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. ABSTRACT

Lanthanum chromite is a ceramic electrical conductor béing
studied for possible use in'high temperature solid electrolyte fuel
cells. Electrical conductivity of La 9 Ca 1 Al lscr'8503’

LaMg 02Al 15Cr” 0, and La 848r 6Al iser '583 was méasufed at temper-
aturés from 25'%2 ?200°C, in bot% air and'ﬁydrogen-atmospheres. The
condug}ivity of the calcium and strontium doped samples was about 300
(Q-m) at 1000°C in air, but decreased by at least an order of magni-
tude when saturated with hydrogen. At room temperature the conduc-
tivity of the calcium doped sample decreased by more than four orders
of magnitude when saturated with hydrogen. The magnesium doped sample
showed similar behavior hut with substantially lower overall conduc-
tivity. Hydrogen diffusion Qeasurements in La 9OMg OCrO3 yielded a
diffusion constant of 190 c¢m™/sec and a diffusion'aéélvatlon energy of

1.8 ev. ° ‘




CHAPTER 1
INTRODUCTION

Much of the energy the wpfld uses téday is.exhauétible and some
of our priméry'epergy.source§ méy éven'becomg quite scarce within our
lifefimes; "This bfoblem coupled with a growiﬁg'awafeness'éf, and
concern for; eﬁvironmental-quaiity,has, in recent'ye;rs,‘led manf
priﬁa;e corporations; gngrﬁmeﬁt and ﬁniversity'resea;chers to work

toward finding cleaner and more efficient ways of cohverting primary

forms of energy into electricity. Direct energy conversion processes,

in which primary energy sources are converted directly into electrical

energy without the necessary use of mechanical elements, such as tur-

bines or reciprocating machiﬁefy, are especially desirable.

One promiging direct enérgy.converter is the fuel cell. Unlike
heat cycle conﬁersion machines,-the fuel ge11 is hoﬁ limited by Carnof
cycle gfficiencies. It therefore has the potenpial to become by far
the most efficient fuel to'eiectriéél_energy converter.- It is capable
of excellent power to weight ratios. Most types would retain their
excellenf efficiencies as central power plant coﬁverters even when .
used for very small portable pbwe? converters. They operate with -
essentially né mofing parts, éré noiseless,‘and prodﬁce virtﬁally no
pollutants.

High temberature solid electrolyte fuel cells.are especially

‘interesting. They would be capable of électrochemically burning cheap
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and cpnventiénal ca;bonaceous fuels derived from coal. An overall
system efficiency of 60% may be possible withloptimization1 and high
power to weight ratios are likely. ‘In addition, cost would be low
" since no expensive cgtélysté are required,
Although solid electrolyte fuel_cell'étﬁdies date to the'léte
1950’s, the only extensively.teSted prototype battery was builp‘by

" Westinghouse Corporation in_th¢'1960’s.2

The design consists basi-
'célly of a porous'ZrO2 tubé.wﬁich is coated with thin layers 6f'fue1
electrode, nbn-pofoﬁs Zr02-based eleétrolyte, and air electrode re-
spectively. On the air side of the Westinghouse fuel cell, ox&gen
accepts ele;trons from fhe-air.electrode to form 02- ions which are
transportable through the solid electrolyte at operating temperatures
of around 1000°C. On the fuel side of the cell,.a carbonaceous fuel |
mixture in gaSeoﬁs form is supplied to the.interior of the support.
tube where it diffuses through the ‘tube pores- to the surrounding fuel
electrode. Heré the fuel gases react with oxygen ions supplied By the
electrolyte, liberating.eleétrons to the fuel electrode. The air
elecfrode thus has a pbsitive electric potenfial'relative to the fuel
electrode, and this potentiél'can-supply féﬁer to aﬁ external circuit.
If in a practical power system, the fuel mixture consists of h&drogen
and carbon'monoiide; both defivable from coal, the resultant exhaust

would be carbon dioxide and water vapor.
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| An actual fuel celi battery would consist of individual cells
connected in series along'the length Qf.fhe sﬁppért tube as shown in
Figure 1. The connection bétween ﬁhe air and fuel electrodes of ad-
jaéent cells muét be ﬁade with a thin gés—tight electronic conductor.
The infgfconnebtion material is submit£ea to pa?ticularly severe con-
ditions. It must be chemically‘sfable in both oxidizing and reducing
atmosfheres at 1000°C, while refaining a sufficientiy low electronic
fésistivity for efficient opergtion. In addition, it must be combati-
ble with the oﬁher materiais in the fuel celi; cationic diffusivity
should be low and coefficients of thermalnéxpansion must match.

The most.promising materials tested by Westinghouse Corporation
for use ip the interéonneépion layer are modified lanthénum chromite
ceramics. The electrical_conductivity Qf-thesg materiais depends upon

the temperature and the atmosphefe in which the measurements are made.
Other.inveétigatofs havé examined thévcoﬁduétivity'of modified lantha-
num chromites in various oxygén partial pressures and atmo&pherés, but
little information is availagle gonéerning their conductivity.in re-
ducing atmospheres. |

It waé the objective of fhis wbrk,to'measuré the electrical con-
ductivity of seyeral lanthaﬁu@ chromite based ceramics, exposed to an
environment approgimating that which thgy would experience in an oper-
ating fuel cell batter&. Diffusioq of hydrogen through lanthanum

chromite was also measured at high temperatures. These measurements -




OXIDIZING ATMOSPHERE

AIR ELECTRODE

E_LECTROLYTE_\
l' ( : \ \\\. g
\\\\\\\ XX XXX \\'\\\\\\\\
f;{%;/éi%2/’) , ' /3V/Z/// </>
/NTERCONNECT/ON/ /F'UEL ELECTRCDE

REDUCING ATMOSPHERE

Figure 1. Fuel Cell Battery Interconection




5
will aid in deciding what material would be most suitable for use in

the interconnection layer.




CHAPTER IT
BACKGROUND

Solids can generally be classified into three distinct gréups
dépending on thei; electricaljponducfion properties: metals, insu-
lators and semiCOndqctPrs._ Expérimental measurements of conductivity
eover a wide range of vélues{ with metals h;ving the highest conduc-

tivity, (o ~ 1Q6 (bhm-cm)-l)l.and,insulators,having the lowest (0 ~

AT 10-22.(ohm-cm)—ll).3

10 The Eoﬁductivity of seﬁigonductors, as
. the name would imply,_lies.somewhere between these two extremes de-
pending ﬁpon the femperatﬁre'and the présenqe of defects or impuri-
ties.

In very pure:foym; semiconducﬁors exhibit what is known as in-
" trinsic conduqtivi£y,' Intriﬁsic conductivity denbteé electrical con-
duction due to electréns and -holes which afe_present because of a
natural or "intrinsic" property of the méterial at a given tempera-
ture. Extrinsic cohducfivity, on the other hand, refers to electrical
conduétivit& ariéing from charge carriers supplied by an impurity.
Certain impurities, -or dopahts, can drastically affect the eléctrical
properties of a éemiconducté%{ For example, at room temperature, the
Aconductivité of pure gilicon ié inqrgased by a factor of 103 when
bdrqn is added:in'the rafio_of i/lO5 atOms.3 |

In order io present a clear picture of 1anth5num cﬁromite conduc~

tivity, this review will dwell initially on intrinsic semiconductors.

'




7
A discussion of the effects of the impﬁri£ies on éhe conductivity of
lanthanum éhrémite will foliow. Also, a brief introduction to small-
polaron hopping transport will be presented as an plternative conduc-
tion mechahism. |

At absolute zero, intriﬁséc.semiconQﬁétbrs would be §ndistin-
guishable'ffom.insulators. This éituation can be characterized by.aA
band structure like that shéwn iﬁ Figure 2_3 vThe empty éonduction'
band is sepagated from a filled vélepce’Band by a fofbidden zone with
energy gap Eg.. Fgr éémicond#ctofs; Eg has values on tﬁg order 6f‘1
eV.4 Since the electrons in a cqmﬁletely‘fiiled band cannot carry
Eurrent, at absolute zero aﬁy puré semiconductor will be nonconducting.
However, ;s the témperéture'is increased, there-is'a'noﬁ;zero proba;
Bility that electrons'wiil Ee excitea froh the valence band to the
conduction band. Thus, with an increaéing con;eﬁtration of electrons
in the-conduc;ioﬁ Band, condﬁctivitylwill increase with_témperature.

