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' Abstract
Electrical conductivity in polycrystalline NiAl,0, and

MnAl,0, was studied at temperatures of B800° to 1400°C and

(?iygen partial pressures of 1 to 10-** atm O,. Both

aluminates vere prepared from equimolar mixtures of

component oxides and sintered at 1400°C for 48 bh

Y700°C for 5 hr. The NiAl,0, was sintered in ai- * -

purified argon,

The conductivity in both alum%nates vas
using the two-probe ac Eenductivity method w-
partial pressures achieved with preanalyzed “i
mixtures and‘feiersible metal-metal oxide e’
NiAl,0, exhibits conductivity independent éf .34 Da tial
pressure. The conductivity of NiAl,O, increas~- *rnr 1.5 x
10-¢ at 800°C to 1.3 x 1D’; ahm“égﬁi‘ at 1400°¢. The
activation energy for ionic conduction in NiAl,0, is 41.2
kcal/mole,

proportional to P(0,)'/* and P(0,) '/%, respectively. lonic
conduction at .intermediate oxygen paftiai pressures is
evident. The ionic conductivity of MnAl,0, increases from
1.0 x 10°* at B00°C to 1.8 x 10°* ohm"'-cm-' at 1400°C. The

activation energies for p-type, ionic and n-type conduction

(o™

are 12.6, 31,1, and 52.4 kcal/mole, respectively.
Y .
The ionic transport number ti was determined by the dc
polarization technique. For NiAl,0,, ty decreases from 0,97

at 800°C (10°* atm O,) to 0.63 at 1400°C (10" *‘'atm 0,)3 for

iy



ﬁ?HnAl,Ggiti decreases from 0,99 at‘EDé‘C (10-'* atm 0,) to

0.89 at 1400°C (10°'* atm O,).

.The relative transport numbers of the cations, Ni**® and
Mn?°, were measured with the emf method. For NiAl,0,, the
average transport ‘number BtNi2+ is greater than tA13+ at
temperatures of 800° to 1400°C; for HnAl,Gi,VBtHn2+ < tA13+

at B00° to 1050°C and 3t 2+ > t,,3+ at 1050° to E.

1400°C. | '
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I. Introduction

Although ionic conduction was feccgnizeé to exist in
solid compounds such Zr0,-Y,0, at the turn of the Eengury
[1-3], it was the publications in 1957 by Kiukkola ;né
Wagn;r [4,5) that led to the upsurge in the study of ionic
conduction in the solid state. The sclid electrolyte studied
by Kiukkola and Wagner was stabilized ZrO,, but other
éompounds such as silver halides[6,7], thoria [8],yttria
[9]),ceria [10j,rutile [11]}, alumina [12], and beta-alumina
(13] were later established as solid electrolytes. Since
then, these solid electrolytes have been used extensively in
high temperatufe investigations.

Recently, spinels have been considered for use in high
temperature studies, especially in the power generation
field. Iron magnesium spinels [14] and spinel solid
solutions of hercynite (FeAl,0,) and magnetite [15] have

been considered for use as electrical conductors and

magnesium aluminate spineil (H§§lié4) [16] as refractory in
open-cycle, coal-fired magnetohydrodynamic electric
generators. More basic physical property data of spinels are
required before their use in high temperature studies can be
undertaken.

" The spinels are a class of binary oxides whose
structuré is related to that of the mineral spinel, MgAl,O,.
The general formula of a spinel is AB,O0,.

The spinel structure is cubic with a large unit cell

containing 8A, 16B and 32 oxygen atoms or ions. The



positions of the oxygen atoms are more or less fixed but the

~
<
Lo
"
-
(-
-

arrangement of the cations varies considerabl
certain limits.

In most oxide structures, the oxygen ions are
appreciably larger than the cations and the spinel structure
can be approximated by a cubic close packing of O’ ions in
which the A** and B?° ions occupy certain interstices. Each
unit cell contains 8(AB,0,) subcells, and therefore, 32 0*-
ions. This close packing, as shown in Fig. 1, contains 64
interstices surrounded by 4 0?- ions (coordination number of

4, tetrahedral) and 32 interstices surroumded by 6 0*- ions

(coordination number of 6, Détahedral). In the spinel

4

-
structure, 8 of the tetrahedral interstices or sites and 16
of the oétahedral interstices or sites are occupied by
cations.

In all spinel-like oxides, the arrangement of the O*-
ions is represented by the parameter u. For u=0.375, tﬁe
arrantgement of the O0?" ions equals exactly a cubic close
packing. In actual spinel lattices, u is often larger; this
implies larger A or tetrahedral sites and smaller B or
octahedral sites.

Twvo types of spinel occur. In the normal spinel, the

A?* ions are on the tetrahedral sites and the B®' ions are

-

on the octahedral sites. In the inverse.or inverted spinel,
the A’ ions and half the B*’' ions are on the octahedral
sites; the other half of the B** ions are on the tetrahedral

sites as represented by the formula B(AB)O,.



