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ABSTRACT

Ti doping on La;SryFeO;s (LSF) tends to increase the oxygen equilibration
kinetics of LSF in lower oxygen activity environment because of the high valence state of
Ti. However, the addition of Ti decreases the total conductivity because the acceptor

([Sr,,]) is compensated by the donor ([Ti},]) which decreases the carrier concentration.

The properties of Lag,SrggFe; «TixOs.5 (LSFT, x = 0.45) have been experimentally and
theoretically investigated to elucidate (1) the dependence of oxygen occupancy and
electrochemical properties on temperature and oxygen activity by thermogravimetric
analysis (TGA) and (2) the electrical conductivity and carrier concentration by Seebeck
coefficient and electrical measurements.

In the present study, dual phase (Lag2SrogFeosTi0405.5/CepoGdo102-5)
membranes have been evaluated for structural properties such as hardness, fracture
toughness and flexural strength. The effect of high temperature and slightly reducing
atmosphere on the structural properties of the membranes was studied. The flexural
strength of the membrane decreases upon exposure to slightly reducing conditions at
1000°C. The as-received and post-fractured membranes were characterized using XRD,
SEM and TG-DTA to understand the fracture mechanisms. Changes in structural
properties of the composite were sought to be correlated with the physiochemical features
of the two-phases.

We have reviewed the electrical conductivity data and stoichiometry data for
La,SrosCro,Feo 3035 some of which was reported previously. Electrical conductivity
data for Lag,SrosCro2Feos0;.5 (LSCrF) were obtained in the temperature range, 752 ~
1055 °C and in the pO; range, 10"®~ 0.5 atm. The slope of the plot of log & vs. log pO, is
~1/5 in the p-type region, pO, = 10° ~ 10" atm. The pO, at which the p-n transition is
observed increases with increasing temperature. The activation energy for ionic
conduction was estimated to be 0.86 eV from an Arrhenius plot of the minimum
conductivity vs. reciprocal temperature. At temperatures below 940°C, a plateau in the
conductivity isotherm suggests the presence of a two-phase region. Most likely, phase
separation occurs to form a mixture of a perovskite phase and an oxygen vacancy ordered
phase related to brownmillerite. Additional data for the oxygen non stoichiometry are
presented.
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INTRODUCTION

Conversion of natural gas to liquid fuels and chemicals is a major goal for the Nation as it enters

the 21" Century. Technically robust and economically viable processes are needed to capture the
value of the vast reserves of natural gas on Alaska’s North Slope, and wean the Nation from
dependence on foreign petroleum sources. Technologies that are emerging to fulfill this need are
all based syngas as an intermediate. Syngas (a mixture of hydrogen and carbon monoxide) is a
fundamental building block from which chemicals and fuels can be derived. Lower cost syngas
translates directly into more cost-competitive fuels and chemicals.

The currently practiced commercial technology for making syngas is either steam methane
reforming (SMR) or a two-step process involving cryogenic oxygen separation followed by
natural gas partial oxidation (POX). These high-energy, capital-intensive processes do not always
produce syngas at a cost that makes its derivatives competitive with current petroleum-based fuels
and chemicals.

In the mid 80°s BP invented a radically new technology concept that will have a major economic
and energy efficiency impact on the conversion of natural gas to liquid fuels, hydrogen, and
chemicals.' This technology, called Electropox, integrates oxygen separation with the oxidation
and steam reforming of natural gas into a single process to produce syngas with an economic
advantage of 30 to 50 percent over conventional technologies.2

The Electropox process uses novel and proprietary solid metal oxide ceramic oxygen transport
membranes [OTMs], which selectively conduct both oxide ions and electrons through their lattice
structure at elevated temperatures.3 Under the influence of an oxygen partial pressure gradient,
oxygen ions move through the dense, nonporous membrane lattice at high rates with 100 percent
selectivity. Transported oxygen reacts with natural gas on the fuel side of the ceramic membrane
in the presence of a catalyst to produce syngas.

In 1997 BP entered into an OTM Alliance with Praxair, Amoco, Statoil and Sasol to advance the

Electropox technology in an industrially sponsored development program. These five companies

1Mazanec, T.J.; Cable, T. L.; Frye, J. G., Jr.; US 4,793,904, 27 Dec 1988, assigned to The Standard Oil Company (now BP America),
Mazanec, T. J.; Cable, T. L.; US 4,802,958, 7 Feb 1989, assigned to the Standard Oil Co. (now BP America), Cable, T. L.; Mazanec,
T.J.; Frye, J. G., Jr.; European Patent Application 0399833, 24 May 1990, published 28 November 1990.

*Bredesen, R.; Sogge, J.; "A Technical and Economic Assessment of Membrane Reactors for Hydrogen and Syngas Production”
presented at Seminar on the Ecol. Applic. of Innovative Membrane Technology in the Chemical Industry”, Cetraro, Calabria, Italy, 1-4
May 1996.

3Mazanec, TJ., Interface, 1996; Mazanec, T.J., Solid State Ionics, 70/71, 1994 11-19; "Electropox: BP's Novel Oxidation
Technology", T.J. Mazanec, pp 212-225, in "The Role of Oxygen in Improving Chemical Processes", M. Fetizon and W.J. Thomas,
eds, Royal Society of Chemistry, London, 1993; "Electropox: BP's Novel Oxidation Technology", T.J. Mazanec, pp 85-96, in "The
Activation of Dioxygen and Homogeneous Catalytic Oxidation", D.H.R. Barton, A. E. Martell, D.T. Sawyer, eds, Plenum Press, New
York, 1993; "Electrocatalytic Cells for Chemical Reaction", T.J. Mazanec, T.L. Cable, J.G. Frye, Jr.; Prep Petrol Div ACS, San Fran,
1992 37, 135-146; T.J. Mazanec, T.L. Cable, J.G. Frye, Jr.; Solid State Ionics, 1992, 53-56, 111-118.



have been joined by Phillips Petroleum and now are carrying out a multi-year $40+ million
program to develop and commercialize the technology. The program targets materials,
manufacturing and engineering development issues and culminates in the operation of semi-
works and demonstration scale prototype units.