' The positive holes léft in the valénce band also increase in concen-
tration and'aid.in the incrgasg of céndﬁctivify with temperature.

To calculate the ;onducfivity of a semiconducfd; aé,a func;ipp of
température,_if is necessary to knéw‘the nuﬁber, ne; of elecfréns pef
unit volume in the qonducﬁion band and the ﬁumber, nﬁ, of holes per
unit volume in the valence band. Thg mobility (dfift velocity/elec-
tric field) for botﬁ electrons and holes, He aﬁd ph; must aiso be

considered. The electrical conductivity can then be written

’
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Figure 2. Simplified Band Structure of a Semiconductor at

Absolute Zero Temperature.




o = [e] (ne”e + nhph), . _ Equation (1)
where the mobilities are both taken to be greéter than zero and e is
the electric charge. Under intrinsic conditions, o, and n, are equal.

Therefore, Equation (1) can be written
o= [e] (Pé + Fh)(néph 1/2. | '_ | ‘ Equétion (2)
Because the electrons in a solid must obey the Pauli exclusion
principle, the.probability that an electron state of energy E is occu- .

pied in the conduction band is given by the Fermi-Dirac distribution,

f :
e
]

1. Equation (3)
1+exp{(E-Ef)/ET}

£t =
e

where Ef'is a fuﬁétioq of the number of,electronsciﬁ the'éysteﬁ, ﬁ,
and the temﬁerature, T, and_is known'asAthe'Fermi energy, aﬁd k is
Boltzmann's.constani..'Similarly, the probability that a hole state of
energy E is occupied in the valence band‘is given by fhf

: 1 .. =. 1 . Equation (4)
1+exp{(E7Ef)/ET§ 1+exp{(Ef-E)/kT?‘_

£ = 1-f = 1-

Therefore, fe.and £ are simpiy the dis;ribﬁtion fun;tions for elec-
troné in ﬁhe conductioﬁ ban& and holes in the valeqce band respective-
ly. |

The electron density iﬁ the conduction band may be written as an
integral over the densit& of:sfates in the éonduction-band, gC(E),

weighted with the electron distribution function:
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n =
e

e 8

8C(E)fédE : Equation’ (5)
c . A

where Ec is the energy at the bottom of the conduction band. Simi-
.‘ larly, the hole density in the valence band is aﬁ.integral over the
density of states.in the valence band, gV(E),-weighted with the hole

distribution function: -

E. '

n, = J g (E)EE Equation (6)

- - -0
.where Ev'is Fhe energy at tﬁe top.ofnthe valence band.

If it isrgssu@ed that thg eélectrons in the conduction band and
the holes in the valence band are sufficiéntly diluté that they do not
interact appreciably with eachhother,.they can be treated as being
free. In this case, the denﬁity of statés for the conduction and

valence bands.can respectively be taken as

:

. 2n : : C o
: ) Equation (7)
and g, ® = 1 (m /Y2 @52
an

where m, and m, are the effective masses of the electrons and holes.3
If a nondegenerate semiconductor is assumed, that is, if
E -E
c

f>>kT and Ef-Ev>>kT, - Equation (8)
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the distribution functions can be approximated- by
£
. e
and f = exp{-(Ef-E)/kT} for E<E_ .

exp{-(E-Ef)/kT} for E>Ec ,
' ' Equation (9)

h

Using these approximations [Eguation (7) and Equation (9)], the densi-

ty integrals [Eqﬁétiqns (5) and (Q)j'can be written as

n, = 1 (2m_/n%)3/? é &-E )" 2exp{-(E-E,)/KT} @&
o an o .c .Ev‘ ‘ ” Equation (10)
-y = _1_‘(2mh/h2)3/2 {éF-EV)1/2exp{-(Ef-E)/kT} dE .

on?

Equations (10) can Bé infegrafed'to give

n, = %(2mékr/nh2)3/2exp{-(EC4Ef)/kT}
and ' o 3)2 . .: : ' Equation (11)
n, = l(thkT/nh ) . g?p{4(Ef~EV)/kT} .

A
Finally, using Equations” (11) in Equafion (2), the conductivity can be

written as,

g = l(pe+uh)(mémh)3/4(2kT/nh2)3/2exp(-Eg/ZkT). Equation (12)

Thé_témperature dgpendende-of_the mopilit;és, He and Hp must -
also be considered. Fbr an intriﬂgic semiconductor ét high témpera-
tures (T >~ room temperaturé),ltﬁe charge carrier mobilities are
affected primarily by 1atfice_séattering. It haslbeen shown theoreti-
cally5 and experimenta_lly6 thatlthg.temperatﬁ¥e dépendence of the

lattice scattering mobility typicallyiobeys a simple power law:
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»

3/2. The powér of T can,.however, have values more positive than

~3/2 depending qn:the lattice_scéttering mechanism. Therefore, the

intrinsic éonductivity 6f an ideal semiéonductor can be ﬁritten és
o= ATnexp(-Eg/ZkT), 'hzo | , , Equafion (14)

where A is a constant which dépends’upon the crystal properties.

It should be kept in ﬁind.that real semiconductors are rarely so
idgal. At high‘temperatures,'thé'semiconductor caﬂ become partly
degenera;e and the band’ gap can even be g#pected to decrease with .
increasing température.7: However; if logo is ploitgd agaiﬁst'l/T, a
straight line wouid be"expectgd'yith élopé equal‘to -Eg/Zk.. Devi~
ations from straighf line behavior Ean'then be explained in terms of
EOnditions not écqounﬁed for in the .ideal intrinsic semiconductor
theory.

Lanthanum chromite can ‘be characterized as having an ABO, perov-

3
skite crystal structure with lanthanum ions occupying the body-center
A sites, and chromium ions otcupying the cube corner B sites as shown

in Figure 3. The oxygen ioﬁs,are situated between adjacent B sites on

the twelve edges of the‘_cube_;8 In order to predict theoretically the

temperature dependence of the conductivity of lanthanum chromite, we

must first have some idea as to the behaVior of the outer atomic elec-
trons as they exist in the trystai iattice.
The behavior of outer eleétrons‘in a crystal is often classified

into two limiting cases depending upon the constituent atoms of the




Figure 3. Lanthanum Chromite Crystal Structure.
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lattice and th§ 1éttice'structure'itself. In the ﬁirSt case, the .
outer electrons are asgumed to belong collectively'to the cfystal Qs a
whole. 1In the second case they are assumed to be localized at spe~
‘cific atomic sites. Both casés-can result in thermaliy'actiQated con-

-

ductivity using different:charge transport mechanisms as pointed out
by Karim and Aldred.S | |

Both the cpllecfive and iocalized electroﬁ models aré baﬁed on
the application of moleculér orbital theéry to - determine the energy
band structure of the crystall 'If,§ﬁe.coﬁposition énd-lattice struc~
ture of the'crystal are known, the possible eﬁergy levels are found by
postﬁlating how the orbitals of.the coﬁstituent atoms in 'a unit cell
interact with eaéﬁ other. _Ogée thé band stéucture is kﬁown, the
available electrons are‘useh'tp fiilzthe possible. electronic states
from the bottom uﬁ.' If #here are just enough electrons‘té completely
fill a band ;nd_if the;é is én'energy gap between the top of thét band
and the bottom of_the next highest'band,”theﬁ an insulator or a semi=-
céﬁductor will result dependiné.on the width of'the:gap. This is
essentiaily_Whét.was done_iﬁ the discussioﬁ of intrinsic semiconduc-
tors.