I1I1. Literature Survey
%Eis literature survey will cover S:iefly some of the
physical property data on spinels, particulary the’
aluminates. Topics ;ill include cation distribution , ionic
transport, thermodynamics and elgctrical conductivity in

spinels.

A. Cation Distribution fn Spinels

The crystal structure of spinels was analyzed by Bragg
[17) and independently by Nishikawa [18] in 1915, In both
:ases,‘the work was based on the study of spinel (MgAl,0,)
and magnetite (Fe,0,). At that time a large number of
compounds of the general formula AB,0,, both natural and
synthetic products, were examined and aéfepteé as having the
spinel structure, It was also assumed at that time that in
the spinels AB,0,, the A atoms or ions occupied the
tetrahedral sites and the B atoms or ions were in the
octahedral sites - the normal spinel arrangement.

However, the x-ray diffraction intensities of a number
of the compounds, MgFe,O, and MgGa,0,, could not be *
reconciled with the accepted atomic arfanéement of the
intensities of MgFe,O0, and MgGa,0,, Barth and Posnjak [19]
proposed a second spinel arrangement - the inverse spinel -
in which the tetrahedral sites are occupied by half of the B
ions, the octahedral sites by the A‘i@ns, and the other half

of the B ions are distributed at these lattice sites. Barth



[}
and Posnjak [19] examined the spinel arrangement of

.comparing the observed intensities of x-ray reflections with
those calculated for normal and inverse spinel arrangement

based on the ideal oxygen ion arrangement parameter u of
0.375. In this technigue, it is possible to decide between

-he normal and inverse arrangements vhen the scattering

povers for x-rays of the cations are sufficiently different;
when the scattering powers of the cations are too small or
veak, the results are suspect. Using this method, Barth and
Posnjak [19] concluded that all aluminates (Mg, Mn, Hi;§2ﬁ
and Co) and chromites are normal, all ferrites except Zn and
Cd ferrites are inverse and ail divalent-tetravalent (2-4)
spinels such as the titanates and stannates are inverse,.
Verwey and Heilmann [20] modified the x-ray diffraction
technique used by Barth and Posnjak [19] to determine the
cation arrangement 1in spinels., The intensities of a great
number of diffraction lines were measured and the @bservedg

calculated reflection

L]

values were compared with th
intensities for differént spinel arrangements and for
different values of u. To enhance the scattering power of
the constituent metal ions, selective wavelengths of x-ray
radiation were adoptéd. From this study, Verwey and Heilmann
[20] formulated a set of rules for predicting whether a

state that for a divalent-trivalent (2-3) spinel, the normal

structure or arrangement is more stable with the following



exception: if the trivalent ion is Fe, Ga, or In, then the
inverse structure is more stable; however, Zn and Cd spinels
are normal, regardless of the trivalent ion. In addition,
all aluminates have the norm.al structure.

1t had never been clearly established whether the
aluminates of Mn, Co, Ni, IZn and Fe are normal or inverted:;
the evidence on which Barth and Posnjak [19], and Verwey and
Heiimann [20]) used to conclude that the aluminates aréf
normal was rather weak. From the x-ray diffraction analysis
of simple and complex spinels (aluminates, germanates,
titanates and ferrites), Romeijn [21] observed that the
! »
intensity of the 220 reflection - I1(220) - is only
determined by the ions at the tetrahedral sites and this
reflection is a simple indicator for the change in cation
distribution in the spinel. Analyzing the 1(220) rgflections
of the aluminates, Romeijn [21] concluded that the
aluminates of Mn, Fe, Co and Zn are normal but Ni aluminate
is partly inverted. In Ni aluminate, the fraction of Ni?*
ions at tetrahedral sites was observed to bé 0.24, giving an
.appréximate formula of Ni,.,,Al,..s(Al,.,,Ni,.,,)O,. The
degree of inversion of about 0.76 in Ni aluminate indicates
a strong preference of Ni?* ions for the octahedral sites.

Further improvement in the determination of cation
distribution in spinels by the x-rgy diffraction technique
was initifally made by Bertaut {22]) Who reported that the
x-ray intensity ratios I1(400)/1(220) and 1(400)/1(224) are

very sensitive to the distribution of the cations and



relatively insensitive to the oxygen parameter u. Other
intensity ratios 1(220)/1(311) [23], 1(400)/1(220) [24,25],
1(400)/1(422) [22,24) and 1(400)/1(224) [26]) were proposed
for use in the study of cation distribution in spinels.
Using x-ray diffraction (1(400)/1(200) and

1(400)/1(224) ratios) and magnetic susceptibility
techniques, Greenwald et al. [24] reported that Co and Mn
aluminates have a normal cation arrangement while Ni
aluminate is partly inverted. The degree of inversion for
slowly cooled and quenched (from 1400°C) samples was 0.85
and O.QO, respectively for Ni aluminate; 0.19 and 0.31 for
Co aluminate; and 0.34 and 0.29 for Mn aluminate. These
authors suggested that the Ni'* ions have strong preference
for octahedral sites, Co?* ions for tetrahedral sites, and
Mn?° ions no site preference. In addition, these authors
pointed out that annealing MnAl,0, in air resulted in the
formation of Mn,0, and a compound which is a tetragonal
distortion in Spinel.