The Electropox process represents a truly revolutionary technology for conversion of natural gas
to synthesis gas not only because it combines the three separate unit operations of oxygen
separation, methane oxidation and methane steam reforming into a single step, but also because it
employs a chemically active ceramic material in a fundamentally new way. On numerous fronts
the commercialization of Electropox demands solutions to problems that have never before been
accomplished. Basic problems in materials and catalysts, membrane fabrication, model
development, and reactor engineering all need solutions to achieve commercial success. Six
important issues have been selected as needing understanding on a fundamental level at which the
applied Alliance program cannot achieve the breadth and depth of understanding needed for rapid

advancement. These issues include:

Oxygen diffusion kinetics (University of Houston);
2. Phase stability and stress development (University of Missouri - Rolla);
3. Mechanical property evaluation in thermal and chemical stress fields (University of

Alaska Fairbanks)
Statement of Work
Task 1 Evaluate phase stability and thermal expansion of candidate perovskite
membranes and develop techniques to support these materials on porous metal
structures.
Task 2 Determine materials mechanical properties under conditions of high

temperatures and reactive atmospheres.

Task 3 Measure kinetics of oxygen uptake and transport in ceramic membrane materials
under commercially relevant conditions using isotope labeling techniques.



EXECUTIVE SUMMARY

LSFT not only exhibits p-type in the high oxygen activity regime, but also has an n-
type in the reducing atmosphere. Higher concentrations of oxygen vacancies in the low
oxygen activity regime may improve the performance of LSFT as an OTM. The hole
concentration is related to the difference in the acceptor and donor concentration by the
relation p = [Sr'ra] — [Ti're]. The chemical formulation predicts that the hole
concentration is, p = 0.8-0.45 or 0.35. Experimental measurements indicated that p is
about ~ 0.35._The activation energy of conduction is 0.2 eV which implies that the LSCF
conducts via the small polaron conduction mechanism.

The dual phase membranes have been evaluated for structural properties. An
increasing crack growth resistance was observed for the membranes heat-treated at
1000°C in air and N, with increasing crack length. The flexural strength was evaluated to
be 104 MPa and 51.2 MPa for dual phase membranes in room temperature (in air) and at
1000°C in N, respectively. The oxygen deficiency in LSFT caused by the N, atmosphere
at 1000°C is thought to promote intergranular debonding during crack propagation and
observed transgranular fracture. Further studies can elucidate on the role of chemical

expansion on mechanical properties of dual phase membranes.

We have reviewed the electrical conductivity data and stoichiometry data for
Lag»SrosCrpaFep 3035 some of which was reported previously. Electrical conductivity
data for Lag,SrogCrooFepsOs.s (LSCrF) were obtained in the temperature range, 752 ~
1055 °C and in the pO, range, 107~ 0.5 atm. The slope of the plot of log & vs. log pO, is
~1/5 in the p-type region, pO, = 10 ~ 10" atm. The pO, at which the p-n transition is
observed increases with increasing temperature. The activation energy for ionic
conduction was estimated to be 0.86 eV from an Arrhenius plot of the minimum
conductivity vs. reciprocal temperature. At temperatures below 940°C, a plateau in the
conductivity isotherm suggests the presence of a two-phase region. Most likely, phase
separation occurs to form a mixture of a perovskite phase and an oxygen vacancy ordered
phase related to brownmillerite. Non equilibrium effects are observed but unlike those in

LSFTO, they become less apparent with increasing temperature.



Task 1: Preparation and Characterization of Dense Ceramic oxygen Permeable Membranes
Yong-Wook Sin and H. U. Anderson

Materials Research Center, University of Missouri-Rolla, Rolla, MO 65401

Conductivity and Seebeck coefficient of Lag,SrosFeoss Tip4503.5 (LSFT) as a function

of temperature

Summary

Ti doping on La;«SriFeOs., (LSF) tends to increase the oxygen equilibration
kinetics of LSF in lower oxygen activity environment because of the high valence state of

Ti. However, the addition of Ti decreases the total conductivity because the acceptor
([Sr,,]) is compensated by the donor ([Ti},]) which decreases the carrier concentration.

The properties of Lag,SrosFe; TixOs.; (LSFT, x = 0.45) have been experimentally and
theoretically investigated to elucidate (1) the dependence of oxygen occupancy and
electrochemical properties on temperature and oxygen activity by thermogravimetric
analysis (TGA) and (2) the electrical conductivity and carrier concentration by Seebeck
coefficient and electrical measurements.