Wirt;z9 has analyzed the:condﬁctiQity of dobed lanthanum chiomite
and other rare earth perovskites. In his analysis, it was éssuméd

- that for pure 1aCrO3, the lanthanum cation acts as an electron donor

. which supplies its valence electrons to the bonds formed between the
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.oxygen and chromium 1ons, but does not contrlbute to the formatlon of

the energy levels d1rect1y The oxygen and chromium orb1tals 1nteract“
in the lattice to produce a ser1es of energy bands, the flrst three of
thch are labeled o, 7 and Pr. The name of each band s1gn1f1es the
type of bondlng that 1ed to its formatlon The number of allowed
electronic states in the o, n and Pt bands are 12, 6 and 6 respective-
ly, for a total of 24,allowed states. " To fill these states, 3 elec-

trons are supplied by the Lasf_cation, 6 are supplied by each of the

three 02_ ions, and 3 come from‘the hr3+ cation. Thus, there are 24

outer electrons per unit cell that are assoclated with the oxygen
atoms; Just enough to completely f111 the 0, m and Pt bands. The 3
remaining chrom1um d-electrons £ill the lower half of a higher energy
collective electron band (m* band) "It is energetically favorable for
this band to be sp11t 1nto upper and 1ower halves because of electron
spin correlatlon Based on thlS model, hole type semlconductlng be-
hav1or is predlcted for LaCrO3 and an exponent1a1 temperature depend-

ence is expected. A pre-egponentlal term may alsopbe possible depend-

" ing on the lattice scattering.hechanism involved.- Therefore, the

conductivity/temperature equation appropriate for a collective elec-
tron model would be

g T exp(-E/kT), - n20 . ‘ Equation (15)
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Ihe theory also ﬁredicts the effects of dopants and point defects
on the cond#cfivity. The.résult of these impurities is the introduc-
tion of new energy levels in the band gaps. Stfontium‘and magnesium’

-are the most common dopants used to increase the conductivity of

LaCrOS. It is generally believed, for example, that when a Sf2+ ion

is substituted for . a La3+ ion, a Cr4+ ion will form to preserve chérge
neutrality (controlled valency doping).10 The (La,Sr)CrO3 system can

then be expressed by

. 3+ | 4+
al_xSrXCrl_xCrx 03. -

The result will be one less electron in the uppermost occupied energy

L

band (rc* ﬁand), ﬁroducing_a charge carrying hole. Therefore, stron-
tium doping in LaCrO3 enhances conductivity by increasing ;he number
of positi#e charge carriers. Missing La3+ ions would lead to similar
beﬁavio?, prd?idihg three holes for each lanthanum ion missing.

Charge compensation fof missiﬁg o¥'replaced cations could élter-
" natively be aécomplisﬁed by the formation of oxygen vacancies.11 If
this occurs, fewer ér4+ ions would be produéed, resulting in a iower
chérge carrier concentration and a lower conductivity. Thus, the
electrical propertieé of the mate¥ial may depénd.on whether the atmos-
phere it is éxposed to is oxidizing or reducing. Khattak and Cox11
have repo}ted‘a weight loss in a La.7SS_r_25CrO3 sample after it had

been reduced in dry hydrogen at a temperature of 1200°C for 16 hours.

They attpibufed the weight loss to an oxygen deficiency resulting in a
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compositioq change to La.755r;250r02.89. A cell volume increase was
also goted énd was also explained by an oxygen deficiency. Westing--
house Corporation workerslz.saw ; similar oxygen loss in -
LaMg.OzAl.ZBCf.7503 at -1000°C using é hydrogen an&.wéter mik;ure for
the reducing atmosphere. ° ‘

As mentioned earlief, thermally activated conductivity can’ also
occur with a localiéed electron model. In this model it is assumed
that the number of charge cafriers is essentially.temperature inde- .
pendent, but that the mobility varies exponentially wiﬁh temperature.
The charge carrier localizafidn is due to a strong interactioq-with
the’lattice, causing a-local Aeformafion in the crystal around the
carrier. The charge carrier is then spatially localized,.ér trapped,
by the potential well that results from its own presence; This self-
trapped charge carrier, along with its corfespon&ing lattice polari-
zation, is known as a small polaron. The @obility temperature depend-
ence is determiﬁed by thermally acpivated hopping of the small-polaron
between atomic sites. Pplgron_théory can be quite difficult aﬁd does

not belong in this review; it is discussed in great detail in an arti-
3 . .

cle by J. Appel.1
Karim and Aldredg have discussed small-polaron conductivity for

-thg épecific case of strontium dobed lanthaﬁum chromite. Théy agree

that when a Sr2+ ion is substituted for a/’I‘,a3+ ion;.charge neutrality

requires a 3+ to a 4+ valency change in a chromium ion, just as in the
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collective electron model. Howeyer, they proposeAthat the resulting
hole in the d-electron band forms a smali polaron with.its gufroﬁnding
distorted latfice; The small poiafon can then'be‘thermally induced to.
hop out of its potential well to an adjaceqt laptice site‘by creating
an empty poténtial well hearbyi' According to Kariﬁ and.A1dred, the
tempe;aturé dependen;e of the mobiiity of these‘hopping’hbles is given
by. | | .

paT-lexp{-WH/kT}, o Equation (16)
where_WH:is a hoppihg‘gnergy.',

“If it is true that the number éf charge c#rriers is constant with
temperatpre, then WH can be'in£erprete§ as a conductivity activation
energy aﬁd the conductivity will thus have thé forﬁ

ouT_lexp{-E/kT} .. | _ : Equation (17)
Comparing Equations (15) and (17), we see that the only difference in
conductivity betweeﬁ the collective andllocalized electron models ‘is
in the-pre-ekponentigl term,” so far as the temﬁefaturé.is coﬁcerned.

Karim and AI_d_red8 have also obtained evidence éupporting a small-

" polaron conduction mechanism in strontium doped lanthanum chromite

samples based on.conductivity and Seebeck coefficiént measurements.
Their conductivity data producedAstraight lines when logoT was plotted
against  1/T as would be expected with small~polaron conduction, and an

essentially temperature independent Seebeck coefficient indicated a
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constant charge carrier concentration in the'dopen samples. Meadow-
eroft10 hae.also collected conductivity data of strontium doped lan-
thanum chromite which supoorts a“iocalized electron model.

Since charge carrier coneentration isilargely determined byrthe~
impurities present, at 1ow'temperatures_a large variation in conduc- .
.tivity would’be expected 'using‘either the collective electron model
. or the locallzed electron model when a dopant is added. At high
temperature though, the result of doplng a 1anthanum chromite sample
may be different dependlng on wh1ch model the sample obeys. For the
collectlve electron model, intrinsic conduct1V1ty is 11ke1y to domi-
nate at high temperatures because of its strong exponent1a1 tempera=-
ture dependenee, and the.condnct1v1t1es of varlously doped samples
will tend to mergevto roughly equal values. For the localized elec-
‘tron model however, since the number‘of carriers is'assumed not to
change with temperature, an increase in doping will result in a pro-
portional increase in conductivity even at high teﬁperatureél Both
.types of behavior are commonly seen in varibus'semiconductors and can
-'often be used as additional‘evidence in support of one or the other.
transport mechanisms; | ’

- There hae_been some eontroverﬁyias to the lattice site that the
magnesium dopant occuoies. The fact that increasing the magnesium
content helps to increaae the conductivrty sugéesta that the magnesium

ions are substituting for lanthanum ions on the A sites, just as with
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strontium. However, x-ray powder diffraction studies done by Brodmann
and Morgan_14 indicate that the magnesiums are instead occupying the B

sites. Anderson et 35.15

also have‘evidenée for B site occupation
based on the temperature at which an ortho;ombic to fhombohedrél phase.
t?ansition occurs in La.gsMg.65Cr03.'

" Based 6n the weight loss measgrgmeﬂts made by Westinghouse Corpo-
ration workers12 and by khat;akiénd Co_x,11 if appears that a high |
tempefature reducihg'atmosphe;é acting on a lanthanum chromife sample’
results in oxygen'diffpsing_but of the sample. This not only de-.
creases conductivity, But could also lead to damage at thg lanthanum
chromite --air electrode inﬁerfacé if the interface has ‘poor okygen
access to the external oxygén supﬁly. :The indium oxide ;ir electrode

would fhen effe;tiver be ieduced to an indium suboxide which would

form a thin nonconducting layer and reduce cell performance.12

Besideé‘oxﬁgen,diffusion out of the interconnection layer, hydro-

gen diffusion through the-layer'could also cause problems at the lan-
thanum chromite - air electrode interface, as well as affect the lan-
.thénpm chromite condﬁctivity;' We therefore'undertook to déterﬁiné the
extent of.hydrogen diffusion tﬁroqgh‘a thin layer of ianthanum chro-
mite.