 Magnetic susceptibility measurements conducted by
Richardson and Milligan [27) on a Peries of NiO-Al,0,
samples (0-100 mol¥% NiO) heated at 700° and 1000°C revealed
that the degree of inversion of NiAl,0, was 0.85 at 700°C
and 0.95 at 1000°C. For the composition range of 60 to 100
mol% NiO, the degree of inversion was calculated to be close
to 1.00 for samples annealed at 700° and 1000°C, .indicating

[ 4}
that Ni?* ions occupy octahedral sites inNhis range.



Combining magnetic susceptibility and x-ray diffraction
measurements on the Co0-Al,0, system prepared from Co,0, and ~
Al1,0,, Richardson and Vernon [28) reported the presence of
Co’* ions in the CoO-Al,0, sa?ples containing 40 to 80 wtX
Co. They suggested that Co?’° and Co’°-ions occupy the
tetrahedral and octahedral sites, respectively. Following
the reasoning of Sinha et al. [29]), who proposed the formula
Al(V,.,,Al,.,,)O, (V stands for vacancies) as the best
structure of yAl,0,, Richardson and Vernon [28]) indicated
that, as the CoO-Al,0, series approach low Co concentrations
(<45 wtx Co), the Co exists only as Co?° ions on the -
tetrahedral sites and lattice vacancies appear on the
octahedral sites only - the latter conclusion being
subt;ntiated by their x-ray measurements.

Edwards [30), using the x-ray diffraction method, cited
that the mixed crystal spinel series MnCr, Al O, (0sts2)
has a normal spinel arrangement with the tetrahedral sites
occupied by Mn?* ions and about 5% of the Al*° ions.

Paramagnetic resonance spectra analysis of Cr’* ions in
MgAl,0, and Mn** ions in ZnAl,0, by Stahl-Brada and Low [31}
revealed that Cr®* ions reside on the octahedral sites while
Mn?° ions occupy the tetrahedral sites of the spinel. In the
case of MniAl,0,, the quthors suggested the possibilities
that a fraction of thenMn" ions occupies the octahedral

sites and a fraction of the manganesé 10ons may exist as Mn*°

or Mn’* in the spinel.



Nuclear magnetic resonance spectra of Al’* ions in
natural and syhtheti; crystals of MgAl,0, (annealed at 800°
and 900°C) [32] revealed that about 1% of the Al’" ions
occupy the tetrahedral sites of the natural crystal while
Mg?* and Al’* ions are randomly distributed among the
tetrahedral and octahedf;l sites of the synthetic crystal of
MgAl,0,.

Schmalzried [25,33), using the x-ray diffraction
technique, studied the temperature dependence of cation
distribution in the spinels NiAl,0,, CoAl,0, and MgGa,0, at
temperatures qof 800° to.1500°C. He reported a decrease in
the degree of inversion from 0.815 at 800°C to 0.74 at
1500°C for NiAl,0,; an increase from 0.055 at 850°C té 0.15
at 1400°C for Coal,0,; and a decrease from 0.90 at 900°C to
0.83 at 1400°C for MgGa,O,.

Cor}ETZ{;;;‘four properties (i.e., unit cell dimen%igﬁfa
x-ray intensities, reflectance spectra in the visible
regidn, and infrareé absdrption spectfarfram 11 to 25 um )
of spinels preparéd and equilibrated at temperatures of 400°
to 800°C and pressures of 1 to 100,000 étm, Datté and Roy
[26,34,35] showed that in the majority of spinels, including
the common ones (e.g., MgAl,0,, NiAl,0, and others), the
cation distribution is a function of the temperature and
pressuré of formation. Using the x-ray diffraction
technigle, Datta and Roy (26] reported that several

titanates (2Zn,TiO,, Mg,TiO,), chromites (MgCr,0,, NiCr,0,,

Z2nCr,0.,) and ZnAl,0, do not have any appreciable temperature



dependence of cation distribution between 600° and 1300°C
(at constant pressure of 351 kg/cm?). However, in the case
of NiAl,0, and Ni,GeO,, an increased tendency of Ni?' ions
to move from the octahedral Sit%i,tg the tetrahedral sites
with increase in temperature was observed. NiAl,0, was

. observed to be completely inv%fted ét 600°C with the cation
arrangement (Al)(NiAl)O,; at 1550°C, NiAl,0, was 75%
inverted with the arrangement ‘

(Niy.;sAle.sy) (Niy.,,AL,.,,)0,.

