and a thermocouple is placed. Under the membrane, there is
another alumina tube with inlet primary gas and an additional thermocouple.
Outside the membrane there is an alumina support tube to prevent
movement in horizontal direction.

The O; and N; concentrations in the secondary gas were measured by a
Varian Micro-GC (Gas Chromatograph) Bench model CP-2003 with Ar as
the carrier gas. The data were analyzed by Star Chromatography
Workstation Version 5. Three different calibration gases with different O,
and N content were used. The reported oxygen fluxes were corrected for
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leakages by using the difference in N content from secondary gas in to
secondary gas out and the fixed ratio between O, and N, in air.

All membranes were heated to approximately 1150°C. The oxygen flux
were measured as a function of pO, by using air on the primary side and He
or a mixture of He and air on the secondary side. The oxygen partial
pressures were determined by analyzing the oxygen content in the outlet gas
from the secondary side of the membrane. The temperature dependency of
the flux was investigated by varying the temperature in the range from
1150°C to 970°C. Here, He on the secondary side and air on the primary
side were used. The gas flows were kept at 200 ml/min for all gases and gas
mixtures. The flux values were calculated by using the fractions of oxygen
in the total flow and the active membrane areas inside the sealing material.

After both the pO, and temperature dependency were investigated, the gases
were changed to 50 ml/min flow of O, on the primary side and N; on the
secondary side, respectively. This pO, gradient was maintained constant for
approximately three weeks. Before the experiments were terminated, the
gases were changed to air and He, and the oxygen flux was measured once
more. The membranes were cooled in a pO, gradient by keeping the primary
and secondary gases flowing.

Results

Oxygen flux measurements

The normalized oxygen fluxes of the materials as function of the partial
pressure of oxygen on the secondary side are given in Figure 2. The raw
data are given in Appendix VI. The temperature is kept constant at
1148 + 2 °C. At highest partial pressures, the flux increases with increasing
pO; difference over the membrane due to a bulk controlled diffusion. The
flux is almost constant for pO, = 10 — 102 or lower oxygen partial
pressures due to a surface exchange process becoming rate controlling. The
broken lines indicate this trend. At even lower oxygen partial pressures the
fluxes tend to decrease. The reason for this will be discussed later.
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Figure 2: Normalized oxygen flux versus pO, on secondary side of the
membrane for LagsSrosFeOss (LSF), LagsSrosFepsCogs50;.s
(LSFC) and Lag 5Srp5C003.5 (LSC) at 1148°C. Dashed lines are
trend lines.

The temperature dependency of the oxygen flux by using He on the
secondary side and air on the primary side is shown in an Arrhenius plot in
Figure 3. The activation energies obtained by the linear fit of the data are
given in Table 3.
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Figure 3: Oxygen flux versus temperature for LagsSrosFeOs.; (LSF),
La()AssI‘ojFCo.sCOo.st,.s (LSFC) and La()_5SI'0.5COO3_5 (LSC). The
solid lines are linear regression to the points. Primary side: Air.
Secondary side: He.

Table 3: Activation energies for LagsSrysFe;<CocOs.5 from oxygen flux

measurements.
Membrane Activation energy Activation energy
name [kJ/mol] [kJ/mol]
cooling heating
LSFC3 81+6 92+6
LSFC 4 96 + 8 87+ 11
LSF5 105+4 82+1
LSC6 68 + 1 70+2
LSFC 7 67 +3 -
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Figure 4 shows the normalized flux as function of composition for
Lag sSrgsFe1.<CoxO3.5 materials. The figure shows both the behavior in a
bulk controlled pO, gradient (5 % O, in He as the secondary gas) and in a
surface exchange controlled pO, gradient (He as the secondary gas). As
seen, the flux increases with increasing Co content in both cases.

5 ® Surface controlled
2.5 i O  Bulk controlled ]

2.0 |
15|

1.0 |

Flux [(ml/min-cm?)-mm]

0.0 0.2 04 0.6 0.8 1.0

X

Figure 4: Normalized oxygen flux versus composition  for
Lag 5Srg sFe1 xCox03.5 materials.

The oxygen flux through the membrane was measured as a function of time
for all membranes, and the data are given in Figure 5. The broken lines are
guides to the eye. For the LSF 5 membrane, the flux is seen to decrease with
time and then tend to be constant. It is assumed that the formation of a
SrFe ;019 layer slows the oxygen flux through the membrane. Still, this
phase is oxygen permeable due to the measured fluxes during the entire time
period. Detailed information about formation of secondary phases is given
elsewhere.'® For the LSFC membranes the oxygen flux is almost constant
with time. A minimum is seen for the time aspect around the temperature
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changes, but reaches earlier values afterwards. For the A-excess membrane,
the flux decreases until a constant value after 10 days. For the LSC
membrane, the flux is constant the first time in a pO, gradient, followed by
a small increase.
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Figure 5:
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Discussion

The flux is bulk controlled for the smallest gradients and the oxygen flux
increase with increasing pO,-gradient, consistent with the Wagner equation
(1). At a certain point, the flux reaches a plateau and does not change by
further increase in the gradient. That is, the flux becomes controlled by
surface exchange instead of controlled by bulk diffusion, and the surface
kinetics will determine the oxygen flux through the membrane. At even
higher oxygen partial pressure gradients, the oxygen flux decreases with
increasing gradients for all compositions. The behavior of decreasing
oxygen flux with increasing driving force is intuitively unexpected, and it is
reasoned that the surface exchange kinetics is responsible. The decreasing
oxygen flux with increasing driving force occurs at low oxygen partial
pressures at the secondary side of the membrane, indicating that the rate of
oxygen exchange decreases with decreasing oxygen partial pressure below
some critical pO,. This behavior is supported by Watterud et al.!” who have
assessed surface exchange coefficients and bulk diffusion coefficients in the
system La;«SrxCoO3; (x=0, 0.2 and 0.5) by means of conductivity
relaxation experiments. Results for x = 0.5 at 1000°C are reported in Figure
6, where Dchem is the chemical oxygen diffusion coefficient whereas Kepem is
the surface exchange coefticient for a reduction process. Figure 6 predict an
overall trend consistent with an increasing flux with driving force at high
and medium pO,’s, following the curve for Depem. At lower pO, the flux
becomes controlled by surface exchange at the reduced side and should
decline with decreasing pO, in accordance with the observed pO,
dependency for Kchem. It is assumed that the same trends as shown for LSC
are valid for the other compositions. Lane et al.'* have seen the same small
decreasing flux tendency for the largest pO, gradients for
Lag 6Sr9.4Cop2Fe803.5 at 800°C. Their results are supported by a model
indicating the same trend calculated on the basis of pO, dependence of Dt
(tracer diffusion coefficient) and k, and the oxygen non-stoichiometry. At
1000°C, they do not see the same tendency due to smaller pO, gradient.

There is a linear relationship between the inverse temperature and the
logarithmic oxygen flux, as seen in Figure 3. The linear behavior suggests
that the same rate controlling process dominates in the whole temperature
region reported. Since all fluxes reported in Figure 3 refer to conditions
where the partial pressure at the secondary side is low and hence controlled
by surface exchange, the corresponding activation energy is likely to be
associated with some rate controlling surface reaction at the reduced side of
the membrane. It is seen from Table 3 that there is a tendency of decreasing
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Figure 6: log Dchem and log Kenem for Lag sSrg sCoO3.5 at 1000°C, from!”. A
tentative flux trend is indicated by the dotted line.

activations energy w1th increasing Co content, consistent with findings
reported elsewhere." !’ Apparently, a somewhat more pronounced
temperature dependency (high activation energy) is observed for cooling
compared with heating for all compositions. The reason for this behavior is
not clear, however, for LSF the difference between coohng and heating may
be due to the formation of SrFe;;0;9 on the primary side.'® With reference
to Figure 3 and Table 3 the activation energies seem to be slightly higher for
B-excess materials (LSFC 3 and LSFC 4) compared with A-excess
materials (LSFC 7). However, the grain sizes are different and this may
affect the activation energy. The oxygen permeability is seen to be higher
for Lao 39197C00;.5 membranes with large grains compared to smaller
grains.’ The fluxes have larger temperature dependency with large grains in
the membranes compared to small grains, giving rise to higher activation
energy.
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The absolute oxygen fluxes increases with increasing Co content, both in
the surface controlled and the bulk controlled pO, regime. This is in
accordance with observations reported for similar compounds, e.g. in the
SrFeO3.x — SrCo0s.y system.12

The obtained fluxes are in the same order of magnitude as corresponding
compositions found in the literature. For Lag¢Sro4Fe)2C0030;.5, fluxes of
0.05 ml/min-cm’® is found at 800°C or 0.43 ml/min-cm® at 1000°C for a
membrane with thickness 0.96 mm.'* For Lag7Srg3FeOs5, a flux of
0.23 ml/min-cm’ at 1000°C is reported for a 1.0 mm membrane,'® while
0.42 ml/min-cm?® is reported at 1000°C for a 1.1 mm Lag3Sry7CoO;5
membrane.” The values reported here is somewhat higher due to higher
performance temperature. Only the reported LSF fluxes are possible lower
than expected, taken into consideration the earlier reported increasing fluxes
with increasing Sr-doping in La;SryFeOs.5.!® The formation of the covering
SrFe;019 layer may have slowed the oxygen permeation.