Thé theory of diffusion is given in gréat,detail in diffusioz_i16
and statistical mechanics17_books apd will not be repéa£ed here. A

result of the theory for simple Brownian motion diffusion through
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membranes is that the expected squafed distance, <x2>, that a dif-
fusing gas partic;é penetrates into the memﬁrane is gi#enAby
o <= 6t - Equa£ion (18)
where t is ﬁﬁe‘meap timg of'trgfel-ahd D is éhe diffusion coefficient.
Assumptions required for Equéﬁioﬁ;(IS) to hold true are that the dif-
fusing gas dées not rgacf chémicaily'with the membrane and that the
diffusion constant isn't a fuﬁction of the'cpncéntration of the gas in
_the membrane.
For sufficiently largg.t; the particle'may be expécped to travel
clear through thefmeﬁbrane and exif the other side. The mean time
" required for this to occur is givén.by.
| | '§“= h2/6Df; o ~ Equation (19)
where'ﬁ.is the memﬁrane thickness. Therefore, if the membr#ne thick;
ness is knoﬁn and thé meaﬁ time required for_ggs to diffuse through-
ﬁhe'membrane is‘meaéure&, the diffusion coefficieht can be determined:
D= h2/6t - Equation (26)
Of:course, some particles will.pasé through the membrane in a.chh
shorter ﬁime than t, while otﬁers will 5e slower. ' For a'large number_
of partieles however, the majprity can be eipected to pass through the
distance h in a timé neér the mean time.£.
Another result of diffﬁsién ﬁﬁéory is that the.rate of diffusion
depends exponéntially,upon éﬁe témperature and is often expressed as’

t

. ' - D= boexp(-s/kT), : © Equation (21)
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where € is the diffusion activation energy, k is Boltzmann's constant,
T is the temperature, and Do is a diffusion consf#nt thét is inde-
pendent of témperature. quations.(20) and (21) can be combined to
obtain E .

t = QEexp(e/kT) . - Equation (22)
‘6D. S

Therefore, if Int is plotted .against 1/T, a straight line should re-
sult with slope equal to &/k. Do can also be determined from the

Y-axis intercept.




CHAPTER II1
EXPERIMENTAL .

The primary purpose 6f fhg experimental work was to obt;in elec-
trical conductivity measurements of lanthanum chromite based ceramic;
at températures up to 1150°C in both air and hydrogen atmospheres. .To
do this, a furnace was built that is capable of sustained tempergtures‘
of up to 1200°C. '

The core of the furnace coﬁsists of a ceramic fiBer heater manu-
fac£ured by Watlow.Company of St. Louis, Mo. The heater has cylin-
drical inside dimensions of 2x12 inches, and.has a maximum power .
capability of 1240 watts. The core is surrounded by a ‘fibrous ceramic
insulation and is encased iﬁ.a cylindrical steel shell; 20 inches long
.by 15 inches 'in diameter. The ends of fhe furnéce are closed with 1/2
inéh-thiék high tempefature insulaﬁing fiberbogrd. A 1.75 inch inside
diameter muffle tube made of mullite éassgs tﬁfough the furnace from
- end to end and_contains a removable'éample hdlder. The entire furna;g
is mounte& horizontally on a welded steel étand to provide easy access
to the hot zone through eifher end of the muffle tube. A diagram.of
the furnace is shown in Figure 4.

A‘sample holder was designed and built to slide inside the mﬁffle.
tube and minimize heat loss through the ends while allowing sufficient

access to the sample for test leads and thermocouple wires. The
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holder also proVideé supfort'for the sample and allows room for vari-
ous sample shapes and sizes. The design.is sinple, consisting mostl§
of alumina rods and multiple hole'tnbes for support and wire access,
and diek shaped fireorickhwafers foristructuralirigidity and insu-
lation; The"center support block_of the:holder is carved out-of fire-
brick and comnrises the saniple platform. A chromel-alunel thermo-
couple enters the left end of the'sample holder through a two:hole '
eupport tnbe, while the electrode wires enter through the other end.
A photograph of the.éample holder is shown in Figure 5.

Temperature control was accomplished with'a Eurotherm_temperature

controller and a triac-power unit. A chromel alumel controlling

' thermocouple was inserted between the wall of the muffle tube and the '

heater core. W1th the’ tnermocouple connected directly to the tempera-
. ture controller, the temperature could be regulated to within 1°C.
However;-time required for stabilization, after increasing or decreas-
ing the‘temperature, was quite'long:for low temperaturesr Also;
.Cycling the temperature over a wide'temperature range required the
constant attention'of the exnerimenter since temperature changes had
to be made in small increments.. Therefore, a suner-slow voltage ramp
wae desléned and built, and connected in series with the'thermocouple.
Basically, the funct1on of the voltage ramp is to trick the tempera-
ture controller 1nto produclng a temperature in accordance with the

sum of the voltage ramp and thermocouple voltages. In this way, when
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Figure 5. The Sample Holder.
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the voltage rémp voltage is zero, the controller regulates according
to its actual setting. But when the voltage famp voltage-increases?
the controllerrwill respbnd with a correspondinglyllower temperature.
Thus the temperature can be raised or_lowered at a uniform rate.

The voltage ramp consists 6f a square wa?e oscillatof driving a
twelve bit binary counter which in turn drives a twelve bit digital to
‘analog tonverter.'vBy varying the oscillator frequeﬁcy, the;voltage
output can be lineariy ramped with a full scale period from several
minutes up to several‘days. Additional logic allows the temperature
.to be ramped up to a specified point, where it will hold for a speci-
fied length of time beforé ramping back down to room temperature.

In a fuel cell,'lanthaﬁum chromite'ceramics would be exposed té
;educing atmosphefes as well as to air. Therefore, in order to ex-
plore the electrical conductivity properties of thege_materials as
they would-be.in actual operafion, it was necessary to provide the
furnace with the capability of maintaining the éample under reducing
conditions. . To do this a‘gas exchange system was used which allows
'ﬁhe use of either air or hydrogen in the_fﬁrnace, as well as afgon
which is typically used to purge fhe furnace and gas lines before an
atmosphere change. A schemgtic of the system is shown in Figure 6.

The gas exchange éystem iﬁcludes preésure regulators and flow

meters controlling the three possible atmospheres. The furnace ends




*9 2an3tJg

‘we3lsAg ToI13juo) 21aydsowyy JO DTIBWIYDS

ARGON @ S—T———FLOW METER
COMPRESSED  _[a
AIR @ S
Hy REG—& -8>——FLOW METER

> T0
FURNACE

N

8




29

were_sealed with end caﬁs fabricated from clear plexiglas and seeled
to the muffle tube with fliable silicone calk. The end caps were
equipped with gas 1n1et and outlet tubes as well as feed~- throughs for
the thermocouple and test leads All gaps around the 1eads were also
sealed with silicone calk for-gés‘tightness. .The outlet.tube was
attached to a set of valves so the gas could be vented to the etmos-
phere directly or through a leng hypodermic needle where, in the case
ef hydrogen, it couid Be:safely dispesed.ot by burning. .Typicalupro-
cedure of operation Qhen switching ffom an.air stmosphere to a Eydro-
gen atmosphere, especielly at h{gh.temperetures,.was to first purge
the system with argon‘at a high flow rate to thoroughly scavenge the
furnace interiof and.sampie'hélder of air. After several minutes of
purging, the argon could be turned off and the hydrogen applled at the
desired flow rate which was typlcally about 150 scc/m1n

The following bulk lanthanum chromlte samples were supplied by .
General Refractories Compaﬁj%- |

| 1. La '