SrTiOs (perovskite, ABO3), an n-type conductor, has thermodynamic stability, but
exhibits low electronic and ionic conductivity at high of temperature and high oxygen
activity. La doping on the A-site of SrTiOs does provide increased electrical conductivity
in highly reducing atmospheres (Figure 1). Acceptor doping such as Fe on the B-site of
SrTiOs provides p-type conduction and decreases electrical conductivity. On the other
hand, ferrite such as (La, Sr)FeOs.. (LSF) which is known as a mixed ionic and p type
electronic conductor is currently being widely used because of its high electronic
conductivity in oxidizing conditions, but in low oxygen activity its conductivity is
suppressed (Figure 2). When high valence state elements like Ti are added as a donor on
the B site of LSF, the electrical conductivity at lower oxygen activity tends to be
increased. Therefore, Ti doped (La, Sr)FeOs.., may attain high electronic, ionic

conductivity as well as improved stability in highly reducing atmospheres. As shown in



Figure 3 [1], according to the XRD results, the perovskite structure in LSFT was also
preserved very well after 12 hours at 1000°C in 10% H, / 90% N, .
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Figure 3 XRD profiles of LSFT annealed in forming gas (10% H, / 90% N,) at

1000°C [1]

Results and Discussion

1. LSFT Powder Preparation

The first objective was to fabricate well dispersed and nano-sized LSFT powder.
To achieve this goal, the development of powder preparation technologies to fabricate
non-agglomerated, nano-sized powder was required. Several water based solution
processes were investigated to prepare the required powder. Among them, the method
using ethylene glycol and nitrates was selected as the best route for power preparation.
LSFT powder samples were annealed at 600, 1200, 1300 and 1400°C and characterized
by using XRD. As can be seen in the Figure 4, the XRD profiles show that resulting

LSFT was single phase with the perovskite structure.
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2. Oxygen Occupancy Study

Based on the assumption that the structure had full oxygen occupancy at room
temperature in air, the oxygen occupancy (3-8) as a function of oxygen activity was
estimated by thermogravimetric analysis (TGA). This assumption yielded the oxygen
occupancy (3-8) at 1200°C to be 2.92 in air, and 2.86 in 1 x 10"% atm (Figure 5).

These data agree with that found the University of Houston (Figure 6) [2]. As
shown in Figure 7, below 1 x 107 atm of oxygen activity at 1200°C, the LSFT lost
weight due to dissociation. However, upon re-oxidation, the weight loss was found to be

fullyreversible.
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3. Electrical Conductivity and Seebeck Coefficient of LSFT in Air

The electrical conductivity and Seebeck coefficient were measured on dense
LSFT (>90% of theoretical density) as a function of temperature and oxygen activity.
The electrical conductivity in air was about 2 S/cm at 200°C and reached to the maximum
value of 13 S/cm at 500°C and then decreased to 4 S/cm at 1200°C (Figure 8). The
Seebeck coefficient is inversely related to the electrical conductivity. It decreased from

30 to 20 uV/K between 200 and 500°C and then increased to about 150 uV/K at 1200°C.
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The Seebeck Coefficient and charge carrier concentration are also inversely

related through the relationship

Q=+ Epn =9 0
c C

where Q is the Seebeck Coefficient in uV/K or uV/C, k is Boltzmann’s constant, c is the
ratio of charge carriers to available conduction sites. Equation (1) was used to evaluate
the charge carrier and acceptor dopant concentration. As can be seen in Figure 9, the
charge carrier concentration was initially about 8x10%' at 500°C and then decreased to
2x10*" at 1200°C as Q increased. Figure 10 shows that the value of the net acceptor
dopant concentration as function of temperature. As can be seen, the average value was

found to be about 0.35. In Lag,SrosFeossTig4sO55 (LSFT), the acceptor ([Sr'La]) is

10



compensated by the donor ([Tige]), thus if the dopants are homogenously distributed in

the lattice and are fully ionized, the hole concentration is given by the relation p = [Sr,]

— [Ti*ke]. Thus for the composition used in this study, the net hole concentration should

be, p =

0.8-0.45 or 0.35, which agrees with that calculated from the Seebeck

measurements. This suggests that both the donors and acceptors were completely ionized

and were homogeneously incorporated into the perovskite lattice.

Figure 9
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As shown in Figure 11, the activation energy of conduction for LSFT was about
0.2 eV. The hole mobility was also calculated using the electrical conductivity and
carrier concentration data and the results along with the electrical conductivity of the
LSFT samples are shown in the Figure 11. The activation energy for the mobility is 0.2

eV which implies that LSFT conducts via the small polaron conduction mechanism.

4. Electrical Conductivity and Seebeck Coefficient as a function of oxygen activity

The in situ electrical conductivity and Seebeck coefficient measurements were
made on LSFT at 1000 and 1200°C over the oxygen activity range from air to 107" atm.
As can be seen in Figure 12 the LSFT shows a p-type to n-type transition as the oxygen
activity from that in air to 10" atm. The p-type to n-type transition occurred at an
oxygen activity of 1x10™'% at 1000°C and 1x10 at 1200°C. The whole plot including the
minimum point (the electrical conductivity at the p-type to n-type transition) in the Figure
12 was shifted to higher oxygen activity range when the temperature was increased from
1000 to 1200°C which is typical of p-type oxides. This shift is related to the fact that the
oxygen vacancy concentration is higher at the higher temperature which tends to

compensate the p type carriers at higher oxygen activity.
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Figure 12 Electrical conductivity as a function of oxygen activity of LSFT at 1000
and 1200°C.
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This phenomenon is because in the p type conduction region, p = [Sr'L.] — 2[V o]
Since the concentration of oxygen vacancy, [V o], is higher at 1200°C than at 1000°C,
the electrical conductivity of LSFT at 1200°C is lower in the p-type regime because the
holes which result from the acceptor concentration, [Sr'r,], are compensated by the
oxygen vacancies. As the oxygen activity continues to be decreased, the n-type
conductivity regime is entered when sufficient oxygen vacancies have been generated to
totally compensate the acceptors. At this point, the conductivity starts to increase with
further decreases in oxygen activity with a negative pressure and exponential temperature
dependency. This results in the n-type conductivity at 1200°C being higher than that
observed for 1000°C. Further decrease of the oxygen activity below 1x107"° atm
appeared to cause dissociation or phase changes. The increase of [V o] and evidence of
dissociation in n-type regime was verified by TGA study shown in Figure 5 and 7. These

results agreed with the experimental results from University of Houston (Figure 13) [2].
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- - T