Conclusion

Oxygen flux through LagsSrysFe;xCox0s.5 (x = 0, 0.5, 1) membranes are
found as a function of oxygen gradient and temperature. The fluxes
increases with decreasing pO, on the secondary side until the surface
exchange becomes rate limiting where the fluxes reaches a constant value.
By further increase of the pO, gradient, the fluxes decreases according to
the pO, dependent surface exchange coefficient. The fluxes at 1148°C
increase with increasing content of cobalt, both in the bulk diffusion and in
the surface exchange controlled regime. The obtained activation energies
seem to decrease with increasing cobalt content in the membranes. Different
activation energies obtained for cooling and heating can be explained by
secondary phases on the primary side which may slow the transport
processes.
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Abstract

The stability of Lag sSrg sFe;«CoxO3.5 (x = 0, 0.5, 1) membranes have been
investigated at 1150°C in an oxygen permeation cell with flowing air/O, at
the primary side and He/N, at the secondary side. After about five weeks of
operation, kinetic demixing and decomposition of the membranes were
demonstrated by electron microscopy and electron probe microanalysis.
Secondary phases at the primary side were observed in all the membranes.
For all the cobalt containing materials, grains of cobalt oxide were observed
at and near the surface. A dense 17 pm layer of the secondary phase
SrFe;2019 covered completely the surface of the Lag sSrg sFeOs.5 membrane.
The secondary phases were also influenced by the overall (Sr+La)/(Fe+Co)
stoichiometry in the materials. Electron microprobe analysis of the cross
section of the membranes demonstrated evidence for kinetic demixing of all
the membranes particularly near the two surfaces. The formation of Fe/Co
rich secondary phases at the primary side was accompanied by a Sr/La
excess in the bulk of the compositions where x =0 and 1. Finally, the
membranes were also observed to swell during operation due to pore
expansion, and grain growth was observed in Co-containing membranes.
The demonstration of kinetic demixing and decomposition of the present
oxygen permeable perovskite materials show that the long term stability is
one of the main obstacles for the oxygen permeation membranes,
particularly for reactor designs based on thin films on porous substrate.

* Correspondence to Tor.Grande@material.ntnu.no



Introduction

Mixed conductors with perovskite structure are candidates for use in high
temperature electrochemical devices and oxygen permeable membranes.!
These devices are operated in non-equilibrium conditions under exposure to
gradients in temperature and possibly pressure in addition to
electrical/chemical gradients.*”> Such gradients act as driving forces on
atoms in a crystalline material, and fluxes of atoms result.® In oxygen
permeable membranes, the combination of oxygen ionic conductivity and
electronic conductivity leads to a flux of oxygen due to any gradient in the
electrochemical potential of oxygen. Diffusion of cations on the other hand,
is usually neglected, but this can not be done if there is a difference in
mobility of the cations.”

The cation fluxes may lead to degradation phenomena of the materials.® 5!
A material which was originally chemically homogeneous may become
chemically inhomogeneous. This is called kinetic demixing. There are also
possibilities for kinetic decomposition by formation of new phases in the
initially single phase material. The original morphology of the material may
also become unstable and a new morphology may be established. This is
called morphological instability. These phenomena are purely kinetic in
nature. If the gradient is removed, the directed fluxes will disappear and the
material will relax, secondary phases will disappear and the material will
become homogeneous.®°

The fluxes of cations cause migration of the membrane as a whole towards
the primary (high pO) side. Crystal planes are subtracted from the
secondary (low pO,) side at the same time as the material loses oxygen.
New crystal planes are added at the primary side due to reaction with
oxygen atoms from the gas.®”'>* The physical reason for the demixing
process is the difference in the mobilities of the cations. In a pO, gradient,
the cations move towards the high pO, and the most mobile cation will be
enriched on this side. The degree of demixing is dependent on the difference
in mobility between the cations and the gradient of the driving force. A
large difference in mobility and a thinner material increase this degree of
demixing.> % 1*!7

The physical and the chemical properties of oxygen permeable materials are
controlled through careful optimization of the composition. The occurrence
of kinetic demixing results in a degradation since local composition
changes, secondary phases and perhaps morphological changes may destroy
the functionality of the materials and give rise to a decrease in the
lifetime.* "' 1822 Therefore, the understanding of the demixing process is
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of great fundamental and practical importance due to prediction of the
durability and reliability of these materials.

For a homovalent ideal solution of AO and BO, the demixing equation can
be written as

Vi :(DA/DB)'VMA (1)

where Vy is the gradient of the potential and D is the diffusion
coefficients.’ For an ideal solution of AO and BO,

Vi, + ¥V, =V, =RTVinx, )
Vg +%V,“oz = Vi = RTVInx, 3)

where x is the molar fraction. Then the equation for the steady state can be
written

1 +&-l_ ‘RTVInx, = PA~1 -—1~Vu0 “4)
l-x, Dy x, Dy 2 '

Equation (4) shows that the ratio D,/D, determines whether the kinetic
demixing occurs and at which side the different cations become enriched.

Since cation diffusion in oxygen ion conductors is very slow, the steady-
state can be reached in reasonable times only for very thin membranes. For
example, if the slowest diffusion coefficient is D = 107 cm? 57!, the steady
state is reached after 15000 years for a 1 mm thick membrane, while it is
only 1.5 years for a 1 um thick membrane.’ However, already during the
transient time to the steady state, demixing at the oxide surfaces might
become important. Recently, thin membrane films of about 10 um is
developed as a new design, placed upon a porous support. For such thin
materials, the cation demixing and degradation are even more important
phenomena for the long term stability.

Cation demixing in binary and tertiary oxides is widely reported, but only
limited studies on kinetic demixing and decom;aosition in perovskite
materials have been reported. Kim et al? have investigated
Lap36510.64C00.65Cu0 3503« membrane after permeation experiments. The
original perovskite phase was enriched on La and Co at the reducing side
and grains of a non-perovskite Sr-Cu oxide had been formed. La was
enriched along cracks or grain boundaries. Diethelm et al.?* found three
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layers of phases in Lag ¢Cag 4Feg75C002503.5 at the secondary side (CHy). La
was enriched and Fe and Co was found as metallic clusters. On the primary
side, Ca and Co oxide was formed. A corresponding study of
Lag 3Srp7C00;.5 membranes by Doorn et al.® showed formation of a thin
porous layer of mainly SrCOs; at the secondary side. A Sr enriched phase
was discovered between the surface layer and bulk. There were no changes
at the primary side. Finally, Lag4CageFe;xCoxOs5 (x = 0, 0.25 and 0.5)
membranes® decomposed at secondary side, and an enrichment of transition
metals was found. However, no composition change across the membrane
was detected.

In this contribution we present an investigation of the microstructure, phase
composition and chemical composition profiles of LagsSrosFe;xCoxOs.s
(x=0, 0.5, 1) membranes exposed to a chemical gradient in oxygen partial
pressure at 1150°C in more than a month. In a separate paper, the
preparation of the membranes and the procedure for the permeation
experiments along with the oxygen flux performance have been reported.?
This report is to the authors’ knowledge the first systematic study of kinetic
demixing and decomposition of ternary and quaternary oxide perovskite
materials with high oxygen permeability.

Experimental

Preparation of membranes

The powders used to prepare the membranes were synthesized by
spraydrying of glycine-nitrate solutions as described elsewhere.?’
Membrane preparation, flux characterization and experimental setup for the
permeation experiments are described in a previous contribution.?

The relative densities of the materials and the amount of secondary phase
determined by thermogravimetrical analysis®® are given in Table 1. The
theoretical densities used are 5.99 gem™ (LSF), 6.29 gem™ (LSFC) and
6.42 gcm™ (LSC) calculated from x-ray diffraction and oxygen non-
stoichiometry.?’