Using the x-ray diffraction method, Cooley and Reed

and ZnAl,0,. The oxygen parameter u and the fraction of
divalent cations on tetrahedral sites E!HEEE calculated by
the least-residual technigue usiné the measured x-ray
integsities of two reflections which are independent of X
and the ideal value of u (0.375). The temperature of the
sample during irradiation was taken into account in the
computation of X and u.

Cooley and Reed [36] reported that in NiAl,0,, X
increases from 0.07 at 595°C to 0.26 at 1391°C; for for
CuAl,0,, X decreases from 0.68 at 613°C to 0.64 at 1195‘2{
and for ZnAl,0,, X decreases from 0.96 at 905°C to 0.94 at *
1197°C. For NiAl,O,, Schmalzried's [24,32] high values of X .
were attributed to noffequilibrium samples. On the other
hand, results of Datta and Roy [26] were lower by
apprai}mately 0.06 at all temperatures; these values were



10

ideal oxygen parameter u (0.250). The work of Grimes et al.
[37) suggests that the use of the 1(220)/1(440) ratio will
lead to negativé erréfs in X.

Using a modified x-ray diffraction technique, Furuhashi
et 51. [38] determined the cation distribution of NiAl,O.,
CoAl,0, and GECGQQ;. The temperature of the sample was taken
into consideration in the :cmputatianeaféthe degree of
inve;sién and oxygen parameter u by the least-residual
méthod. They reported that the degree of inversion was D.17
at 1000° and 1400°C and 0.18 at 1200°C for CoAl,0.; 0.00 at
1000° to 14003é for GeCo,0,; and 0.84 at 1400°C for NiAl,0,.

A spectrophotometrical investigation of the system Ni-
Yin Mg,. x Al,O, (D£x§1)iby Schm}tz-Duﬂéﬁt et al. {39]
indicated that Ni*® ions occupy octahedral as well as
tetraheéral sites even at low concentration of Niy , i.e.,,
x=0.01,

Stone [40], using the IR spectroscopic method, measured
the cation distfibuﬁian in CuAl,0, and NiAl,0,. From the
absorptipn spectra of the spinels gnnealediatéﬂ)gci Stone
[40]) calculated the degree of inversion to be 0.75 for
NiAl,0, and 0.40 for CuAl,O,.

By using the neutron diffraction technigue which
minimizes errors due to scattering (a common limitation of

[ ]

the x-ray diffraction methéd); Roth [41] determined the
slowly cooled from 1200°C. The degree of inversion obtained

was 0.042 for MnAl,0,: 0.077 for FeAl,0,: and 0.025 for
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CoAl,0,. These results reveal that Mn, Fe and Co aluminates
have normal spinel arrangements. b

Cationic distribution measurements on CoAl,0, by
Richardson [23] by the.x—ray diffraction method show that
CoAl.0, has a normal spinel arrangement with a degree of

: inversion‘;f 0.07 at room temperature;

The normal spinel structure of CoAl,0, was further
confirmed by Cossee\hnd van Arkel [42] who use§ magnetic
susceptibility and absorption spectra measurements on
CoAl,0, and on the mixed crystals, CoAl,0,-MgAl,0, and
CoAl,0,-2nAl,0,, annealed at 300° to 1200°K. Their results
indicate that Co?* ions reside in the tetrahedral sites in

\\Zhe temperature~fange studied. -

Although Greenwald et al. [24] sﬁggested the presence
of Co®* ions in CoAl,0,, nuclear magnetic resonance
measurements made by Miyatani et al. [43-44] and Kamimura
[45] on CoAl.O, indicated that all cobalt ions are in the
divalent state and occupy only the tetrahedral gites.

From the Mossbauer spectra of Fe‘in FeNiAlO,, FeNiCro,
and FeAl,0,, Mizoguchi and Tanaka [46]) observed that in
FeAl,O.h/SiIQEhe octahedral sites are occupied only by
trivaleﬁt Al** ions. However, thermal'condﬁ:tivity,,Gptical
absorption coefficient and magnetic 5usceétibi1ity
measufements on FeAl,O, and FeAl,0,-MgAl,0, by Slack [47]
indicate the presencé of a lov'conceptrati@n of Fe’" on the
tetrahedral sites and Fe’' on the octahedral sites at

-

temperatures of 1000° to 1500°C.



Early attempts to provide a theoretical explanation for
the cation distribution in spinels was made by De Boer et
al. [48,49] on the basis of the lattice energy resulting
from the consideration of the Madelung constant, oxygen .
parameter u and the size of the unit cell. De Boer [48,49]
suggested that for a fixed value of the lattice constant, a
normal spépel structure is stabl? for u > 0.379 in the case
of divalent-trivalent (2-8) spiﬁels, and u < 0.385 for
divalent-tetravalent (2-4) spinels; othefwise, inverse
spinels are stable.