(U o N T R [ A T S T A T SN T S T R 4 A T+

pOfatm)

1

Figure 13 Log o vs. Po, of dense SroTigsFe40s.5 (sintered at 1600°C) at 800°C [2]
Seebeck coefficients were also measured as a function of oxygen activity at 1000

and 1200°C (Figure 14). As can be seen in the Figure 14, the Seebeck coefficient verified
that the LSFT has p-type conductivity in high oxygen activity regime and n-type

14



conductivity in the low oxygen activity regime. The Seebeck coefficient also exhibited
that the LSFT has the p-type to n-type transition at about 1x10™® and 1x10° atm of
oxygen activity at 1000 and 1200°C. However, the electrical conductivity measurement
of LSFT exhibited its p-type to n-type transition at about 1x10"° and 1x10° atm of
oxygen activity at 1000°C at 1200°C.  The difference between the two measurements

may be due to differences in the carrier mobilities.

300 ~

250 = 1000°C °
200 J e 1200°C R

150 °
100 - °

50
0 .

Q uVv/K

-50 4 °
-100 .
-150 . R R

2004 “En

10" 10® 10® 10" 10° 107 10° 10° 10" 10"

pO, (atm)

Figure 14 Seebeck coefficient vs. Log Po, of ~ 50% dense LagSrogFeossTip.4505.5
(LSFT) at 900°C

Future Studies

1. The optimum composition of LSFT to maximize performance by increasing the
concentration of oxygen vacancies and electrical conductivity needs to be
established.

2. The temperature and oxygen activity limit for the chemical and mechanical
stability of LSFT need to be determined..

3. The relation among the charge carrier concentration, mobility, and net acceptor

dopant concentration needs to be evaluated.
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Task 2: Determine material mechanical properties under conditions of high

temperature and reactive atmosphere

Prof. S. Bandopadhyay and Dr. T. Nithyanantham
University of Alaska Fairbanks, AK 99775

INTRODUCTION

Oxygen ion conducting perovskite-type oxides are very promising materials for
potential applications including cathodes for solid oxide fuel cells (SOFCs), membranes
for syngas generation, oxygen separation, and the partial oxidation of hydrocarbons [3-6].
The mixed perovskite conductors exhibit not only high ionic conductivity because of the
high concentration of oxygen vacancies but also have a high electronic conductivity due
to the mixed-valence states. Among various oxides studied, the perovskites (ABO;) with
La, Sr at the A site and B site primarily occupied by Fe are considered to be of
commercial interest. These oxides are also observed to exhibit good oxygen permeability
with improved stability [7, 8]. However, it has been postulated that all the membrane
requirements are not fulfilled by a single phase material [9] and there is a need for a dual
phase (composite) membrane. Studies on dual phase composite membranes made of an
oxygen ion-conducting oxide and an electron conducting phase have shown much
promise with higher oxygen permeability and relatively good chemical and mechanical

stability at elevated temperatures [9].

The titanium-substituted perovskites, StrTi;-Fe,Os-s (STFO) are reported to have
a relatively high level of mixed conductivity with an ionic conductivity of, 0.2S cm ™' at
1000°C [10-12]. However, their relatively high thermal expansion coefficients (TECs)
and poor stability both in highly reducing conditions and increased reactivity with
zirconia have limited their use [11-13]. It has been observed that lanthanum substitution
on the A-site ( La;SrFe;-,T1,03-5), lowers the thermal expansion and enhances the

stability [11-13]. The electrical conductivity, oxygen nonstoichiometry (6) and thermal
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and chemical expansion of Lag,SrosFeossTi94503-5 (LSFT) has been extensively studied
as a function of oxygen partial pressure (pO) [8,14]. Likewise, ceria doped solid
electrolytes are known for their high oxide ion conduction. The highest level of oxide ion
conductivity is characteristic of the solid solutions Ce;x MO, where M = Gd or Sm, x =
0.10—0.20 [15]. At temperatures below 1000 K, Ce9Gdy 10,5 (CGO) has been reported
to possess a better stability at reduced oxygen pressures than any other related

compositions [15].

Development of composite membranes consisting of perovskite type LSFT and
fluorite type CGO would be of wise initiative to harvest the advantageous of both the
materials. However, for practical applications, the knowledge of the mechanical
reliability of the dual phase composite is also very much important. Compatibility of the
TEC among constituent phases is an important criterion in developing any ceramic
composites. A maximum TEC value of ~12 x 10"K™" and an average TEC value of 9.3 x
10°K™" are reported for the LSFT [14] and a corresponding value of 13.4 + 1.1 x 10°K ™ is
reported for CGO [15]. Although, the LSFT and CGO are having almost similar thermal
expansion coefficients, they also display a strong dependence of chemical expansion on
the oxygen nonstoichiometry at both lower oxygen partial pressure (pO,) and at high
temperatures [ 14, 17]. The chemical expansion is an isothermal expansion under reducing
atmospheres. A liner correlation between thermal expansion and oxygen
nonstoichiometry was reported for the LSFT [14] and the expansion due to generation of
oxygen ion vacancies was observed at temperatures higher than 600°C in N,/H,/H,O
mixtures for CGO [17]. This chemical expansion of LSFT and CGO are expected to
influence the mechanical properties of the dual phase membranes when they are exposed
to reducing conditions. In the present work, initial results on the strength and fracture
characteristics of the dual phase composite membrane consisting of Lag,SrosFeosTig4
(LSFT) oxide and gadolinium doped ceria Cey9Gdy 0xides (CGO) are studied with the
intention of understanding the influence of chemical expansion of constituent phases on

the fracture behavior in the dual phase composite.
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EXPERIMENTAL PROCEDURES