Permeation experiments

The membranes were first investigated with respect to the oxygen flux, see
26 The membranes were then exposed to a chemical gradient at 1150°C for
an extended time period as seen in Table 2. During this period the gas flows
were 50 ml/min of O, on the primary side and 50 ml/min of N, on the
secondary side. Before termination of the experiments, the atmospheres on
the two sides of the membranes were finally changed to air and He and the
oxygen flux was measured before the membranes were cooled to room
temperature. The membranes were cooled in a pO, gradient by keeping the
primary and secondary gases flowing.

Table 1: Amount secondary phase and relative density of the
Lag 5Srg sFe; xCo403.5 membranes.

Membrane Composition  B-excess A-excess Relative
name X Co304 SrO density
[wt%o] [wt%o] [%]
LSFC1 0.5 0.10 - 97
LSFC2 0.5 0.10 - 97
LSFC3 0.5 0.10 - 97
LSFC4 0.5 0.10 - 97
LSF5 0 - - 95
LSC6 1 0.98 - 99
LSFC7 0.5 - 0.66 95

Table 2: Experimental conditions for the investigation of the long time
stability of membranes.

Membrane Temperature Time in pO, gradient

name [°C] [days]
LSFC1 1100 133
LSFC2 1144 41
LSFC3 1147 37
LSFC4 1146 40

LSF5 1147 34

LSCé6 1147 36
LSFC7 1149 30

The microstructure of the membranes was investigated by a Hitachi
S3500 N scanning electron microscope (SEM). The average grain sizes
were estimated by a linear intercept method from SEM-images of polished
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(1 pm diamond finish) and thermally etched (0.2 hours, 1130°C) surfaces.
Ten images were taken from different parts of the polished samples. The
element concentration profiles across the membrane were determined by a
JXA-8900 Superprobe microprobe. The data were collected by a step size of
10 pm, an electron beam defocus of 10 um and a count time of 60 seconds.
As the standard for the quantitative analysis, a sintered and polished
material of Lag sStgsFesCop 502915 was used. The oxygen content in these
materials was determined by reduction in hydrogen.?’

Results

Microstructure of membranes

The surface microstructures of the membranes at the primary (air) and
secondary (inert) side after long time in an oxygen partial pressure gradient
are shown for 6 different membranes in Figures 1-6. Micrographs of the
cross section close to the primary side of the membranes are also shown in
the figures.

The surfaces at the secondary inert side of all the membranes were phase
pure with only the “initial” perovskite phase, see Figure 1-6. The grain size
was easily recognized by the topographic effect of the dihedral angle of the
grain boundaries. The average grain size of the secondary side of the
membranes is summarized in Table 3. No major difference in grain size at
the primary and secondary side could be observed within the uncertainty of
the measurements.

No grain growth in the LSF material could be observed, see Figure 4 and
Table 3. Similar observation was evident for the A-excess LSFC membrane
(LSFC7), see Figure 6. In the LSFC membranes (LSFC1-4), a moderate
grain growth was recorded, see Figure 1-3. On the other hand in the LSC
material (LSC6), there had been a significant grain growth during the
permeation experiments, see Figure 5.
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Figure 1: Surfaces of secondary side (a), primary side (b) and cross
section at primary side (¢) of the LSFC2 membrane
(Lag 5Sro sFep 5Co0 503.5) after 41 days in a pO, gradient.

Table 3: The average grain size of Lag 5Sry sFe;«CoO3.5 membranes before
and after extended period of time in a pO, gradient.

Membrane  Grain size before  Grain size after

name [wm] (um]
LSFC1 0.8+0.1 4.8+ 0.6
LSFC2 0.8+0.1 44+0.6
LSFC3 0.8+0.1 39+0.6
LSFC4 0.8+0.1 45+0.8
LSF5 12+0.2 1.1+£0.2
LSC6 1.7+ 0.4 126 +£2.5
LSFC7 3.1+£0.6 32+0.8

135



Figure 2:  Surfaces of secondary side (a), primary side (b and ¢) and cross
section at primary side (d) of the LSFC3 membrane
(Lay.5Sro sFeg 5C0g 503.5) after 37 days in a pO, gradient.

All of the membranes were observed to expand during the oxygen
permeation experiments. The linear expansion of the membranes, calculated
by the measured thickness of the membranes before and after the
experiment, is summarized in Table 4. The Co-containing membranes
expanded significantly during the time in an oxygen partial pressure
gradient, mainly due to pore expansion. The initial pore size was sub-
micron, except for the A-excess LSFC7 which had pores up to 10 pm. The
electron microscopy investigations demonstrated a same small pore growth
in the LSF material, while a significant pore growth was observed in LSFC
and LSC membranes.
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Figure 3: Surfaces of secondary side (a), primary side (b and c) and cross
section at primary side (d) of the LSFC4 membrane
(Lag 5810 sFeq sCog 505.5) after 40 days in a pO, gradient.

Table 4: Thickness of the LagsSrgsFe;.xCo,O35 membranes before and
after the permeation experiments and the linear expansion
calculated by the change in thickness.

Membrane  Thickness  Thickness Expansion

name before [mm] after [mm] [%]
LSFC 1 2.62 2.84 8.4
LSFC 2 2.00 2.14 7.0
LSFC 3 0.81 0.91 12
LSFC 4 0.94 1.02 8.5
LSF 5 0.94 0.953 1.4
LSC6 0.97 1.07 10.3
LSFC 7 0.88 0.96 9.1
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Figure 4: Surfaces of secondary side (a), primary side (b) and cross
section at primary side (¢) of the LSF5 membrane
(Lag 5Sro sFeO3.5) after 34 days in a pO, gradient.

In the first experiment, using the LSFC1 membrane, a sealing material of
46.5% Ag, 46.5% Pd and 7% Cu was used. Figure 7 shows the cross section
of this membrane at the secondary side and the primary side close to the
sealing material. At the primary side a significant pore expansion has taken
place, while a much less pore growth is evident on the secondary side. At
the primary side Cu in the sealing materials had oxidized to CuO, and
diffusion of CuO into the membrane was demonstrated by EDS. The creep
resistance of the materials is low” and a presence of CuO in the material
seems to increase the creep rates, enhance the expansion of the pores and
enlarge deformation of the membrane around the sealing material.
Significant deformation of the membranes is seen for all the membranes. To
avoid the presence of CuO, Pt was used for sealing for the other membranes.
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Figure 5:  Surfaces of secondary side (a), primary side (b and c¢) and cross
section at primary side (d) of the LSC6 membrane
(Lag 5Srg5Co03.5) after 36 days in a pO; gradient.
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Figure 6: Surfaces of secondary side (a), primary side (b and c) and cross
section at primary side (d) of the LSFC7 membrane
(Layg 5Srg sFeg sCog50s.5) after 30 days in a pO, gradient.

Figure 7:  Cross section close to the sealing material at the secondary side
(@) and the primary side (b) of the LSFC1 membrane
(Lag 581 sFeq sCog 503.5) after ~ 5 weeks in a pO; gradient.
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Kinetic decomposition

The primary surfaces of all the membranes were partly or completely
covered by a secondary phase, significantly different from the initial
perovskite phase. In case of the LSFC and LSC materials, isolated grains or
clusters of grains of cobalt oxide could be detected. The grain size of cobalt
oxide was observed to depend on the oxygen flux. Small miss-alignment of
the Pt sealing rings resulted in lower oxygen flux at the edge. In this region
the cobalt oxide crystals were significantly smaller than in the middle of the
membrane as shown in Figure 2c). Areas where the flux had been higher,
larger clusters or grains where created, see Figure 2b). In case of the LSFC2
membrane, the entire primary surface was covered with smaller grains since
the flux was lower due to a thicker membrane.

Cobalt oxide grains were also formed inside the membrane close to the
primary side, seen in the cross section image Figure 2d). It is important to
note that the LSFC and LSC materials were shown to be slightly Co-excess
and cobalt oxide was also detected initially in these membranes.

In the case of LSF5, the primary side was completely covered by a ~ 17 um
thick layer of a new phase, see Figure 4c). EDS measurements of the layer
evidenced that the composition of the new phase was SrFe;,01s. SrFe20q9
has been shown to coexist with LSF at 1150°C and air by Fossdal et al.?’

The accumulation of Co or Fe rich phases at the primary side clearly
demonstrate that mobility of the cations at the A and B site in the perovskite
is different. Based on these observations it seems that the B-cations Fe and
Co are significantly more mobile than the A-cations Sr and La.