Miller [50] introduced the concept of octahedral site

potential and short-range order. A set of siterpreferenié
energies was formulated and used to predict the probable
cation distribution in spinels.

A theoretical explanation of the caéigh distribution
was proéosed by McClure [51] and by Dunitz and Qrgei [52]
using crystal (ligand) field theory and symmetry
considerations. From the optical (visible and infrared)
absorption data with the aid of crystal field theory,
thermodynamic stabilization energies for a transition metal
ion on octahedral and tetrahedral sites in the spinel
lattice were calculated. The difference between the
octahedral and tetrahedral stabilization energie; - the site
preference energy - was used to predict the cation
distribution. Accuracy of the prediction, in particular for

the aluminates was limited by the lack of a more exact



 estimate of the site preference energy for Al** ion.
Another approach was adopted by Navrotsky and. Kleppa
cation distribution in spinels was treated as a simple
chemical equilibrium and molar interchange enthalpies, aH,
of ions on tetrahedral sites with ions on the octahedral
sites were calculated from cation distribution data at a
single tem,erature for each spinel. From the Interchange

enthalpies, empirical site preference energies for a series

valent ions in the spinel structure were
2

1]

of divalent and t

L |
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obtained. Negative values of AH were obtained for spinels
with distribution between random and inverse while positive
values were obtained for distribution between normal and
random. From the set of site preference energies obtained,

Navrotsky and Kleppa [53] concluded :

™~
3
*
Y
u
-
*

1. 1ions with large tetrahedral site preference:
and In?**;

2. ions with small tozero tetrahedral site preference:
Fe?*, Ga?*, Co?", ﬁni‘, Mg?**, Fe?*; and

3. ions with large octahedral site preference: Cu?*, Ni'*,
Al®**, Mn** and Cr?"*.

On the basis of the site preference energies, it is
recognized that the only divalent ions which are able to
compete with 513*‘far octahedral sites are Cu’‘ and Ni?‘,

» CuAl,O, and NiAl,O, are the only knéwn inverse aluminates.
Comprehensive reviews on crystal structure, cation

distribution and magnetic properties of spinels have been



written by Gorter [54] and Blasse [55].

B. Ionic Transport In Spinels (Aluminates)

Extensive investigation on self-diffusion of cations in
oxides, silicates and spinels and solid-state reactions with
the use of radicactive tracers were made by Lindner et al.
[56-64]. In whe formation of silicates and spinels by
- solid-state reactions, Lindner and Akerstrom [62] indicated
gpat the concept of counter-diffusion of cations as proposed
by Wagner [65] seems to be the probable mechanism. The
self-diffusion results are summarized in Table 1. Other
self-diffusion results discussed below are given in the form
of D=D,exp(-Q/RT) with Q in cal/mole.

Belokurqva and Ignatov [66] measured the diffusion of
'Fe and *''Cr in sintered samples of NiCr,0, and NiAl,O,
heated at temperatures of 900° to 1200°C. Radioactive iron
and chromium were deposited on the samples by evaporation
and condensation of metals in vacuum; diffusion was
investigated by serial sectioning. For the diffusion of Cr
in NiCr,0, and NiAl,0,, the results are D(Cr)=(2.03 x
10" *)exp(-44,000/RT) and D(Cr)=(1.17 x 10" *)exp(-50,000/RT)
cm’/sec, respectively. For the diffusion of Fe in NiCr,0,,
D(Fe)=(1.35 x 10" *)exp(-61,000/RT) cm*/sec. Belokurova and
Ignatov [6%] pointed out that the relativ§§§ large value of
the activation energy for iron diffusion in NiCr,0, in
comparison to the activation energy for chromium diffusion

could be due to the difference in the ionic radii of Fe?*
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and Cr*-.,

The diffusion of **Co and *'Cr in sintered samples of

CoCr,0, wagliaessured by Sun [67]) in the temperature region
of 1400‘0@‘:: wvhere bulk diffusion predominates. The
diffusion results for Co and Cr are D=(10-*)exp(-51,000/RT)
and D=(2)exp(-70,000/RT) cm?/sec, respectively. Sun [67]
proposed that the diffusion of cations involves the jump of
a cation from an occupied site (tetrahedral or octahedral
site) to several unoccupied sites, the path being influenced
by the cation's electronic confiquration and ionic radius.
For the diffusion of Cr, the proposed path involves a jump
from an octahedral site to a neighboring unfilled
tetrahedral site and then to an unfilled octahedral site;
for the Co?* ion, the path involves a jump from a
tetrahedral site to an empty octahedral site and then to an
empty tetrahedral site.