Sr Al.lSCr

8457 16 .8503

2: La ggCa ;oL 750 4504

3. LaAl ;Mg ,Cr g404

8457 160704

A detailed description of their manufacture appears in an article by

4. La

Brodmann and Morgan.14 'Bulk'samples'identicai in composition to 1, 2,

4
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and 3 shown above, were also‘hhtained from A-T Research Company. The
preparation method for these samples is also descrlbed elsewhere 18
Samples were preéared for conduct1v1ty measurements by first
cutting to approximate d1mens1ons of 4x5x25 mm. The bulk samples were
mounted-on a modified milling bench an& cut to size with a 4 inch

diameter, .0.015 inch thick precision diamond saw. It is highly desir-

able to produce a uniform cross section along the length of the sample

to insure that the conductivity'calchlations are accurate. After
cutting, four holes were drilled for the current and voltage elec-
trodes with a 1 mm diameter diamond drill. Drilling must be done with
the sample immersed in water for lubrieation and cooling. The elec-
trode current holes were drilled in the ends of the sample and the
moltage holes'were drilled into the 5 mm mide face with a separatlon
"of ‘about 13 mm. All holes were drilled to .a depth of approximately
2 mm. |

After the holes were drilled, 0.005 ihchldiameter platinum elec-~
trode wlres'were attached and held in place with platinum sponge
packed tightly;in the holes and around the wires. The sample was then
mounted in the sample helder‘and the electrode wires were'spot-welded
to 0.010 inch. diameter lead-in wlres which were-also made of platinum,
A mounted sample is shown in Fighre 7.

When measurements were being taken in a hydrogen atmosphere, it -

was found that the platinum electrode w1res were being corroded in the
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Sample Mounted in the Sample Holder.

Figure 7.
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presence of hydrogen at high temperature, resulting in breakage and
considerable loss of time. Therefore, for all runs which required the
sample to be exposed to hydfogen at elevated temperatures, steel lead-
in wires_and 0.063 inéh diémeter,steei electfode wires were used in
place of the plaéinuﬁ. The éteei WOrked'Well in hydrogen, but of. -
course could not be-used iﬁ airfat high tgmperatures.

h The_ﬁain‘difficulty encogntefe&*duriné samplg preparation,wés
" that some of the.bulk‘sampleé poéseséed a nuﬁber.of internal fracture
lines. These samples broke glong.thé fracture lines during the cutting
process or while drilling the electrode holes. Samples supplieQ'By
Gengral Refractbries Coﬁégny weren't too béd in this respect and it
was possible to cut the samples f;om'areas of the bulk pieces that had
no fracfufes. | |

Conductivity measurements were taken utilizing thé ;onstanf cur-

_rent méthod.'-Thié method uséé a'éufrent’source to supply a constént
regulated éurrent throuéh the samble; Within' the 1imitatidns‘of the
equipmen£, the éurrent,‘I,.wili %emain the samé regardless of the
sample ;esistaﬁce. A sepg;atg,hiéh ihpﬁt iﬁpedgnce voltmeter is then.
used to mea;ure-the voltage dfoé \Y ﬂetwéen'any two points on the sur-
face of the sample. . If-the Qoltage cbntabts are collinear with the
current contacts, the fesisﬁance R pf.ihe éample between the voltage -
contacts is given by Ohm's law:

R=vVv/1 ..
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Conductivity, 0, can then be calculated using

"o = L/RA. ,,.
where A and L are regpecfively-the cross-séétional area of the sample
and the distance betweén the %oltage cpntécts.- The techhique caﬁ also
be used with only two contacfs:by simply using the same two contacts
for both curren;.and voltage connéctions. The advéntagé of the foﬁr‘
contact ﬁethod over the two contact.method is tha£ it effectively
eliminates any,errors;due to poor connecpidn or anomalous behavior,
such a polarizéti;n effects, at the electrode-sample interface. Also,
a more uniform current distribution can be expected between the volt-
age contaéts hithithe'four contact method.

.Measurements iﬂ.airnwefe taken using £he four céntac£ method
only. Air measﬁrements were also taken with an AC bridge (Hewlett-
Packard 4262A). The AC briﬁge also uses a four-coﬁtact-method, but it
does nét utilize the constant current technique. When taking measure-
ments'in a hydroéen atﬁosphéfe, both the four contact andjtwo contact
methods were used. This was done because it was suspected that the
hydroéen was ha§ing‘a lafge effgct on the éoptact-sampie interfacé
resistan;e} This interface reéis;anCe could-be observgd by subtract-'
‘ing thé four coﬁtact resistance from the two contact resistance.

. The AC bridge was not used for the hydrogen measurements. AIn-
stead, a freqﬁency geﬁerator was used to modulate the'current source

and an AC digital voltmeter was used at the voltage contacts. The
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amplitude of the modulated current was adjusted with a potentiometer
to give an r.m.s. AC output current eqpal to that of the DC current.
DC and Aé reédings coﬁld then be easily comparéd. This AC method
worked well if the freqﬁéncy~was.kept below 1000 Hz; the curreﬁt
source did not regulate Qell when modulated at higher fréquencies. A
schematic of the electrical system ﬁsed for the hydrogen measurements
is shown in Figure 8. |

Data wére taken while both heating and cooling.' This was done so
that any conductivity changes caused by the recenf thermal history of
the sample could be noted. It was especially important to take both
heating and coolihg curves’during the hydrogén experiments since we -
were interested in observing any changes in cpndﬁctivity the hydrogen
might cause in the samble at-high témperaturés,’ -
| Ali DC measurements were taken with both forward aﬁd reverse
peolarity aﬁd the valiies averaged. This was to minimize any polari-
zation effects that might occur in the sample if a coﬁtinuous
unidirectional current were used.

After AC, DC, four contact, and twa contact measurements were.
made and reéorded at a.giveﬁ temperature,.the conductivity was derived
and plotted against 104/T on semilog paper. 'The temperafure.was then
increased or decreésed by an interval which was détérmined'by referring
to the semilog plét. The‘témperéture intervals'wére chosen to give

evenly spaced data points on the curve or to provide more points in
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\

the more interesting areas of the curve. Between conductiviéy meas-
urements ;t different femperatures, the samplelwas allowed a£ lgas; a
half hour to come to thermal equilibrium.

Oﬁe important consideration when ﬁsiné a constant cuffent source
is the power being deliyered to the sample by ;he test current: ?=12R.
1f, for example, the_sémple resistance increaées significéntly during
an experimenﬁ, the current must be reduced in‘qrder to keep the power
within reasonable limits. If this is not done, the sample temperature '
will rise and the increase probably won't be detected by the thermo-
couple. This will result in an erroneous conductivity measuremeﬁt.
For thé lanthanum chromite samples, the power was limiﬁéd to about 10
milliwatts. | |

The approach taken to investigate the diffusion.of hydrogen in
lanthanum chromite was based on a permeation metbod using:a.Balzeré‘
Quadrupole Mass Spectrometer QﬂG 101 as the hﬁdr&gen sensing device..
This method makes use of the sample as a.barrier separating a constant
pressure hydrogen supply from a high vacuum system. The mass spectro-
meter was situated in iine with the vécuum system so that any hydrogen
that diffused through the sample coulﬂ be détectéd. By observing the’
time required for hydrogen to diffuse through at various témperatﬁres,
the diffusion constant DO and the diffusion activation energy & were

calculated.




37

The vaéuum system consigted essentially of a mechanical fore
pump, an oil diffusion pump and an-ion pump, connected to the mass
spectrometer. .The lanthanum chromite sample was mounted in a manifold
between the mass spectrometer and a supély of hydfqgen held at approx-
imately atmospheric pressure. The sample manifqld was surrounded by
an oven made of ceramic fiber heaters with thg pempgréture,regulated
by-a chromel-alumel thermocoﬁple, a femperature éohtréllerhénd‘é digi~-
tal voltage ramp. An additional rotary pump was connected to the
hydrogen supply with a valve to provide for hydrogen scavenging from
the preésure side of the sample.

By far the most difficult problem with this sort of set-up is the
matter of keeping a good vacuum seal on the sample even at:hiéh tem-'
peratures. A nuﬁber of trials were made using thinly sliced bulk
samples of lanthanum chromite with variéus types of.seals.l,The
fragility of the thin samples, the the;mal expansion coefficient dif-
feréncés and the high temperature requirement caused considerable
problems. In all cases, the seal either leaked initially or developed
a flaw as the temperature was increased. Anothef';onsideration with
this method is that the diffusion through the sealing.material must be
small compared to the diffusion through thefsample.'