In the last permeation experiments, the overall composition of the
membranes were adjusted by adding some Sr nitrate to the LSFC powder in
order ensure that the material was Sr-excess. Unfortunately, the resulting
membranes became less homogeneous with large pores, but the LSFC7
membrane was gas tight. At the primary side in this membrane, a
completely different phase had formed during the permeation experiment,
see Figure 6a) and 6b). Needles and/or plates of an A;BO, composition as
could be demonstrated by EDS analysis. This analysis showed an
enrichment of Sr at A-sitt and Fe at B-site pointing to an overall
composition close to Sr;FeO,. However, SroFeQy is not stable at 1150"C,29
and some content of La is expected. The LSFC7 experiment demonstrates
that the cation diffusion in the materials is influenced by the overall
stoichiometry of the material. In the original LSFC materials and in the LSC
material, which both had a slightly Co-excess (see Table 1), Co was
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observed to be the fastest moving cation. Since the presence of cobalt in the
bulk will reduce the vacancy concentration on the B-site, it is most
reasonable that grain boundary diffusion of Co is causing the formation of
cobalt oxide at the primary surface. Correspondingly, by changing the
overall composition to Sr-excess, Sr-diffusion seems to be favored. Here
again grain boundary diffusion of Sr seems more likely than bulk diffusion.
If our preliminary conclusion is correct, the stability of the membranes is
very dependent on the overall cation stoichiometry of the membrane
material.

In the LSF material, the grain boundary diffusion is proposed to be of less
importance. SrFeQOs.s has been shown to tolerate considerable Sr/Fe non-
stoichiometry, which means that the compound can be described as
Sri.5Fe05.5.>° We therefore anticipate that also LSF tolerates some cation
non-stoichiometry, which will prevent the formation of secondary phases
and accumulation of these at the grain boundaries. In LSF we therefore
propose that cation non-stoichiometry will rather result in a difference in the
cation vacancy concentration on the A and B site and thereby change the
cation mobilities. The formation of SrFe20;9 at the air side demonstrates
that Fe is the most mobile cation in LSF. Dominating Fe diffusion comgared
to La has also been shown in diffusion couples of Fe,O3 and La,0s. O As
shown in the next paragraph the LSF membrane became Fe-deficient and
give additional support the above suggestions.

Kinetic demixing

The concentrations of the cations across the membranes after the permeation
experiments were measured by electron microprobe analysis. The resulting
cation fraction as a function of position from the secondary side (&/L =0,
the surface with low pO,) to the primary side (/L = 1, the surface with high
pO3) of 6 membranes are shown in Figure 8-13. The nominal compositions
are given as straight lines in the diagrams. The long time exposure in an
oxygen gradient had no drastic effect on the cation fraction profiles. Only
minor changes in the compositions are seen. The most pronounced effects
are evident near the two surfaces. This phenomena suggests that the
chemical gradient where more pronounced near the surfaces due to surface
exchange kinetics. A more careful examination of the data is necessary in
order to see any trends in the data. In the following the compositional data
are analysed with respect to Sr/Fe-ratio, Co/Fe ratio and (Sr+La)/(Fe+Co)
ration across the membranes.
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Figure 8: Cation fractions across the LSFC2 (LagsSrsFeqsCo3505.5)
membrane as a function of position from secondary (low pO;)
side (£/L =0) to primary (high pO,) side (&L =1). The solid
lines are the nominal compositions.

The (Sr+La)/(Fe+Co) or A/B ratio across the membrane is of particular
interest. The A/B ratio is shown in Figure 14. Across the three LSFC
membranes there is no dramatic change in the A/B ratio. A minor increase
in the A/B ratio towards the primary side is evident for LSFC3 and LSFC4.
This is in good accordance with the depletion of the B-cation due to
formation of cobalt oxide phase at the primary side. The LSF and LSC
membranes, on the other hand, have become A-excess across the whole
cross section, with no significant gradient across the membrane. The A-
excess is in good accordance with the formation of Co and Fe rich phases at
the primary side. A simple mass balance for LSF5 membrane gives an
average A/B ratio equal to 1.04, taking into account the formation of the
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Figure 9: Cation fractions across the LSFC3 (LagsSrosFeosCog505.5)
membrane as a function of position from secondary (low pO,)
side (§/L =0) to primary (high pO,) side (§/L =1). The solid
lines are the nominal compositions.

~ 17 pm SrFe ;019 layer. This is in good accord with the average value of
the A/B ratio equal to 1.07. The average A/B ratio observed for LSC6 is
1.05. This A/B ratio corresponds to the formation of an about 18 pm thick
layer of Co304. This is also in good accordance with the experimental
observations except that Co3;04 formed separated grains at the surface and
near the primary surface rather than a continuous layer.

A significant large scatter is evident for the A/B ratio across the LSFC7
membrane as shown in Figure 14. This is probably related to the less
homogenous microstructure of this membrane compared to the others. The
average A/B ratio is higher than 1 in line with the nominal composition.
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Figure 10: Cation fraction across the LSFC4 (LagsSrgsFeosCos50s.5)
membrane as a function of position from secondary (low pO,)
side (/L =0) to primary (high pO,) side (/L =1). The solid
lines are the nominal compositions.

The La/Sr ratio across the 6 membranes as a function of position is given in
Figure 15. The nominal compositions of all the membranes correspond to a
ratio of unity. Here again only minor differences from the nominal
compositions are observed. For the LSFC membranes the La/Sr ratio seems
to be dependent on the thickness of the membrane. In the thin membranes,
LSFC3 and LSFC4, no pronounced gradient is evident, while for the thick
membrane LSFC2, which has twice the thickness, a clear depletion of Sr is
evident at the secondary side and an enrichment of Sr at the primary side.
This is a clear demonstration that the mobility of Sr is fast relative to La.
The pronounced gradient in the thickest membrane gives additional
evidence for the effect of slow surface kinetics. Only in the thick membrane,
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Figure 11: Cation fraction across the LSF5 (Lag sSrysFeOs;.5) membrane as
a function of position from secondary (low pO,) side (&/L = 0)
to primary (high pO;) side (&/L =1). The solid lines are the
nominal compositions.

bulk diffusion was rate limiting resulting in a steeper gradient in the partial
pressure of oxygen and a cation demixing of La and Sr. As shown in Figure
14 the demixing of Sr and La is not accompanied by a change in the A/B
ratio.

The corresponding demixing of Sr and La on the A-site in the perovskite
structure is also evident for the LSC membrane, see Figure 15. Here, again
La is enriched on the secondary side and Sr on the primary side pointing to a
higher mobility of Sr compared to La. The LSF membrane has been
depleted on Sr and the La/Sr ratio is higher than the nominal as shown in
Figure 15. Near the SrFe ;0,9 layer the La/Sr ratio is observed to increase.
These observations are in accordance with the formation of the SrFe;;0;9
layer. Finally, the profile does also demonstrate that Sr is also diffusing
faster than La in this material.
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Figure 12: Cation fraction across the LSC6 (Lay sSrg5C0Qs.5) membrane as
a function of position from secondary (low p0,) side (&/L = 0)
to primary (high pO,) side (§/L =1). The solid lines are the
nominal compositions.

PR WO WO B | PO T T

For the Sr-excess LSFC7 membrane, the La/Sr ratio is almost constant and
lower than 1, see Figure 15. But in this case, the nominal was also lower
than 1. Some minor enrichment of La towards the primary side is in
accordance with the formation of a Sr-rich phase and point to a faster
diffusion of Sr. We can therefore conclude that Sr has a relative higher
mobility of La in all the studied materials.

The calculated Fe/Co ratio across the four LSFC membranes is given in
Figure 16. The nominal ratio corresponding to a ratio close to unity is
shown by the solid lines. For the three Co-excess membranes Fe is slightly
enriched against the secondary side. This is also in accordance with
formation of a cobalt oxide phase at the primary surface. These observations
demonstrate the faster diffusion of Co compared to Fe.