Sintered rectangular bars of Lag,SrggFeosTi9405.5 - CepoGdy 1 oxide dual phase
composites (LSFT-CGO) were prepared by a proprietary process involved cold isostatic
pressing and sintering. The LSFT and CGO (40/60 volume %) powders were mixed and
cold isostatically pressed at 20,000 psi prior to the sintering at 1400°C for 4hrs. The as-
sintered bars were characterized using SEM, XRD and thermogravimetry. Microstructure
analysis of the as-sintered (as-received) membrane was done on samples sectioned,
ground and polished to 1pum finish using successive grades of SiC paper and finally with
a diamond paste. The polished samples were thermally etched at 1350°C for 30 min in air.
At 1000°C, a 6 value closer to 0.175 is reported for LSFT when the partial pressure of
oxygen is reduced to 10* {UHP grade N} [8]. Therefore, several sectioned membranes
were heat treated at 1000°C in N, for 1 hr to alter the oxygen nonstoichiometry (9) of the
LSFT. A flow of N; (200 ml/min) was maintained through out the heat-treatment
including heating and cooling to maximize the reduction and prevent any re-oxidation
during cooling. Some of the membranes were heat treated at 1000°C in air for 1 hr with
the similar heating rates for comparative studies. The ‘heat treated’ samples also
characterized using XRD, thermogravimetry and SEM. The hardness and fracture
toughness of the as-sintered and heat treated samples were estimated using Vicker’s
indentation method. A load of up to 10N was applied for 10 seconds and the fracture
toughness of the membranes was calculated using the equations of Niihara et al. [12]. The
indentation crack propagation was studied using SEM and optical microscopy for

identifying any possible influence in the fracture behavior due to the change in the 9.

Flexural strength test specimens of dimensions (3x4x48 mm) were cut from the
as-sintered bars and tested in-situ in an autoclave mounted on a servo-electric loading
frame. Loading was done in an in-house designed 4-point flexure with an outer span of
38.1 mm and inner span of 19.05 mm (ASTM-B). The specimens were ground and
polished to 3 um finish using successive grades of SiC paper and finally with a diamond
paste and the edges barreled. In addition, the tensile side was polished using diamond

paste of 1um prior to the test. Strength tests were carried out at room temperature and at
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1000°C in slightly reducing atmosphere (N,) atmosphere. In the N, atmosphere, the
specimen was loaded in the fixture and heated to 1000°C for 1 hour prior to application
of any load while the N, was purged continuously. The furnace power was completely
shut off after the fracture of the specimen and allowed to cool. The flexural strength was

calculated using the simple beam formula,

3PL
Fracture strength (or), MPa = [ ABW? J ---(1)

Where P = Fracture Load (N); Outer Span (here 3.81 cm); B= thickness and W= width of
the beam respectively. The post fracture dual phase membranes were characterized by
thermogravimetric analysis, X-ray diffraction and scanning electron microscopy to

understand the fracture behavior.

RESULTS AND DISCUSSION
Characterization

The percolation of both phases is clearly observed in the SEM micrographs of the
‘as-received’ membrane, which are shown in Fig 15. The CGO grains are brighter and the
LSFT grains are darker in the micrographs. The LSFT and CGO grains are uniformly
distributed and no micro cracks and any other flaws caused by the thermal expansion

mismatch of the phases.
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Figure 15. Back scattered SEM micrographs of the ‘as-received’ LSFT-CGO membranes.
The dark phase is LSFT and the bright phase is CGO. Percolation of the two-
phases is clearly observed in (a) and no micro cracks and any other flaws
caused by the thermal expansion mismatch are visible at the grain boundaries

(b).

The X-ray diffraction pattern of the ‘as-received’ membrane shown in Figure 16
also confirms the co-existence of LSFT and CGO phases. Slow scan X-ray data did not
reveal any secondary phases formed due to interaction between the two phases. Figure 17
shows TGA curves of the as-received membrane in air and N, environment. The weight loss
starts at around 300°C and the maximum weight loss of 0.22% was observed at 1000°C in
air. About a 60% of this total weight loss is reversible due to the loss of oxygen from the
LSFT and CGO. Similar weight loss due to the oxygen loss was reported for LSFT by Zhou
et al [18]. The slightly reducing N, environment cause a total weight loss of 0.62% at
1000°C in which 93% is due to oxygen loss which is irreversible in the N, atmosphere (log

Po, = -4).
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Figure 16. The XRD patterns for LSFT-CGO membranes.
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Figure 17. Change in weight for LSFT-CGO in air and N, environment.



MECHANICAL PROPERTIES

Hardness and fracture toughness

The hardness values and fracture toughness of the membrane were measured as a
function of the load and the results of the ‘as-received’ and heat-treated are presented in

Fig 18.
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Figure 18. Dependence of the hardness (a) and Fracture toughness (b) of dual phase

membranes on indentation load
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The hardness value of the ‘as-received’” membrane increases till 4.9 N and
remains the same at the higher load. After heat treatment in air, the hardness of the
membrane has increased at the lower indentation load and remains mostly stable for all
the other loads. From Fig 18a, it is evident that the hardness of the dual phase membrane
is significantly affected by the atmosphere in which it was heat treated. At a given load,
the hardness of the N, treated membrane is significantly higher than air-treated samples.
This indicates probable effects of reducing atmosphere on the structural behavior of the
membrane at the elevated temperatures. However, the fracture toughness values are found
to be increasing with increasing load irrespective of the environment it was heat-treated.
For the ‘as-received” membranes the fracture toughness value was estimated to be as 1.32

MPa.m'"? at 9.8 N.