Morkel and Schmalzried [68] investigated the diffusion
of Co?* and Cr’* ions in the normal spinels CoAl,0,, CoCr,0,
and NiCr,0, and in the inverse spinel Co,TiO,. The results
are: for Co,TiO,, D(Co)=(5 x 10*)exp(-9500/RT); for CoAl,0,,
D(Co)=(8)exp(-85,000/RT); for CoCr,O,,

D(Co)=(80)exp(-90,000/RT) and D(Cr)=(300)exp(-85,000/RT);

and for NiCr,0,, D(Cr)=(2)exp(-100,000/RT) cm?/sec. From the
ratios of self-diffusion coefficients, the disorder (defect)
structure in the spinel was gstimateé. For CoAl,0,, which

exists with a deficiency of cations, Co?* vacanc¢cies and Al*"*

ions on interstitial sites or on regular sites of Co?‘ ions
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-~are the most probable major defecfs; fag CoCr,0,, excess
Co®* ions on interstitial sites and Cr’° vacancies; and for
NiCr,0,, Ni?* ions on interstitial sites and Cr’*® vacancies
[69].

The diffusion of *’Fe in the iron-aluminate spinel
system (Fe,0,-FeAl,0,) was studied by Halloran and Bowen
[70) and the results were analyzed in terms of a defect
model, assuming that the predominant defects are cation
vacancies and interstitials. Halloran and Bowen [70] pointed
oué that iron diffusjon in Fe,0, at 1380°C occurs by an
interstitial mechanism at P < 10°* atm O, and by a vacancy
mechanism at P > 10-¢ atm O,. These authors proposed that
iron diffuses in Fe(Fe,.,,Al,.,,)0, at 1380°C by an
interstitial mechanism at P(O;) < 10°* atm and by a vacancy
mechanism at P(0O,) > 10-* atm. Iron diffusion in single
crystal and polycrystalline (alumina-rich) FeAl,0, is by an

inrerstitial and vacancy mechanism, respectively, at 1400°C.

=y

The effects of cation vacancies on the diffusion o
Ni** ions in defective or nonstoichjometric spinel
MgO-xAl,0, (1.1sxs1.5) and in perfect or stoichiometric
sbinel MgAl,0, were investigated by Yamaguchi et al. [71]
using an electron probe analyzer. According to their
findings, the diffusion coefficients of Ni?* ions vary
linedrly with the concentration of composition-dependent
vacancies. The activation energies for Ni?* ion diffusion in
defective and perfect spinels are 70 and 106 kcal/mole,

respectively. Yamaguchi et al. [71] stated that



composition-dependent vacancies gavefﬂ!the diffusion of
cations in the defective or nonstoichiometric spinel while
temperature-dependent vacancies contribute to cation
diffusion in the perfect or stoichiometric spinel,

Paladino and Kingery [72] measured the self-diffusion
of ‘Al in polycrystalline aluminum oxide at temperatures of
1670° to 1905°C. In the temperature range studied, the
diffusion results are represented as
D(Al)=(28)exp(-114,000/RT) cm?/sec. pPaladino and Kingery
[72) proposed that the diffusion mechanism involves either
diffusion via lattice vacancies or migration of Al®’ ions
via normally unoccupied octahedral sites.

The determination of diffusion coefficients is not
limited only to cations; thé transport behavior of anions,
pacrticularly oxygen, has received great attentions from
scientists. Radioactive oxygen, '*0O, was used to measure by
the gas exchange technigque the oxygen diffusion coefficients
in oxides such as Cu,0 [73], NiO [74], cdo [75]), Tio, [76],
and calcia-stabilized zirconia [77]). A vacancy mechanism was
proposed to explain the movement of oxygen in these oxides
[?3—77]. 7

Kingery et al. [78] studied the diffusion of '*O in the
.spinel NiCr,0, at temperatures of 1200° to 1600°C and
obtained the results D(Q)s(D_DIT)exp(*ES;400/RT)-cmz/sec.
The activation energy for oxygen mobility in NiCr,0, is
about twice that for oxygen diffusion in cubic fluorite

structure calcia-stabilized zirconia, where
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D(0O)=(0.018)exp(-31,200/RT) cm?/sec [77]. The oxygen
diffusion coefficient is smaller than that of either cation,
Ni!* or Cr**, in NiCr,0, [57-59,65,67].

O'Bryan and DiMarcello [79) measured the diffusion
coefficients of oxygen in single crystals of nickel ferrous
ferrite as a function of @xygen,stci:hiametfz at
temperatures between 1140° and 1340°C. At higher oxygen
contents, the diffusion :ceffi:ient is independent of oxygen
stoichiometry and can be represented as D(0)=(5 x
10" *)exp(-61,000/RT) cm?/sec. At low oxygen partial

# pressures, the diffusion rate depends strongly on @xygeg
stoichiometry and is smaller in magnitude. O'Bryan and
DiMarcello [79] cited that a vacancy mechanism contributes
to the diffusion of Oxygen in ﬁhe ferrite.