In the LSFC7 membrane, the Fe/Co ratio is approximately constant and
lower than 1 through the material. This is in accordance with the EDS
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Figure 13: Cation fraction across the LSFC7 (LagsSrgsFeysCoos0s.5)
membrane as a function of position from secondary (low pO,)
side (§/L =0) to primary (high pO,) side (/L =1). The solid
lines are the nominal compositions.

results of the secondary phase at the primary side that shows a phase with
Fe enrichment at B-site. It therefore seems that diffusion of Fe relative to Co
is enhanced by the Sr/La-excess in the material. It also interesting to note
that the scatter in the Fe/Co ratio is far less than the corresponding scatter in
the La/Sr ratio. Fe and Co was homogenously distributed in the powder used
to prepare the membrane, while Sr originated both from the powder and the
added strontium nitrate. The large scatter in the La/Sr ratio compared to the
Fe/Co ratio clearly demonstrate that inhomogeneous distribution of Sr was
still present after 30 days of operation. We can not rule out that the
inhomogeneous distribution of Sr and La has a strong influence on the final
microstructure and demixing and decomposition phenomena.
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Figure 14: A/B ratio across LagsSrgsFeOs.s (LSF), Lag sSrosFeqsCog505.5
(LSFC) and Lag 5Sry sC00;3.5 (LSC) membranes as a function of
position from secondary (low pO,) side (&/L =0) to primary
(high pO,) side (&L =1). The solid lines are the nominal
compositions.
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(LSFC) and Lag 5519 5C003.5 (LSC) membranes as a function of
position from secondary (low pO,) side (/L =0) to primary
(high pO,) side (§/L=1). The solid lines are the nominal
compositions.
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Figure 16: Fe/Co ratio across the LagsSrysFegsCoos0s5 (LSFC)
membranes as a function of position from secondary (low pO;)
side (§/L =0) to primary (high pO,) side (&L =1). The solid
lines are the nominal compositions.

The measured oxygen content across the membranes after the experiments
is given in Figure 17. The uncertainty in the absolute oxygen content is
considered to be significant, but the profiles across the membranes should
give a realistic picture of the relative oxygen content across the membranes.
To our surprise the oxygen content was observed to increase towards the
inert side and decreasing towards the air side. If one neglect any gradients in
the metal concentrations these gradients are unphysical since the gradient is
in opposite direction of the gradient in the partial pressure of oxygen. A
more careful analysis is therefore necessary in order to explain these oxygen
concentration profiles.

171



O- fraction

36 T ¥ T T T T H H f ¥ T T

34 Pl

38 o oo a b “al B A%

2.8 DOONETA SR A

28 N NN £ D é@mAA

L1 LSFC7 7

3:0 A#AAAAAA Ap AA A A ‘

2.9 A A N

2.8 ACAT A N NLTAT %_

LSC6 =

3.1 -
O Og 4 O

3.0 W Tag@ O Ea&?ﬂ ;

2.9 o™ 4 %Ja[:l = [aj% @%[%I}.

28 F O g a

\
—
w
m
1)
\

w
!
l T L 7 ! T
L\

Figure 17: Oxygen fraction of Lag 5Sro sFeOss (LSF),
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Lao,58r0,5Feo.5C00_5O3-5 (LSFC) and L30.581‘0,5C003-5 (LSC)
membranes after ~ 5 weeks in a pO, gradient as a function of
position from secondary (low pO,) side (&L =0) to primary
(high pOy) side (§/L =1).



The observed oxygen content may also reflect the oxidation of the
membranes taking place during cooling, but this can not explain oxygen
enrichment on the secondary side. We therefore propose that the change in
oxygen content across the membrane reflects differences in the relative
metal content across the membranes. From the cation profiles discussed
earlier we have concluded that the secondary side is enriched on Fe and La,
while Sr and Co are enriched on the primary side. High Sr and Co content
will result in a lower oxygen content due to lower valence state of Sr
relative to La and Co relative to Fe. For example SrCo0Os_s is known to have
an oxygen deficiency as low as 0.5-0.7.>! Correspondingly pure LaFeO; is
stoichiometric even in inert atmosphere.

Discussion

Changes in the microstructure

All the membranes were observed to swell during the permeation
experiments at 1150°C (Table 4), essentially due to pore expansion. The
only membrane which did not expand significantly was LSF5, and in this
membrane only a minor grain growth was observed (Table 3). The pore
expansion in the other membranes was accompanied by a significant grain
growth, and the pore expansion is therefore most likely linked to pore
coalescence due to this grain growth. These observations demonstrate that it
is of importance that oxygen permeable membranes should be as dense as
possible to avoid expansion due to this phenomenon. The significant change
in the microstructure will influence on the mechanical properties of the
membrane and it might be challenging to predict the mechanical
performance of the material with time.

The incorporation of CuO on the air side in LSFC1 demonstrated how easily
contaminations may affect the microstructure of the materials. Good
chemical compatibility with sealing materials or support is therefore
important for the development of oxygen permeable membranes.
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Kinetic decomposition

The thermodynamic stability of the present materials at high temperature
and varying oxygen partial pressure is not well established for all
compositions. In case of LSF, studies by Fossdal et al.** have shown that
this phase is stable both in air and inert atmosphere. In another publication
by Fossdal et al.,** the phase formed at the primary side of the LSF5
membrane, SrFe;;0j9, is reported to be coexistent with LSF in air at
1150°C. We can therefore conclude that in the case of the LSF membrane
kinetic decomposition had occurred at the air side during the permeation
experiments.

The phase investigation of LSC after sintering support the coexistence of
CoO (which transform to Co304 during cooling) with LSC in air at 1150°C.
Kinetic decomposition of LSC is therefore also expected, although the LSC
material was initially slightly Co-excess (Table 1). It is also interesting to
note that LSC is not a thermodynamic stable phase in inert atmosphere
above 1000°C. LSC was observed to decompose in nitrogen during high
temperature  X-ray diffraction.’”  Therefore, from thermodynamic
consideration, we should expect to observe a Ruddlesden-Popper type of
secondary phase coexisting with a La-rich perovskite at the secondary side
of the membrane. This was indeed not observed as shown in Figure 5a). As
discussed in the following, we may explain the lack of decomposition by a
slow surface exchange kinetics at this side. If the surface exchange is rate
limiting, the effective partial pressure of oxygen at the secondary surface
may be higher than in the sweep gas due to a steep gradient in oxygen
chemical potential at the surface.

The similar behavior of LSC and LSFC1-4 membranes points to a kinetic
decomposition of LSFC materials at the air side. However, it is again
important to note the presence of a cobalt oxide secondary phase in the
original membranes.

A “SryFeQy” like phase was formed at the air side of the LSFC7 membrane.
The coexistence of LSF and La,..SryFeOy in air at 1100-1300°C has been
reported by Fossdal et al.” However, due to the inhomogeneous nature of
LSFC7 as discussed in the previous chapter, it is not possible to conclude
that kinetic decomposition of the LSFC7 membrane has occurred at the
primary side. However, the data obtained for the LSFC7 membrane have
clearly shown the importance of the cation non-stoichiometry with regard to
the chemical stability of the materials. If a secondary phase is formed due to
deviation from the nominal cation stoichiometry, this may strongly
influence on the nature of the phase formed at the primary side of a
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membrane. The effect of the A/B ratio in homogeneous membranes should
be followed up more thoroughly in future experiments. In previous reports
on the formation of secondary phases at the surfaces of oxygen permeable
membranes, deviation from nominal cation stoichiometry and the inherent
thermodynamic stability of the materials have not been in focus.b 2%
Before any conclusion can be made, one needs to know the thermodynamic
stability of the material and the content of secondary phases due to offsets in
the cation stoichiometry. Unfortunately, even with very careful control,
deviation from the nominal composition must be expected on the level of
the uncertainty of the stoichiometry, which is typically 0.1 wt% of each
metal oxide. One should therefore look for grain boundary phases by
electron microscopy to establish the offset from the nominal composition.
Simple X-ray diffraction analysis is not sufficient to establish the phase
purity, but this is the far most used method for phase purity analysis in solid
state ionics. Finally, cation non-stoichiometry may not result in secondary
phases due to solid solution, but so far solid solution has only been reported
for SrFe0;.5 > and LaMnO3.;5.%°

Cation demixing

The gradient in the oxygen chemical potential, po, inside a multi-component
oxide AjxA’xB1.yB’,03.5 induces a corresponding but inverse gradient of the
cation chemical potential.®*® This can be described by the Gibbs-Duhem
equationl, written in differential form

(1=x)Vu, +xVp, +1=y) Vs +yVi, +(3-6)Vu, =0  (5)

The cation diffusion in perovskite materials is many orders of magnitude
lower than oxygen diffusion,””® and the cations do not contribute to the
electrical conductivity. The oxygen flux through the membranes is
determined by the bulk diffusion of oxygen ions, the electronic conductivity
and the surface exchange process taking place at the two surfaces.”® Cation
diffusion is therefore only interesting with regard to the long term stability
and changes in the performance of the membrane due to changes caused by
difference in cation mobility.