The sealing prob%em was solved Whep A. Isenbérg of Wgstinghouse
Cofporatién donated a magnesium doped lanthanum chromite‘sample.. The

sample was in the form of a thin film coated on the outside of a 1/2
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inch diameter porous zirconia tube. ‘The layer was 30 - 40 miérons
thick agd covered the full length of the 20 cm long tube including one
closed end. The open end of the gample tube was efoxied to a stain-
less steel flange and mounted on the high vacuum system. Thus, the
inéide of the sample tube was exposed to high vacuum,:while the out~
side of the tube was-at atmospheric pressure. Tests ;howed that the
. thin lanthanum chromite layer had no leaks. Next, a.ﬁuffle tufe was
built of thiﬁ wall stainless steel tuﬁing and was fitted a;ound'the
entiré sample tube. Hydrogen admitted to the inside of this muffle
tube would then éompletely surround the sample tube and diffusién
measurements could be made. Einaily, a thermocouﬁlé was attached to
the end of the sample tube and the furnace was rigged tQ»fhe outside
of the muffle tube. The furnace was positioned so that.the closed end
of the-sample tube cguld be heated to high temperatures, while the end
epoxied to the vacuum system could be kept relativgly cool; théfébyA'
insuring a good vacuum seal. A good vacuum was attained (10_8 torr)
with this set-up, and temperatures as high as 900°C were reached with-
out damage to the lanthanum chromite sample tube.o¥ ité'surrounding
stainless steel muffle tube. A diagram of the sample tube with its
associated hardware is shown in Figure 9.

The following procedure was used for hydrogen diffusion ﬁeésure-
ments:

1. Apply high vacuum to inside of sample tube.
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| 2. | Scavenge muffle tube with rotary pump.

3. Adjust temperaﬁure oflassembly to desired value.

4. Adjust mass spectrometer to monitor the hydrogen peak and display
on an X-Y recorder with a time base driviﬁg the X-axis. |

5. Ailow system to come to thermal_eqﬁilibriumt

6. Apply hydrogen at a fixed pressure to the outside of the sample
tube.

7. Watch for an increase in hydrogen line heighf on the‘XjY recorder.
Note the time lag from the moment of hydrogen épplic;tidn to the sens-
ing of hydrogen in the mass spectrometer.

8. Scavenge hydrogen from the muffle tube with'the rotary pump ;nd
observe' the decay of the hydrogen peak with time’ ‘

The above procedﬁre was followed in 50°C intervals from 100°C to
900°C. Diffusion was first observed at 500°C and it increased with
each increase in fempergture. There was a diffusion time lag asso-
ciated with each temperature and it could be read directly from the‘

X-Y recorder.




CHAPTER IV
DATA AND DISCUSSION

Conductivity data were first taken on all of the -samples in air.
The results of these measurements are plotted in Figure 10 showing
La

St 1681 150 g503s La goCa ;4Al 4Cr o504 and La g,Sr ,,CrOq; and

84
in Figure 1; showing LaMg.ozAl.ISCr.8303. These plots were all ob-
tained with the four contact DC methqd. AC data were also taken on
all of.the samples, except for La.84Sr.16CrO3,‘§i§h the'AC bridge.
Measurements taken with the AC bridée yieldgd results identical
to the DC measurements at all températures above ébout 200°C. At
temperatures below this, the AC conducfivities were typically slightly
lower than the DC readings, becoming as much as 2%-1owefTat room tem-
perature. This could possibly be due to some ionic contribution to
the conductivity, noticeable only at lower tempeya£urés. However,
since foughly thé same discrepancy,wés.obserVed for 'all of thé bridge
frequencies (120 Hz, 1 kHz, 10 kHZ), it is_selieved that‘the‘efféct
was caused by a calibration problem in the AC bgidge that was accentu-

ated at the high resistances that occurred in the sémples at low tem-

peratures. If it were due to ionic conductivity, the 10 kHz readings

would be expected to yield much higher resistances than the 120 Hz

readings.” In any case, the discrepancy would not be noticable on

graph paper and it disappéared altogether above about 200°C. "
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Therefore, the AC méasuréments have not b;en plotted. Detailed dis-
cussions of iqnic conductivity in crystals appear in the 1iterature.19

During routine measurements, capacitance_and iﬁductance were also
occasionally checked with the.AC bridge. These'réadings were always
zero or extremely low for all temperatqfes and frequencies.

Other workers.have taken similar measurements on these materials.
La.848r'i6Cr03,'in particular, 'has been studigd by'a,numbér pf experi-~
menters with widely ranging results. For examplé, ﬁhe.following‘con—

—

~ ductivity values have been reported at 1000°C: Brodmann and Morgan_,14

8, 3000 (Q—m)-ly Webb and Sayer,20 500

450 (Q-m)"}; Karim and Aldrid
(Q-m)-l. These widely varied values point out the tremendous effect |
differences in preparation can have on the conductivity. ' It is there-
fore'ﬁot surprising to find that our value of about 250 (Q-m)-1 at
1000°C differs from the above value;. It is encourégiﬁg however, that
our value differs only by about a factor of é from the Brodménn and
Morgan value, since both of these samples were manufactured at General
Refractories Company. |

| Conductivities of hagnesium and gluminuﬁ-dopéd lanthanum chromi;e
samples have been givén in a report by Anderéon‘ég gl.}s in which it
was assumed that the magnesium waé réplacihg the lanthanum on the A
site of the perovskite lattice. Thé formulations tested were
Al_0, with x = 0.0, 0.25, 0.5, 0.75, 0.9, and 1.0. At

.95"8. 0567154103 _
1000°C, both the x = 0 and x = 0.25 formulations yielded values of

La
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about 500 (Q-m)-l; as feported by Andersoﬁ,~and it Ean ﬁe assumed that
if aAformulaﬁion with x = 0.15 had been tested, it would have produced
similar results. Our magnesium and aluminum dqﬁed sample; with x =
0.15, had a conductivity of about 25 (Q-m)_1 in air at 1000°C. Thus;
our results afe a factor of 20 below the inferred Anderson results at
1000°C. This difference might be explainable in.terms of differences
in sample manufacture. More important, though, is the fact that the
samples reportéd by Anderson contained 2.5 times mo?e magnesium ;haﬁ
our sample. This could be taken as evidence that magnesium doping
adds significantly to the conductivity of LaCrO3, although identigél
preparation methods woﬁld be needed to confirm this.

' 14

Brodmann and Morgan™  have made quantitative x-ray diffraction

measurements on magnesium and strontium doped lanthanum chromites and

" found that the'magnesium is replacing chromium rather than lanthanum.

This was later confirmed by Anderson et glfls

The most significant feature of these data is fhe~difference in
curvature of the data plotted in Figure 11 as compared with.the rest
of the data plotted in Figure 10. The strontium and calcium’dbped
sampleslall show different conductivitieé at low temperatures, but
grédually‘approaéh equal values at 1000°C.. fhis is the sort of be-
havior that is expected for semiconductor; that obey a ;ollective
electron modeliin which the charge carrier concentration inéreases

exponentially with temperature; the intrinsic conductivity overshadows
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the extrinsic conducfivity at high temperatures. The curvature;_of.
the plots indicate a pre-exppnential temperature term with a power
greater thgn zero. This would also be exﬁgcted wiih a collective
electron model in whiﬁh the carrier mobility increases as a simple
power of the temperature. Therefore, it appearé~from our data that
the calcium, strontium and strontium/aluminum:ddped samples obey a
collective electron model and have cbnductivities of about 300 (Q—m)-1
at 1000°C. In contrast is the magnesium/aluminum doped sample éhown
in Figure 11. Although this samplé is roughly equai in conductivity
with the others at room temperature; its conductivity at 1000°C is
only about 25 (Q-ﬁ)_l. Also, the curvature of the plot ipdicétes an
inverse témperatﬁre pre-exponential term. Ihis is Stroné evidence.in
support of a localized electron (small-polaron) fransport méchaniém
for this sample. To further illustrate the natufé of the pre-
exponential temperéturerterms indicated by these data, the.caiciuﬁ
doped sample data is showp replotted in Figure 12 as o/T versus 1/T
and the magnesium doped sample data is shown in Figure 13 plotted as
oT versus 1/T..