The heat-treated membranes clearly showed stable initial crack growth, in that the
fracture toughness increases with increasing indentation load. This kind of behavior can
be interpreted as a possible rising R-curve behavior. The effect of environment on 'L/a' as
a function of applied indentation load is plotted in Fig 19 where L is the crack length and
the 'a' is the half of the indentation diagonal. The increasing 'L/a' value also implies the
presence of an active toughening mechanism, which resists the growing crack. In general,
the R-curve like behavior is indicative of possible toughening mechanisms, such as crack-
deflection, crack-bridging, crack-branching, and frictional interlocking of grains that are
active in the non-transforming ceramics. These toughening mechanisms "shield" the
crack tip from the applied loads. The 'L/a' value for the membrane heat treated at N, was
significantly higher at the higher loads. This higher 'L/a' values can be related to higher
hardness values of the membranes treated at N, or some additional toughening that resists

the crack growth or both.
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Figure 19. The crack propagation behavior of dual phase membrane. The
dependence of L/a on indentation load indicates the presence of some

toughening mechanisms in the membrane.

The XRD analyses reveals that the heat treatment of the membrane at 1000°C in

air and N, atmosphere resulted in no phase changes or decomposition of the membrane

which invalidate the involvement of any second phases or decomposition product in the

mechanical properties of the membrane.

FLEXURAL STRENGTH AND FRACTOGRAPHY

The effect of temperature and environment on the flexural strength of the dual

phase membrane is shown in Fig 20. The flexural strength was evaluated to be 104 MPa

and 51.2 MPa for dual phase membranes in room temperature (in air) and at 1000°C in

N, respectively.
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Figure 20. Effect of temperature and environment on the flexural strength of the dual
phase membrane

The SEM micrographs of the fracture surfaces show a significant difference in the
mode of fracture (Fig 21) between the membranes fractured in air and at 1000°C in No.
The membranes fractured at room temperature showed mostly transgranular fracture.
However, the membranes fractured at 1000°C in N, environment showed mostly
intergranular fracture (Fig 21c and 21d), which suggests a crack path along the
boundaries. The fracture-path transition from transgranular to intergranular can be
associated to probable tensile stresses at the grain boundaries that promote the interfacial
debonding at the wake of advancing crack tip. The transgranular fracture behavior of the
'as-received' membranes neglects the presence of any residual stress caused by the
thermal expansion mismatch of the constituent phases. Hence, the fracture mode
transition can be correlated largely to the thermally induced chemical expansion of the

LSFT and CGO.

25



JEM T000

Figure 21. SEM micrographs of fracture surfaces at room temperature (a) and at 1000°C
in Ny (b). Fracture was mainly transgranular at the room temperature and
intergranular at 1000°C in N, atmosphere.

The thermal and chemical expansion properties of LSFT at 800 <T < 1200°C and
at ~ 1 x 10° < pO, < 0.21 atm were reported by Park and Jacobson [14] which
established a liner correlation between thermal expansion and oxygen nonstoichiometry
at 800°C. At higher temperatures, the chemical expansion showed a pronounced non
linear dependence on stoichiometry. Similarly, a chemical expansion behavior of CGO is
also reported above 600°C in the reducing conditions. In order to confirm the oxygen loss of
the membrane during the strength test at N, atmosphere, a post fracture thermal analysis
was carried out on the fractured membrane. The TGA curve is shown in Figure 22. The
weight gain of the membrane during TGA in air not only indicates non-stoichiometry of
the membrane during the strength test but also imply that the membrane remain oxygen
deficient even after the strength test.

An indentation was made on the membrane fractured at 1000°C in N, and the
crack path was examined using SEM with the purpose of understanding the choice of
crack path as well as the contribution of constituent phases for any possible toughening
mechanisms like crack-bridging and frictional interlocking of grains. A representative
crack path is shown in Figure 23. The crack propagation was mostly along the
boundaries of the LSFT (darker grains), irrespective of the angle at which it encounter the

LSFT grain. Hardly any LSFT grain was cleaved during its course and is consistent with
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expected toughening in the crack wake via crack bridging from interlocking grains that
act to shield the crack tip from the applied far-field load. It can be speculated that a
possible stress gradient at the grain boundaries caused by the volume expansion of the
LSFT unit cells could lead to changes in the fracture mode from transgranular to
intergranular that promotes the grain bridging and frictional interlocking of grains.
Accordingly, a rising R-curve like behavior would be anticipated and lead to an increase
in fracture strength. However, such concomitant increase of the crack growth resistance
and fracture strength is seldom confirmed by experimental measurements in ceramic
materials. In this study, even though the reducing atmosphere at elevated temperature has
changed the crack path and promoted more toughening, it is clear that it has reduced the

strength of the membranes significantly.
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Figure 22. Change in weight of the LSFT-CGO in air. The weight gain of the
membrane during TGA in air not only indicates non-stoichiometry of the
membrane during the strength test but also implies that the membrane
remain oxygen deficient even after the strength test.
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Figure 23. Back scattering electron micrograph of a crack path. The
arrow mark shows the direction of crack propagation. The
darker grains are LSFT and brighter grains are CGO. Note
the crack prefers the boundaries of LSFT and cleaves the
CGO on its course.
The exact contribution of the chemical expansion induced stress on the failure of
the membranes is yet to be fully understood. A systematic investigation of the influence
of oxygen partial pressure on the mechanical properties can help in understanding the

correlation between the non-stoichiometry and the strength. Also, high temperature

modulus studies of these membranes at the reducing environments also will be of useful.

Plans for the Next Quarter.