The Gibbs-Duhem equation demonstrates that the driving force for
demixing or decomposition is actually reduced by increasing the number of
metal components in the membrane. The gradient in the chemical potential
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of oxygen is balanced by the sum of the opposing gradients of the cations,
and the higher number of metal ions in the material, the smaller is the
chemical potential for each cation. Here, we have seen that changes in the
cation concentration and kinetic demixing are more dramatic in LSF and
LSC compared to LSFC. In the ternary oxides LSF and LSC, both kinetic
demixing (departure from the nominal A/B ratio, see Figure 14) and kinetic
decomposition were observed. The more pronounced effect in the ternary
oxide membranes can then be explained by a shallower gradient in the
chemical potential of the metal ions when going from three to four metal
components.

For an ternary oxide, e.g. LSF, the bulk flux of a cation, j, can be expressed
as

j(La)= ~Ly,Vn(La) - Ly 45,V (Sr)— Ly, Vn(Fe)— L,oVn(0) - L,V (h)(6)
j(sr)= ~Lg,,Vn(La) - LoV (S’) = Ly, Vi (Fe) - LgoVn (0) = Lg, Vi (h) (7
J (Fe) ==LpyaVn (La) = Lyes, V' (S") ~ Ly Vi (Fe) - LoV (0) ~ Ly V1 (h) )
j(0)= ~Lo,Vn(La)— Lys, Vi (Sr) - Lo,V (Fe)— LyoVn(0) - Lo,V (h) )
Jj(h)= ~L,,Vn(La) - L5,V (Sr) - Ly, V' (Fe)— L,oVn(0) - Ly Vn (h) (10)

using linear irreversible thermodynamics.”® Lij are the Onsager transport
coefficients and the n; the electrochemical potential given by n; = pi+zF-®
where ; is the chemical potential, z;-the charge number and ® the electric
potential.” In oxides with only one sub-lattice, the cross coefficients are
often neglected as a first approximation. The A/B ratio profiles across the
membranes shown in Figure 14, indicates that the cross coefficient between
cations on the A and B sites can not be neglected. Large deviation from the
nominal ABO; cation stoichiometry is energetically unfavorable and
diffusion on the A and B site should be to some degree coupled. On the
other hand, the cross coefficients of cations on the same sublattice may be
disregag(c)ied to a first approximation as usually assumed for simpler binary
oxides.

The movement of the cations towards the oxygen rich side will lead to
growth and dissociation of the mixed conductors at the two surfaces, in
analogy with what is going on in pure ion conductors.?’ The surface
reactions for the two sublattices of trivalent cations can generally be
expressed as

4,0, + 2V, + 6l = o 43+ 4 % 0,(g) (11)

oxidizing side
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B0, +2, + 6k =222y g 1 30, (g) (12)

oxidizing side

where h are electron holes and V are cation vacancies. Here, we have
assumed that no new phases appear at the primary air side. The sum of the
reactions will be

24BO, + 2V, + 2V, +12k el S, o 43+ LB 4 30,(g) (13)

oxidizing side

In the case of formation of CoO on the primary surface, the reaction will be

CoO+V, +3h ot (o™ + 1/ 0,(g) (14)

oxidizing side

As a consequence of these reactions, both the membrane surfaces will move
towards the oxygen rich side. As a first approximation, the sub lattice of the
slowest cation may be regarded as a frame of reference for the relative
movement of the two surfaces.

Similar experiments on simple binary oxide solid solutions having the rock
salt structure have shown that steady state can be reached within a few
days.zo At steady state the concentration profile of the cations remain
unchanged with time, which means that the flux of the cations divided by
the concentration is constant for all cations. In the perovskite crystal
structure, this picture is questionable since the flux of cations on the A and
B site is not necessarily linked as in a case of a oxide with only a single
cation sub-lattice.

At present we have no numerical model that can be used to predict the
cation concentration profile across the membranes. It is therefore not clear if
the concentration profiles that are reported here reflect a transient or a
steady state situation. Several factors are important with this respect. First,
the measured oxygen permeation rates were surprisingly stable with time
despite of the fact that the surface morphology on the primary side changes.
The membrane has therefore been operating through the whole time period.
Secondly, the largest departure from the nominal La/Sr ratio was observed
in the LSFC2 membrane, see Figure 15, which is the thickest membrane
investigated. The concentration profiles of the metal ions across the
membranes are, except near the surfaces, relatively flat. This can be
interpreted in two different ways. First, the profiles reflect a transient stage
after the exposed time, which means that a steady state situation will take
considerably longer time than about 30-40 days. However, it is previously
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seen®® that the sintering rates are high at these temperatures and hence a
considerable mass transport favors the steady state presence. Secondly, the
profiles may reflect that the driving force, i.e. the chemical gradient in the
partial pressure of oxygen, has only a minor gradient in the bulk of the
membranes. The latter points to a surface control of the oxygen flux and that
the drop in oxygen chemical potential from air on the primary side to the
inert gas on the secondary side is basically taking place close to the two
surfaces. This is illustrated in Figure 18. As discussed in Paper IV, surface
exchange on secondary side may be rate limiting for the oxygen flux at
these pO, gradients. This may even be the case at the primary side. This
suggests that the critical thickness of the membrane becomes rather large
due to small surface exchange coefficients. Moreover, the phase
composition changes at the primary side of the membranes may also slow
the surface exchange rate at the primary side. The bulk diffusion of oxygen
ions may therefore be sufficiently high, relative to the two surface exchange
processes, to cause a reduction of the chemical gradient in the bulk. For the
thickest membrane (LSFC2), the bulk diffusion may be rate limiting due to
a membrane possibly thicker than the critical thickness, and hence the
chemical gradient will be larger. This is in accordance with the largest
departure from the nominal La/Sr ratio seen for this membrane. However,
without a thorough numerical analysis of the data these considerations are
only preliminary, and future work on this subject should also be followed up
with numerical analysis. Additional information on the cation diffusion of
the corresponding materials by tracer diffusion, diffusion couples and creep
would also be very helpful to evaluate the relative mobility of cations on the
A and B site.
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Conclusion

Kinetic decomposition has been demonstrated in LagsSrgsFe;<CoxOs.5
(0 <x <1) oxygen permeable membranes operating for more than ~30 days
at 1150°C. At the primary side of LagsSrosFeqsCopsOss (LSFC) and
Lag 5S195C003.5 (LSC) membranes, cobalt oxide was formed, while the
Lag sSrgsFeOs.5 (LSF) membrane was a completely covered by a layer of
StFe12019. It was also shown that the nature of the phase formed is probably
affected by the overall (Sr+La)/(Fe+Co) stoichiometry of the materials. The
observations of the Co and Fe rich phases at the primary side indicate that
diffusion of Co or Fe is dominant over diffusion of La and Sr in these
materials. Evidence for kinetic demixing was also observed. Diffusion of Sr
cations was fastest on A-site in all the materials, while Co cations were
fastest on the B-site in LSFC. In all the membranes the most pronounced
changes in the metal content was observed near the two surfaces. These
observations point to a surface exchange control of the oxygen flux through
~ 1 mm membranes operating at 1150°C. Finally, the oxygen permeability
was not severely changed by the kinetic demixing and decomposition.
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APPENDIX I

RAW DATA OF OXYGEN NON-STOICHIOMETRY

Table I-1 — I-3 show raw data of oxygen non-stoichiometry as a function of
temperature in different atmospheres for Lay 5Srg sFeOs.s,
Lag s8rq sFeo sCo0.503.5 and Lag 5519 5C00s.5.

Table I-1: Raw data of oxygen non-stoichiometry as a function of
temperature in different atmospheres for Lag 5Sry sFeOjs.s.

Temperature Atm 3-8

[°C]

97.6 Air 2.966
299.1 Air 2.965
3994 Air 2.963
500.0 Air 2.959
550.2 Air 2.956

600.5 Air 2.951
650.8 Air 2.942
701.0 Air 2.932
751.4 Air 2919
801.7 Air 2.905
852.0 Air 2.889
902.2 Air 2.874
952.6 Air 2.858
1003.1 Air 2.844

97.5 Nz 2.964
299.1 N, 2.961
399.4 N, 2.954
499.9 N, 2.930
550.2 Nz 2.910
600.5 N, 2.888
650.8 N, 2.866
701.0 N, 2.845
751.4 N 2.824
801.7 N, 2.807
851.9 N, 2.794
902.2 N, 2.783
952.6 N, 2.775
1003.0 N, 2.770
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Table I-2: Raw data of oxygen non-stoichiometry as a function of
temperature in different atmospheres for Lag sSrq sFeg sCog 503.5.