If thenmagnesium/aluminum doﬁed.sample‘dqes_indéed conduct by ‘
sqall-polaron hopping, we h;ve no ready explanation'for‘whj the other
samples do not also. Although it was the only sample tested that had
no lanthanum substiﬁﬁtion, this lack would not bé expected fo fesult

in much more than a reduction in the number of hole charge carriers
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since the lanthanum ions are essentially juﬁt electron donors. The
"small amount of magnesium present in the §amp1e may have a more direct
bearing on the band structure and, therefore, on the conduction mecha-
nism. Since chromium-prbitals are largely xesponsible for the nature
of the band structure, a magnesium ion occupying.a éhromium sife mighf
be expected, at least lpcally, to alter the degree of d-électronﬂ
localization. .If magnesium dopiﬁg causes d-electron localization,
then any holes present could conduct By small-polaron hopping.:'Al-.
though this scheme seems somewhat reasonable, it would be hardlﬁo
believe that only a 2% chromium substitution could result in the
localization of all of the d-band electrons as would be the case in
our sample.

The first lanthanum chromite sample tests in hydrogen were dong
at room temperature. The testing methods used wére the standara four
.contact method and the two contact method. As mentioned before, one
of the advantages of the four contact method is that only tﬁe sample
resistance is measured and not the contact resistandes, With'fhe four
contact method, no change in resistance was noted with the application
of hydrogen. However, a very large change in resistance, between one
and two orders of magnitude, was noted when‘tﬁe ﬁwo’contact methéd was
used in hydrogen at room temperature. The_chahge was very rapid and

could be completely reversed when the hydrpgen was displaced by air.
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.The fact that the incrgase in resistance with hydrogen was only
detectable using the two contact method indicated that the effect was
only occurring at the electrode-sample iﬁterfaceé. In order to ob-
serve the contact resistance effect more qlosely, an ohmmeter was
attached to a lanthanum chromite sample with a copper alligator clip
on one end and a piece of platinum wire on the othér7 ~The platinum
wire ﬁas mechanically held in place so thét it.was'contacting the
surface of the sa@ple at a single point. Neﬁt, a very small diameter
hypodermic needle was rigged to a flexible hose and attached t§ the
hydrogen gas system. With the hydrogen gas flow rate set very low,
the needle was used to supply a localized concentration of hydrdgen to
any point on the sample. When thelngedlelwas brought near the plati-
num contact point there was, as expected; a sharp'increase.in resis-
tance as meaéured on the ohmmeter. ‘When fhe hydrogen jét probe was
removed from the platinum contact area, the resis;ancé returned imme-
diately to normal. This procedure was repeated Qith gold, silver,
chrome, steel, aluminum, and copper wires as thé‘cont§c£, bu£ it was
found that only the platinum wire prodyced fhe contact resistance
effect.

It seems likely that the platihum is acting as a catalyst for a
reaction between oxygen ions in the lanthanum chromite, and hydrogen.
This would create oxygen vacancies in the lattice and reduce the con-

ductivity. Of course this catalytic reaction occurs only at the
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platinum-lanthanum chromite interface and the bulk conductivity re-
mains unchanged. It ié important to kéep this effect in mind when
deciding what materials to use for the glect;ode contacts. When
platinum contacts are used for conductivity measurements on lanthanum
chromite, large resistance errors should be expected in the presence
of hydrogen if the two contact method is used.

The high temperature data obtained in a hydrogen atmosphéfe will
now be presented. The results dépend greatly upon the thefmal and
- atmospheric history éf the samples, so 'the ﬁeasurement proce@ure_is
described for each sample individually. Some significant featurés of
the data are also noted for each sample. A discussion of the implica-
tions of the data will foliow.

The first sample tested in hydrogen at high temperatures was

LaMg 1 1 Cr

.0281 1507 303+

its temperature slowly raised without taking data. When the tempera-

The sample was-surrounded by pure hydrogen and

ture reached 1140°C, conductivity readings were immediately started

" and taken as the sample cooled in controlled increments to 142°C..
Readings were taken while heating, this time to a'temperéture.of
1179°C.' The data obtained from these heating and cooling runs are _.
shown plotted in Figure 11 along with the previously obtained air
data. The data indicated a ma?kea decrease of the conductivity of the
sample when exposéd to hydrogen and we wondered whether the.conduc-

tivity would continue to decrease for longer exposure times.
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Therefore, the saﬁple was held at high temperature (960°C) for 12.5
hours 5efore cooling. The data taken during the finai cooling cycle
are also shown in Figure 11. |

It is'apparenf from the curves in Figure 11 that ‘a time-eepehdenp
decrease in conductivity took place in the sample when surrounded by
hydrogen at high temperature. The activation energies'of'the sample
before hydrogen exposure, during exposure, and after 12.5 hours'expo-
‘'sure are 0.076 eV, 0.26 eV, and 0.76 eV respectively. These values
were obtaiped from the data curves between 500°C and 1150°C.

Figure 14 shows the hydrogep data for the La‘ Ca . ,Al 1 0

90°2.10% . 15%% 8573

and La.843r.16A1.150r.8503 samples. The air data of these samples are

also displayed for convenience.

The La Al 0, sample was raised to 1139°C in hydro-

90%2 10811557 g5

gen while data were being taken. It was left at this temperature for

2.5 hours.before taking cooling data. The heating portion of the run

explicitly shows the manner in'which the hydrogen data deviates from

the air data. At temperatures below about 160°C,.the air and hydrogen k

data are identical. ‘Above'160°C however, tﬁe conductivity'plots show
an increasing divergence until, at 1000°C,Athe hydrogen data have.
decreased by more than an order of megnitude. The feadings were all
taken at approximately 30 minute intervals.

The cooling data for this sample show the”dramatic decrease in

coﬁductivity after prolonged exposure to hydregen at high temperature.
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At rooﬁ temperature the conductivity is more than fqur orders of mag-
nitude lower after the hydrogen‘tréatment} The'éoﬁductivity remained
low even after the hyﬂrogen was replaced witﬁ aif. However, after the
;sample was subseqﬁéntly cooked in air at 1100°C for about 12 hours,
its room temperature conductivity'approached its original value. The
actiVatioﬁ energies for this sampie afé 0.25 eV in air atmosphéré and.
1.3 eV after 2.5 hours'exposure to hydrogen. Again, these values are
derived from the portion of the curves between 500°C and liSO?C.
| The La.848r.16A1.15Cr.8503 sample data were taken by surroundiﬁg
the sample with hydrogen and taking readiqgs at approximately 30 min-
- ute iptervalg while increasing the température. Again!.the data sho&
the deviation from>thé air data of the same sample as'the‘;emperature
"is increased. It.is not known why the‘hydrogen data differed from the
air data even-at. the beginning of the ruﬁ, but itlis Suspétted that
while ehanging from platinum;to steel elecfrode wires, the coﬁtacts |
were alﬁered‘in such’é way that the electricai path was effectively
iﬁcreased. | ' o .- \

Unfortunately, .the La Al iSCr 8503 sample broke at ap-

8457 .16
proximately 700°C, mgkiﬂg it impossible to take cooling data after

high temperature hydrogen exposure. To see if this was a.fluke due to
a sample flaw or due to an interaction of the hydrogen wifh the sample,

three other samples were prepared with similar dimensions, but without

drilling electrode holes.. They were placed, on separate occasions, in
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the furqace and providedﬁwith a hydrogen étmosphere. For each sample,
the temﬁerature was incréased at a rate of about'100°C per hour to a
temperature of 1050°C. All three samples broke, although it is not
known at what tempefature breakage occurred. Since the sample had no
breakage prqblems in air, it-can be inferred that the“hydrogen is in
some way causing large structural changes.in the ceramic.