polycrystalline aluminum oxide was investigated by ?}5;% and
Kingery [80]. They reported that in single crystals of
AI,G;i intrinsic diffusi@n occurs between 1650° and 1780°C
as D(O)=(1.9 x 10°)exp(-152,000/RT). Below 1650°C, variable
results were obtained depending on the impurity content and
~heat treatment; the experimental results, however, can be
represented as D(0O)=(6.3 x 10" *)exp(-57,600/RT) cm!/sec. The
diffusion coefficient of oxygen in polycrystalline samples
was reported to be about two orders of magnitude larger than
that for siﬂglé crystal due to enhanced diffusion in the

grain boundary regions.
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'Using the serial sectioning method instead of the

commonly employed gas exchange technigue [73-80], Reed and

mobility of oxygen in single crystals of Al,0, at
temperatures of 1585° to 1840°C. Tracer '°*0O was supplied
from an Al,'*0, layer produced by oxidation of a
vapor-deposited Al metal film in an '°*0O, atmosphere. Théif
results are represented as D(O)=6.4 x 10*exp(-188,000/RT)
cm?/sec. Compared with the results of Oishi and Kingery
[80], the diffusion coefficients obtained by Reed and
Wuensch [81] are‘smaller by a factor of 40 to 70 and are
likely to represent extrinsic impurity-controlled transport.

Aside from the measurement of diffusion coefficients of
cations and anions in simple and complex oxides, extensive
;orks were carriea out on the kinetics of formation of
spinels such as CoAl,0, [82,86], 2nAl,07"183,98], NiAl,0,
[83,99—108],.NiCr,0. [83,88,89,108], (z::ta. [83], FeAl,O,
[84,85]), Co,TiO, [86], CoCr,0, [86], ﬁﬁAl;Q, (87,110]) and
MgAl,0, [90-97]. Alf'the results from these studies
substantiated Wagner's mechanism of cation counterdiffusion
during solid-state formation of spinels [65].

Ivanov and Koroleva [110}, studying the interaction of
manganese oxide MnO and alumina by infréreé spectroscopy,
‘reported that MnAl,0, begins to form at 1350°C in pure
hydrogen and weakly oxidizing atmospheres. MnAl,0, heated in
dry hydrogen atmosphere was observed to undergo

decomposition at 1600°C. In oxidizing and weakly oxidizing



o
<

atmospheres, MnAl,0, converts into the spinel MnMn,0, and

NiAl,O, was observed to form from NiO and Al,0,
mixtures heated at temperatures between 700° to 1050°C
[117,112). Its formation was reported to be complete at
1300° to 1400°C [112,113].

lida et al. [101] reported that the rate of formation

of NiAl,O, by solid-state reacti§n increases with an
increase in the oxygen partial prlessure in the heating
atmosphere. The rate of formation increases also with an
increase in the heating temperature. Iida et al. [101]
suggested that the spinel is formed by counterdiffusion of
Ni?* and Al’* ‘ions with the mobility of the Al’* as
rate-controlling.

Pettit et al. [103] examined the rate of fafmatzgﬂ of
NiAl,0, in argon and in air, and reported that both fates
are identical. They cited that the rate of NiAl,0, formation
is controlled by the diffusion of Al’" ions eﬁer the
temperature range of 1200° to 1500°C.

Stone and Tilley [108]) studied the spinel systems which
can be farmea from the oxides MgO, NiO, ZHQ Cu0O, Al,0,,
Ga,0, and In,0, from the standpoint of reactivity. Their
results shov that the ease of formation can be represented
by the sequence:

1. CuB,**0, > InB,?°0, &= MgB,**0, > NiB,**0, (B?*=Al"*

Ga'*, TIh**)

L8]

A**Al,0, > A**Ga,0, > A**In,0, (A?*= Mg?*, Zn**, Ni*",
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Cu**).
The formation of ZInAl,0, and NiAl,0,, for example, conforms
to the kinetics of éiffusicﬁ controlled processes with
activation energies of 88 and 103 kcal/mole, respectively.
The Wagner [65) mechanism of counterdiffusing cations was
vﬁansidgtgé in the spinel formation and the authors pointed
out that during spinel formation, cations diffuse
predominantly via tetrahedral sites. In the case of NiAl,0,,
Stone and Tilley [108] suggested that the rate of formation
is controlled by diffusion of Ni** ions.

Grimes [114]) proposed a theoretical model to
systematically analyze the activation energies for
self-diffusion of cations and anions in spinels. The model
is used to estimate the formation and migration Eﬁéfgiéﬁ for
both cation and anion vacancies in the spinel.

Stone and Tgllgy [115) presented a discussion on
diffusion paths available to cations in simple and complex
oxides. such asf;piﬁelsg For spinels in particular, the
elementary step for a cation in an octahedral site is to

=

move to an unoccupied or empty tetrahedral site Diffusion

from an octahedral sitg is represented by p paths :

1. oct. site - tet. site - oct. site - tet. site - ...
2. oct. site - tet., site -.oct. site

3. oct. site - tet, Siz}iﬁ oct. site - tet. site - oct.