Temperature Atm 3-5

[°C]

97.5 Air 2.930
299.0 Air 2.926
399.4 Air 2.920
499.9 Air 2911
550.1 Air 2.906
600.4 Air 2.898
650.8 Air 2.888
701.0 Air 2.876
751.3 Air 2.862
801.6 Air 2.848
851.9 Air 2.832
902.2 Air 2.816
952.6 Air 2.799
1003.0 Air 2.784

97.5 N, 2.921
299.1 N, 2.904
399.4 N, 2.885
500.0 N, 2.854
550.1 N, 2.837
600.4 N, 2.813
650.8 N, 2.790
700.9 N, 2.772
751.3 Nz 2.752
801.7 N, 2.731
851.9 N, 2.714
902.2 N, 2.698
952.6 N, 2.679
1003.0 N, 2.662

188



Table I-3: Raw data of oxygen non-stoichiometry as a function of
temperature in different atmospheres for Lag 515 5C0O3.s.

Temperature ~ Atm 3-8

[°C]

97.5 Air 2.929
299.0 Air 2.925
399.4 Air 2.920
499.9 Air 2912
550.1 Air 2.906
600.4 Air 2.898
650.7 Air 2.888
701.0 Air 2.876
751.3 Air 2.862
801.6 Air 2.848
851.9 Air 2.831
902.2 Air 2.815
952.6 Air 2.799
1003.0 Air 2.784

97.5 N, 2.925
299.0 N, 2.908
399.4 N, 2.890
499.9 N, 2.857
550.1 N, 2.838
600.4 N, 2.816
650.8 N, 2.794
701.0 N, 2.776
751.3 N, 2.755
801.6 N, 2.734
851.9 N, 2.716
902.2 N, 2.699
952.6 N, 2.682

1003.0 N> 2.666
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APPENDIX 11

RAW DATA OF HIGH-TEMPERATURE X-RAY
DIFFRACTION

Table II-1 — II-2 show raw data of high-temperature x-ray diffraction for
Lag sSrosFepsCoo505.5 and Lag sSrgsCo0s.5 as a function of temperature in
different atmospheres.

Table I1-1: Cubic cell parameter as a function of temperature in different
atmospheres for LagsSrosFepsCo¢sOss. The obtained cell
parameter for Pt is also reported.

Temperature Atm a aPt
[°C] [A] [A]
31 Air 3.849 3.924
200 Air 3.859 3.930
300 Air 3.865 3.933
400 Air 3.872 3.937
500 Air 3.879 3.940
600 Air 3.887 3.944
700 Air 3.897 3.948
800 Air 3.909 3.953
900 Air 3.921 3.957
1000 Air 3.935 3.962
31 N, 3.849 3.924
200 N, 3.861 3.930
300 N, 3.868 3.933
400 N, 3.874 3.937
500 N, 3.885 3.941
600 N, 3.898 3.945
700 N, 3.912 3.949
800 N, 3.926 3.953
900 N, 3.939 3.957
1000 N, 3.952 3.959
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Table II-2: Cubic cell parameter as a function of temperature in different
atmospheres for Lag sSrgsCo00O;5. The obtained cell parameter
for Pt is also reported.

Temperature Atm a aPt
[°C] [A] [A]
30 Air 3.832 3.922
200 Air 3.842 3.929
301 Air 3.848 3.932
401 Air 3.855 3.936
501 Air 3.863 3.940
600 Air 3.872 3.944
700 Air 3.882 3.948
799 Air 3.892 3.953
901 Air 3.904 3.957
1000 Air 3.918 3.962
31 N, 3.832 3.924
200 N, 3.843 3.931
299 N, 3.850 3.934
401 N, 3.858 3.938
501 N, 3.869 3.942
600 N, 3.880 3.946
700 N, 3.894 3.950
801 N, 3.908 3.954

900 N, 3.920 3.956
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APPENDIX IIT

CREEP RELAXATION

Stress relaxation curves were obtained for both Lag 5SrosFeq sCog 50;.5 and
Lag 5819 5Co0;3.5 cylinders at 900°C in N, atmosphere. Two relaxations of
each composition were measured. Figure III-1 shows an example of one of
the stress relaxations where the stress is normalized by dividing the
measured stress by the initial stress. Such a stress relaxation can then be
fitted to the following equation

—1 —t —t
LAY Py S (I1I-1)

Oy

where o is the initial stress, t is the time, t;, ty, t3... are time constants with a
decade in difference and ¢y, ¢, cs... are constants (c1 + et ez =1).

, — Time [s]
08k = Regression]

0.6 k‘"g -

0.4}

Relative load

0.2}

0 2et4  4e+4 6Be+t4d Be+d 1e+5

Time [s]

Figure III-1 Stress relaxation curve for Lag 5Srp sC005.5 at 900°C in Ny. The
load is normalized by dividing the measured load by the initial
load (25 MPa).

192



By setting the time constants, the curve can be refined to equation (2) by
fitting the constants. Figure III-1 shows the obtained curve for this stress
relaxation. Table III-1 gives the obtained values for the different stress
relaxations. The constants t;, t; and t3 is set to l~10'3, 1-10* and 1-10°
respectively.

Table III-1 Time constants for LagsSrgsFe;«CoxOss for different
relaxations at 900°C in N, atmosphere.

Composition Cy Cy C3
X
0.5 0.3747 0.1258 0.4995
0.5 0.3720 0.1135 0.5145
1 0.2201  0.3700 0.4098
1 04169 0.2797 0.3034




APPENDIX IV

HIGH TEMPERATURE MECHANICAL TESTING RIG

A schematic of the setup for measurement of Young’s modulus, bending
strength and fracture toughness is shown in Figure IV-1.

]

! |

i1

1. Actuator ;} | : E
15. Gas outlet C-——>

2. Upper load cell (2 kN) >

3. Water-cooled grip head

heat shield

5. Solid a-SiC pushrod

6. Furnace
7. Thermocouples<::—)>
8. Bend fixture =4

9. Hollow a-SiC pushrod

10. Water-cooled ______
heat shield g . oo
11. Water-cooled grip head— —>

12. Extensometer with water—________y
cooled housing

13. Lower load cell

\4

14. Water cooled vacuum 16. Gas inlet ——
chamber

_______________________________________________

Figure IV-1: Schematic representation of the setup used for measurement of
Young’s modulus, bending strength and fracture toughness
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The setup consisted of one fully dense (upper) and one hollow (lower) high-
purity a-SiC pushrod attached to water-cooled grips in an electromechanical
test machine (Cormet) with a 20 kN uniaxial actuator (Cormet digital
control), a Cormet 20 kN or HBM 1 kN load cell (lower) and a 2 kN HBM
load cell (upper), the latter used for data recording. Loading was controlled
by the Cormet SSRT software. The load signal from the 2 kN load cell was
amplified in HBM amplifiers and was recorded by a FLUKE logging
system. The sample was mounted in a MTS high-temperature bend fixture
(642.85, Figure 1V-2), constructed of 0-SiC and designed to comply with
ASTM Standard C1211-92 for high-temperature bend testing. The fixture
was fully articulating to minimize high contact stresses, its rollers designed
to both roll and pivot to ensure a line contact on the specimen.

Figure IV-2 MTS Model 642.85 High Temperature Bend Fixture

Specimen deflection during loading was measured during bending strength
tests with a MTS bend bar extensometer (632.70-03) with a strain gauge
based deflectometer and three measurement rods (MTS 602.81) which
extend from the extensometer up to the test specimen. The two outer rods
were spaced to correspond with the location of the upper two rollers of the
bend fixture (Figure IV-3). All three rods contacted the specimen. During
the test, the extensometer measured the deflection of the center rod with
respect to the outer rods.



P2 P72

fe— 20 mm —+

P/2

Figure IV-3 Schematic representation of sample configuration prior to a
bending strength measurement. P is the applied load

The mechanical testing rig was fitted with a split single phase Kanthal A
heating element (SIGMATEST Materialpriiftechnik GmbH, 200 mm
vertical hot zone) and Ni radiation shields. The front half of the furnace was
mounted at the door to allow specimen access. The temperature in the
furnace was controlled through a thermocouple mounted close to the
sample, using a Eurotherm 2408 controller (Eurotherm Controls Ltd.) A
second thermocouple (type S) was mounted near the heating element and
was connected to a high-temperature alarm on the temperature controller in
order to avoid overheating of the element. The furnace could be used up to

800°C in air, vacuum and inert gas.

The entire setup was mounted inside a water-cooled vacuum chamber
(approx. 400 x 300 x 600 mm) connected to a rotary pump and a gas supply
system.