1. Effect of reducing atmosphere on thermal and chemical expansion will be studied
for the dual phase membranes

2. The hardness and fracture toughness of the as-received membranes and heat-
treated membranes will be evaluated.

3. Detailed thermogravimetric analysis and X-ray diffraction studies for all three

compositions to understand the chemical expansion of the membranes.
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Task. 3: Measurement of Surface Activation/Reaction Rates in lon Transport
Membranes using Isotope Tracer and Transient Kinetic Techniques

A. J. Jacobson, University of Houston, C.A. Mims, University of Toronto

INTRODUCTION

Mixed ionic electronic conductors (MIECs) with the ABO; perovskite or related
structures have been widely studied because of their practical applications in ion-
transport membranes, pressure-driven oxygen generators, partial oxidation reactors, and
as electrodes for solid oxide fuel cells (SOFCs) [19] A number of materials problems
remain outstanding for the application of ion transport membrane reactors in the high
oxygen partial pressure gradients found, for example, in syn gas generation by partial
oxidation of methane. The membrane composition must simultaneously provide the
necessary oxygen flux and have stability over a wide pO, range and appropriate
mechanical properties. Our previous findings from isotopic transients show that surface
reaction rates on both sides of the membrane are significant kinetic barriers to membrane
performance and that the oxidation reactions on the “fuel” side of a syngas membrane can
show bistable behavior indicative of a strong coupling between the surface reactivity and

the surface composition and oxidation state.

The La,,Sr,FeO;_« (LSFO) series has high mixed conductivity and better stability
than the La;_Sr,CoOs— (LSCO) series but still exhibits limited stability in low-pO,
environments. Additional substitution on the B-site by metal ions that are more difficult
to reduce solves some of these problems but issues remain concerning both kinetic and
thermodynamic stability and the effects of composition changes that result from partial

decomposition or surface segregation on the membrane surface catalytic properties.

In our studies of membrane materials, we have investigated the pO, and temperature
dependence of the conductivity, non-stoichiometry and thermal-expansion behavior of

two specific compositions, Lag,SrysFeosCro203x and Lag St gFegssTip4503x, by using

29



electrochemical cells and dilatometry [20-23]. Additional measurements on the simpler
composition, LagsSrosFeOs;x have been made for comparison [24]. These and other
recent studies of ferrites with the perovskite structure show anomalous behavior at low
oxygen partial pressures (<107 atm). Temporary nano-phase segregation behavior
involving cation ordering is thought play a role in this bulk behavior. Such behavior is
also consistent with the unusual surface reactivity findings. During this reporting period,
we have reviewed the data on Lag,SrogFeosCro20s3.x with a view to obtaining additional

insight into the properties at intermediate pOs.

EXPERIMENTAL

The experimental methods have been described in previous reports.
RESULTS

a. Electrical Conductivity
The pO, dependence of electrical conductivities (o S cm'l) at 752, 802, 854, 902,

942, 985, 1024, and 1055°C measured with increasing oxygen partial pressure after the

cell Had been initially pumped out are shown in Fig. 24.
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Fig. 24 pO, dependence of electrical conductivities at 752, 802, 854, 902, 942, 985,
1024, and 1055°C.
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Fig. 24 (cont.) pO, dependence of electrical conductivities at 752, 802, 854, 902, 942,
985, 1024, and 1055°C.

When the temperature (T) increased, o decreased in the higher pO, region. The slope of
the isotherms is dependent on pO,, and is ~ 1/5 almost irrespective of T in the p-type
region, pO, = 107 ~ 10" atm (Fig. 25). For noninteracting and dilute defects, o is
proportional to (pO,)”, assuming constant mobility. Since 80 % of the A site is doped
with Sr, high oxygen deficiency is observed at elevated T and hence defect interactions

and association are expected, leading to lower values of the exponent.
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Fig. 25. pO, dependence of electrical conductivities in the pO, = 10 ~ 10" atm
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In the pO, range between the plateau and the minimum value of ¢ in the isotherms
shown in Fig. 25, the electrical conductivity values are nearly independent of temperature,
for example, at pO, = 10™'” atm the conductivity varies from 0.8 to 1.1 S/cm. The total
conductivity (o) is approximately the sum of the electron hole conductivity (o) and the
ionic conductivity (oj) in this region. Since the values of oy, and G; are comparable in this
pO, range, a o o« (pO,)” dependence is not expected. The weak temperature dependence
arises because of the opposite temperature dependences of o, and o;. Thus the decrease in

o at higher T is compensated by a higher o;.

p-n Transition Behavior and lonic Conduction
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Fig. 26 The temperature dependence of p-n transition behavior
The pO; conductivity isotherms are shown in the vicinity of the p-n transition region in
Fig. 27. The pO, at which the minimum occurs increases with increasing temperature as
expected. The p-n transitions of LSCrF occur at pO, (atm) = 2.36x10™'* at 752°C,
3.65x10™7 at 802°C, 6.99x10™'° at 854°C, 8.67x10™" at 902°C, 7.41x10™* at 942°C,
2.20x10™" at 985°C, 1.67x107'% at 1024°C, and 6.80x10™" at 1055°C.

At the pO, values corresponding to the minimum conductivities (omin), the ionic
transference numbers approach unity and the oxygen vacancy concentrations are
independent of temperature. Thus, E, is mainly due to the ionic mobility term in the

conductivity. Assuming that o,,7=Aexp(-E, /RT) , then a plot of log (GminT) vs.1000/T, gives

an activation energy of 0.86 eV for ionic conduction. This value of E, is for the vacancy
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ordered-phase, since the values of ionic conductivity were determined in the lower pO,

region.

Stoichiometry

The relative stoichiometry data measured also from low to high oxygen partial
pressure are also shown in Fig.24. The absence of any change in the stoichiometry in the
range of oxygen partial pressures corresponding to the plateau in the conductivity data
also indicate non equilibrium behavior. The sharp change in stoichiometry at nearly

constant pO; indicates two phase behavior.
Phase Transition

The plateau region observed in the pO; variation of the conductivity and stoichiometry
suggests that a two-phase region exists in the temperature range between 752 and 942 °C
(Fig. 24.). At high vacancy concentrations and lower temperatures perovskite oxides
often phase separate and form vacancy ordered phases to reduce coulombic repulsion

among defects.