The most significant feature of the lanthanum chromite conduc-
tivity meaégrements is the huge drop in conductivity after exposure to
hydrogen at high temperature. Similar conauctivity decreases have
been noted in the_litefature by workers testing various lanthanum
ch;omite.formulations in various partial oxyéen‘pressures. Westing-'
house CorpofationAworkerslz, for example, have cdmﬁared the condu;-
tivity of a La;95M3.05A1.75Cr.2503.sample before and éfter being,exf

16

posed to a hydrogen-water atmosphere (PO2 = 5x107°° atm.) for 2 hours

at 1000°C.

Af£er this treatment, they found'a'3i104 factor decrease in con-
ductivity at 300°C. This.cbmpares reasonably well with.our findings -
" in LaMg.ozAl.ISCr.8303 of a conduétivity_decrease by a factor of 4x103
at 300°C, considering that the samples are:not'identical in constitu~
ent quaﬁtities. Westinghouse,workers aiso_noted a gradual return to
s éir atﬁosphe;e type dat; after cooking in air at 1000°C. This also .

_ compares.well,with our room teﬁferatnre 6béefvationsAbf'

La _.Ca Al

.90%3 1081, 1507 gs03 after being cooked at 1100°C in air.

8573
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Faber et 31.21 have observed a decrease in conductivity of LaCrO3
by a factor of 102 at 300°C when equilibrated with a partial oxygen
pressure of 10-4 atmosphere. Théy also recorded an isothermal
(1400°C) decfeasing‘of conductivity with &ecreasing oxygen partial
pressﬁre. It is not known, however, what gas was used to provide the .
oxygen partial préssﬁres. It is suspected that‘a reducing atméspheré
ﬁould produce diffe?ent results as compared to an inert atmosphere
even though thé oxygen partial pressure may be‘thg same.“-ThiS‘suspi-
cion is based én the large reaction affinity qf hydrogen wi£h oxygen
ions in the sample. The éhemical Stability of lanthanum chromite and
other perovskites in a re&ucing atmosphere has been discussed in an
article.by T. Nakamura et 31.22

As mentioned earlier, diffusion was measured by observing the

time lag from the moment of hydrogen application to the sensing of

‘hydrogen in the mass spectrometer. Figure. 15 shows a semilogarithmic

plot of the time lag versus inverSe'temper?ture. The error bars indi-
cate only the uncertainties in the time 1ag values read from the X-Y

recorder. Other factors could easily have caused additional errors.

For example, it was not known to what extent the hydrogen would react

chemically with the sample. If the apparent initial diﬁfusion rate

was limited at high temperatures because of hydrogen reacting chemi-

.cally with the lanthanum chromite, some temperature dependence would

be expected in addition to the exponential behavior predicted from
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simple diffusion theqry. Indeed, the data plotted’in figure 15 appe;r
to indicate some non-logarithmic behaviof ;t temperatures above 800°C.
The solid black line &rawn between the poinfs ignores fhe troublesome
high temperature beﬁavior and baséd on its slope and position, the
follbwing activation eﬁefgy and diffusioﬁlconstant were détermiged:
€ =1.8 eV;'Do = 196 cmZ/sec..

There is also the possibility that alportion of the hydrogen
detected was due to leakage around grain boundaries in the sample .
film. However, since the data on the whole are quite linear, it seems
likely that the observations were primarily due to Broﬁnian diffusion
through the lanthanuﬁ chromitercrystﬁls, at least at 16wer tempera-
tures. The non-exponential high temperature'behavior hight aiso have
resulted froﬁ fhe,time requirea for the diffusion through the porous’
zirconia substrate tube and even through the vaéuum system to the

detector.




CHAPTER V
SUMMARY AND CONCLUSIONS

The purpose of this work was'to examine the electrical conduc-
tivity and the hydrogen diffusiﬁity of several lanthanum chromite -

based ceramics. These materials are of interest because they are

-highly refractorj and are good electronic conductors at high tempera-

tures. Specifically, they may be of use in high temperature solid
electrolyte fuel cgl} batteries as an interconnection betwéen adjacent
cells.

Examination of the literature shbwed thaf lanthanum chromite and
its &oped derivatives are electronic semiconductors with an ABO3
perovskite crystal structure. Although they are not iﬁtninsic éemi-
conductors, a review of intrinsic semiconductor theory was presented
to provide an idea of what sort of conduétivity temperature depeﬁdence
could be expected.

Two fundamentally different coﬁduﬁtioh mechanisms have been pro-
poséd in phé 1itera£ure that attempf to ekplain'experimental éonduc-
tivity results. One is based on a collective electron model in which
the temperature dependence of the charge carrier concentration deter-
mines the cohdﬁctivit&, while the other assumes a localized electron
model in which the conductivity temperature deﬁendencé is a result of

thermally activated small-polaron hopping. Both models assume that

the predominant charge carriers are holes and that the number of holes
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can be increased by substituting Sr2+ ioné for L33+ ions. Ihis is a
controlled valency doping technique and results in the formation of
holes because a Cr3+ ion is fhen forced to become a Cr4+ ion to pre-
serve charge neutralityf'

The experimental work involved building a multiple atmosphere
furnaée, sample holder and temperature éontrol equipment, and using'
this apparatus to measuye electrical conductivities of‘lanfhdﬁum
chromite samples in both air and hydfogen atmospheres at teﬁperatures
between ambient and'llSOfC. High temperature diffusion épparatus was
also built and used to measure‘hydrogen diffusion through a thin film
sample of lanthanum chromite. The diffusion equipment-design was
based on a perme;tion methoa in which diffusion is determined by ob-
serving the mean time reqpired for atmospheric pressure hydrogen:to
diffuse through the samﬁle and into a high vacuum system where it is
deteq£ed with a mass spectromeﬁer: -

The study of theoretical conduction meéhanisﬁs showed that the
conductivity would have a temperature dependence of the form

o Tnexp(-E/kT) ,
where n20 for a collective electron model semiconductor or n = -1 for
a localized electron shall-polaron'semiconductor. All of‘our lantha~
num chromite samples showed exponential tehperature behavior as ex-
pected. The strontium and calcium doped samples appeared to have a

pre~exponential term with n>0 and therefore supported the collective
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‘electron model, while the magnesium doped sample appeared to support
small-pdlaron hoppiﬁg conductiyity; At 1000°C the conductivity of the
magnesium doped sample was 25 (Q-m)—l,while the other samples all‘had
conductivities of about. 300 (Q-m)-i. Othér wofkers have made similar
measurements on similar materials and obtéine& widely differing re-
sults. This pointg out the importance sample preparation method has
on £he conduétivit&.

Coﬁductivity mqgsﬁrements taken in é.hydrbgen a;mosphere showed a
dramatic decrease in conductivity as comﬁared to the air data for thg
same sample. Tﬁis’sort of behavior has been observed by other workers:
and has been explained ﬁy the diffusion of oxygen out of the sample.
The'oxygen'deficien?y would providé an alternate means of charge com-
pensation; fewer holes would be present and the conductivity would |
decrease. It may also be possible that hydrogen &iffusion into the
sample also affects the conductivity.

Baséd on our diffusion measurements, we obtained a diffusion
constant of 190 cmz/sec and a diffusion activation energy of 1.8 eV.
The data also indicated a possible chéﬁgé in diffusivity at high tem- .
peraiures, but mofe experiments will be rgquired'to confirm this.

The equipment and techniques'used for the conductivity ﬁeasure—
ments worked qﬁite.well and gave repfodhciﬁle resulté. " A change to
steel electrode wi;es is necessary when ﬁsing'a hydrogen étmospheré to

avoid platinum wire corrosion. Care should be taken Qheﬁ'changing the
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wires to avoid enlarginé the electrode contéct hole. Aiso, an impor-
tant phenomenon to keep in mind when using platinum contacts in a
hydrogen atmosphere is the catalytic contact resistance effect. This
effect can lead to large conductivity errors if the two.contact method
is used.

The diffusion experiment went wéll once'the samble-vacuum system
sealing problem was solved. The sealing joint'must be kept cool to
avoid differing expansion coefficient problems.

Lanthanum chromites have applicationé where refractory electronic
conductors are needed. ﬁigh temperatures solid electrolyte fuel cells
have suéh a need and it is our hope that the findings presented here
will aid in determining which lanthanum chromité ceramic would be most

appropriate as the interconnection material.
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