The load frame was designed and built at SINTEF. It is overdimensioned

with respect to the maximum load of 20 kN, providing a good stiffness of
the frame. This is especially important in testing of brittle materials.
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A photograph of the entire system is shown in Figure IV-4.

Figure IV-4

Room temperature setup of the mechanical testing rig used to
measure bending strength and fracture toughness. The high-
temperature setup is identical, with the exception of
installation of two thermocouples. The numbers correspond to
those defined in Figure IV-1
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APPENDIX V

MEASUREMENT OF MECHANICAL PROPERTIES

Bending strength

The bending strength, o was calculated from four-point bend testing.
Sample bars were machined to MIL SPEC 1942 and dimensions 4 x 3 x ca.
45 mm’ (bx hx ) by Chand Associates, MA, USA or by Kadco Ceramics,
PA, USA. All the edges were chamfered. The bending strength was
calculated using equation (V-1).!

3-P,-a -1
O, = -
f b ‘h2
where a is given as
a=5 ”2'52 (V-2)

and Pyis the maximum load at fracture [N], 4 is width [m], 4 is height [m],
S} is the support roller span (40 mm) and S; is the load roller span (20 mm).

A total of up to 11 specimens were tested at each temperature. A preload of
~0.5 N was applied to the specimens tested at room temperature, whereas
the specimens tested at elevated temperatures were preloaded with ~20 N
prior to testing. The preload of the high temperature samples was
maintained by using load control of the rig during heating. Position control,
with a crosshead rate of 8 um/s, was used during the bending strength
measurements.

Young's modulus

Young’s modulus was calculated from a plot of the load (P) versus the
deflection of the bar (§.) during four-point bend testing. Here, the deflection
of the center extensometer rod with res%)ect to the outer rods (see Appendix
IV) is taken as the deflection of the bar.
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3 2 3 2
6, = il .f;.{l_i"f_l_,]__]z_.a (1-%} (V-3)

where
J=— (V-4)

Rearranging equation (II-3), inserting J and substituting P(3.)/8. with the
slope of the curve of load versus deflection (S [N/m]) found by regression
analysis, gives the expression for the E-modulus:

=~—-—(———-la+a2]-S (V-5)

A total of up to 11 specimens were tested for each composition.

Fracture toughness

The fracture toughness was measured using the single edge notched beam
method (SENB) or single edge V-notched beam method (SEVNB). Sample
bars were machined to MIL SPEC 1942 and dimensions 3 x 4 x ca. 45 mm’
(b x h x I) by Chand Associates, MA, USA or by Kadco Ceramics, PA,
USA. Note the differing definitions of width (b) and height (k) between
bending strength measurements and fracture toughness measurements. The
depth of the notches was 0.75-0.80 = 0.03 or 1.14-1.18 + 0.02 mm and the
width 0.21-0.24 + 0.01 mm. The fracture toughness was calculated using
equation (I1-6)>*

PGS, —S2>,[3 o

= WL 5(1——06)3/2 'F(a)) (V-6)

where

_(3.49-0.68-a+1.35-a’)- - (1-00)

F(a)=19887-1.326 -« 5
(I+0o)

(V-7)

and
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o= (V-8)

<
h

where c is the length of the notch [m].

A crosshead rate of 1 um/s was used. A total of 3-4 specimens were tested
at each temperature.
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APPENDIX VI

FRACTURE ORIGINS FROM FOUR-POINT BENDING

Figure VI-1 shows selected fracture origins from Lag 5Srg sFey 5Cog503.5 and
Lag 5Sr9 5C00;3._; bars obtained from four-point bending.

Figure VI-1: Selected images of fracture origins of LagsSrysFeq5C00503.5
and Lag 5Sry sC00;.5 bars.
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APPENDIX VII

RAW DATA OF OXYGEN FLUX MEASUREMENTS

Table VII-1 — VII-5 show raw data of oxygen flux measurements of
Lag sSrgsFeOs.s LagsSrgsFepsCoos503.5 and LagsSrgsCo0s.5 membranes at
different pO, on secondary side and at different temperatures.

Table VII-1: Oxygen flux for LSFC3 (LagsSrosFeqsCoos5035) membrane
for different pO, on secondary side and different temperatures.

Temperature log pO, Oxygen flux Standard
[°C] [ml/min-cmz] deviation
1147 -2.40 1.60 0.10
1147 -1.67 2.14 0.11
1147 -1.39 1.31 0.20
1147 -1.98 1.92 0.16
1147 -2.16 1.74 0.07
1147 -2.45 1.39 0.08
1147 -1.30 1.20 0.16
1147 -2.32 1.77 0.13
1147 -2.55 1.10 0.08
1103 -2.65 0.82 0.02
1058 2.72 0.67 0.01
1014 -2.81 0.54 0.02
1058 -2.70 0.67 0.03
1148 -2.50 1.19 0.08
1148 -2.50 1.19 0.08
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Table VII-2: Oxygen flux for LSFC4 (LagsSrysFeqsCo00503.5) membrane
for different pO, on secondary side and different temperatures.

Temperature  log pO, Oxygen flux Standard
[°C] [ml/min-cm’] deviation
1146 -2.40 1.51 0.17
1146 -4.67 1.32 0.13
1146 -2.19 1.54 0.17
1146 -1.98 1.80 0.31
1146 -1.70 1.72 0.20
1146 -1.40 1.05 0.21
1146 -1.31 0.99 0.18
1146 -1.54 1.44 0.25
1146 -2.56 0.97 0.08
1146 -2.46 1.34 0.05
1146 -2.56 0.97 0.08
1103 -2.68 0.67 0.02
1058 -2.76 0.54 0.01
1014 -2.83 0.41 0.01
1058 -2.80 0.47 0.04
1103 -2.67 0.69 0.03
1147 -2.62 0.85 0.03

Table VII-3: Oxygen flux for LSF5 (LagsSrosFeOs.;) membrane for
different pO, on secondary side and different temperatures.

Temperature  log pO, Oxygen flux Standard
[°C] [ml/min-cm?] deviation
1147 -2.70 0.57 0.04
1147 -2.82 0.51 0.05
1147 -2.80 0.52 0.04
1147 -2.37 0.56 0.03
1147 -2.11 0.57 0.09
1147 -1.76 0.53 0.07
1147 -1.55 0.55 0.09
1147 -1.42 0.34 0.11
1147 -1.31 0.35 0.04
1147 -2.82 0.44 0.06
1147 -2.88 0.35 0.06
1147 -2.89 0.42 0.05
1147 -2.82 0.43 0.06
1103 -2.89 033 0.04
1058 -2.96 0.25 0.04
1014 -3.04 0.17 0.03
1058 -2.99 0.22 0.04
1103 -2.93 0.28 0.04
1147 -2.88 0.35 0.06
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Table VII-4: Oxygen flux for LSC6 (LagsSrysCo0Os.5) membrane for
different pO, on secondary side and different temperatures.

Temperature  log pO, Oxygen flux Standard
[°C] [ml/min-cm’] deviation
1147 -2.25 2.17 0.13
1147 -2.28 2.07 0.12
1147 -2.05 2.44 0.16
1147 -1.88 2.69 0.14
1147 -1.65 2.57 0.24
1147 -1.48 2.06 0.27
1147 -1.38 1.78 0.29
1147 -1.29 1.46 0.21
1147 -2.26 2.14 0.19
1147 -2.14 2.77 0.28
1147 -2.26 2.14 0.19
1103 -2.34 1.78 0.19
1058 -2.42 1.45 0.15
1014 -2.51 1.19 0.13
970 -2.61 0.94 0.09
1014 -2.52 1.15 0.12
1147 -2.23 2.17 0.17

Table VII-5: Oxygen flux for LSFC7 (Lag 5Srg sFeq 5Co0.503.5) membrane
for different pO, on secondary side and different temperatures.

Temperature  log pO, Oxygen flux Standard
[°C] [ml/min-cm?] deviation
1149 -2.19 2.11 0.16
1149 -2.27 1.90 0.22
1149 -2.28 1.91 0.19
1149 -2.04 2.14 0.12
1149 -1.86 2.25 0.19
1149 -1.63 1.89 0.20
1149 -1.46 1.72 0.09
1149 -1.36 1.32 0.05
1149 -2.31 1.72 0.19
1149 -2.32 1.77 0.13
1149 -2.31 1.88 0.19
1104 -2.37 1.58 0.17
1060 -2.44 1.29 0.14
1149 -2.32 1.77 0.09
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