The general shape of the data suggests, however, that equilibrium is not achieved in
this region. Specifically, if a well-defined two-phase region exists then the conductivity
should change discontinuously at the pO, value at which the two phases are in
equilibrium. The magnitude of the discontinuity will depend on the difference in total
conductivity between the two phases. The ionic conductivity is directly affected by the
vacancy ordering and the electronic conductivity depends on the consequent changes in
the electronic structure. The total effect on the conductivity is not easy to predict but
general, we might expect the difference to be small since the two phases have the same
composition. We note that the change is reported to be small in SrFeO;.s. The observed
behavior can be interpreted as follows. At a given temperature, on increasing pO,, the
conductivity increases from the minimum, through a p-type region, until the plateau is
reached. The conductivity then remains constant until a large enough excess oxygen
pressure (over-potential) is applied to drive the phase transition. As the phase transition
occurs, the conductivity increases until the high-pressure equilibrium line is reached. The
kinetics of phase separations between ordered and disordered systems are known to be

slow in perovskite oxides as discussed in for SrFep,Co0ys3Os.x. The size of the plateau
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region decreases with increasing temperature both because the rate of the phase
separation increases and also because the width of the two phase region decreases. By

985 °C, the plateau region is no longer apparent although a change in slope remains.

In Fig. 27, we show conductivity data at two temperatures measured in the opposite
direction, namely from high to low pO,. Measurements made in this direction show no
plateau region at intermediate pO, values but only a change in slope. The data at both
high and low partial pressures agree with the measurements made in the reverse direction
(note that in each case the two sets of data are offset for clarity). Apparently the phase
separation is faster from the high-pressure side but whether this is an intrinsic

phenomenon or related to mass transfer effects is not yet known.

102 102
- at 900°C - at 940°C

£ B
o a4 © RS AAA -
@10 = AAA OO @, 10 = AAAAOCO
= i : oc’Oo > - AA( 0°
= fi g owtohigh f .
S low to high AAAAAA ﬁ&g e \ AAAAAAzoooo
ety N 2 1
o 2" o} i w0 high to low
@) B high to low O | e 9

Ol TR N R T TR NN TSN AN S T A N 01 ! ! L ! | L ! L

-18 -15 -12 -9 -6 -3 -15 -12 -9 -6 -3

log (pO,/atm)

Fig. 27. Comparison of conductivity isotherms according to the direction: “high to low

log (pO,/atm)

pO>” run and “low to high pO,” run. For clarity, “high to low pO,” runs are offset.

Plans for the Next Quarter.

We plan to continue analysis of additional conductivity and stoichiometry data for
LSFCR. This analysis will then be combined with the IEDP and transient membrane

reactor data.
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CONCLUSIONS

LSFT not only exhibits p-type in the high oxygen activity regime, but also has an n-
type in the reducing atmosphere. Higher concentrations of oxygen vacancies in the low
oxygen activity regime may improve the performance of LSFT as an OTM. The hole
concentration is related to the difference in the acceptor and donor concentration by the
relation p = [Sr'ra] — [Ti're]. The chemical formulation predicts that the hole
concentration is, p = 0.8-0.45 or 0.35. Experimental measurements indicated that p is
about ~ 0.35._The activation energy of conduction is 0.2 eV which implies that the LSCF
conducts via the small polaron conduction mechanism.

The dual phase membranes have been evaluated for structural properties. An
increasing crack growth resistance was observed for the membranes heat-treated at
1000°C in air and N, with increasing crack length. The flexural strength was evaluated to
be 104 MPa and 51.2 MPa for dual phase membranes in room temperature (in air) and at
1000°C in N, respectively. The oxygen deficiency in LSFT caused by the N, atmosphere
at 1000°C is thought to promote intergranular debonding during crack propagation and
observed transgranular fracture. Further studies can elucidate on the role of chemical

expansion on mechanical properties of dual phase membranes.

The data for the conductivity and stoichiometry data indicate the appearance of a
phase transition in LSCRF. We have reviewed the electrical conductivity data and
stoichiometry data for Lag,Srg3Cro2FesOs.5 some of which was reported previously.
Electrical conductivity data for Lag,SrosCrosFeosOs.s (LSCrF) were obtained in the
temperature range, 752 ~ 1055 °C and in the pO, range, 10™'* ~ 0.5 atm. The slope of the
plot of log o vs. log pO, is ~1/5 in the p-type region, pO,= 10"~ 10" atm. The pO, at
which the p-n transition is observed increases with increasing temperature. The activation
energy for ionic conduction was estimated to be 0.86 eV from an Arrhenius plot of the
minimum conductivity vs. reciprocal temperature. At temperatures below 940°C, a
plateau in the conductivity isotherm suggests the presence of a two-phase region. Most
likely, phase separation occurs to form a mixture of a perovskite phase and an oxygen
vacancy ordered phase related to brownmillerite. Non equilibrium effects are observed

but unlike those in LSFTO, they become less apparent with increasing temperature.
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LIST OF ACRONYMS AND ABBREVIATIONS

CGO Cerium gadolinium oxide

GDC Gadolinia doped ceria

IEDP Isotope exchange —depth profiling

PEG,PEO Polyethylene glycol, polyethylene oxide

SEM-EDX Scanning Electron Microscopy—Energy Dispersed X-ray analysis
ToFSIMS Time of Flight Secondary lon Mass Spectroscopy

YSZ Yttria stabilized zirconia

XRD X-ray diffraction
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