E_J

it

w
=
®

iffusion from a tetrahedral site follows the paths :

(=

4., tet} site - oct, site - tet. site
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5. tet. site - oct. site - tet. site - oct, site - tet,
site : ?
6. tet. site 4 oct. site - tet. site - oct. site

ite .

[T,
ot

tet. site oct. site - tet. site - ,oct.

~d
.

Path 1 is interstitial diffusion via normally

unoccupied sites, after an initial step from an occupied

La |
™

position. Path 2 is diffusion between nearest neighboring

octahedral sites, and Path 3 is diffusion from an octahedral
site to the next nearest octahedral sites, tﬁaxaf which are
available.

Path 4 is diffusion to the nearest tetrahedral site,
Path 5 to the next nearest tetrahedral site and Path 6 to

the nearest octahedral site. Path 7 is the interstitial

diffusion analogue of Path 1 . Path 4 affords the minimum

[,

repulsion from other cations and movement from one
tetrahedral site to another is across an open part of the
crystal structure. There are clear cation-free channels
along this path and if vacancies exist in the sublattice of
tetrahedral cations ( or if an interstitialcy mechanism
operates) these channels provide the best diffusiaﬁ path

through the structure from the point of view of cation

repulsion.

Cg:ThEEEQdYBEEiCS of Spinels (Aluminates)
The thermodynamic properties of spinel system have been
studied by equilibrium methods such as the gas equilibration

and solid electrolyte emf techniques. Another technique that

&



23

has been used successfully to obtain thermodynamic data of
spinels involves solution éalarimetry in molten gxiée
solvents,

Using the equilibria of CO-CO, gas with Ni-NiO and
(Ni+aAl,0,)-NiAl,0, mixtures at temperatures of 682° to
1000°C, Fricke and Weitbrecht [118] calculated the free

4

energy of formation of the spinel NiAl,0, from the

individual oxides - the reaction being represented as- ’
NiO + ahl,0, = NiAl,O, ' (1)
and obtained a AG°(1000°C)= -5.0 kcal/mole.
The thermodynamics of her:yﬁité FeAl,0, reduction with
CO was studied by Lebedev [119], Novokhatskii and Lenev
[120), and Rezukhina et al. [121] in order to determine the
free énergy of formation of the spinel in the reaction,
| FeO + aAl,O, = FeAl,O0, (2)

Lebedev [119] obtained a aG®°(1273°K) for reaction (2) of

-10.420.6 kcal/mole. Havakhatskif and Lenev [120] reported a

AG®(298°K)= -9.6+0.5 and aG°(1273°K)= -7.1+0.5 kcal/mole.
Rezukhina et al. [121] arrived at the values of AG°(298°K)=
-9.6+0.6 and AG°(1273°K)= -5.6+0.5 kcal/mole.

The gas equilibration technique was used extensively by
Lenev and Novokhatskii [122-124] to measure the
thermodynamic properties of the spiqgf systems NiAl,O,,
CoAl,0, and MnAl,0,. NlALfea;aﬁd ngl .0, were equilibrated
with CO : MnAl,0, with H;. Far the formation of NiAl,0, as

represented by equation (1), Lenev and Novokhatskii

[122-124] reported the thermodynamic values as (in
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kcal/mole):
| sH®(298°K)= -5.910.6 )
AH® (1273°K)= -1.6%0.5
AG® (T)= -1560-2.44T (+400) cal/mole (3)
For CoAl,0,, . }
AH®(298°K)= -9.3+0.6
AH® (1273°K)= -6.020.4
For MnAl,0,,
AH®(298°K)= ~9.0%1.1 RE

AGE(EQB‘R)s>i1D;311gQ

AH®(1273°K)= !11_51018

AG°(1293°K)= -9.310.8
AH°(1873°K)= -12.240,7

AG°(1873°K)= -7.840,7

With regards to the free energy of formation of NiAl,O,,
Lenev and Novokhatskii [122) pointed out that the absolute
value of AG°(T), equation (3), increases with temperature.
This trend does not agree with usual behavior of 4G°(T) for
the formation of other spinels, which decreases with
increase in temperature. The deviation was attributed by
these authors to the inverted cation distribution of NiAl,O,
[21]. The increase in the absolute value of AG°(T) with
temperature of formation of complex oxides can be considered
a property of inverted spinels:

The more reliable emf method involving stabilized

zirconia was employed extensively by S&Emalzried et al

[125,126) to calculate the free energy, enthalpy and entropy



of formation of the spinel reaction,
AO + B,0, = AB,0,
The solid electrolyte cell,

Pt |A,B;O0,,AB,0,|CSZ|A,AO|Pt

was used in the measurement of the thermodynamic data of
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spinels (aluminates, chromites and ferrites) at temperatures

of 1000% to 1500°K. For the aluminates ,of Fe, Co, Ni and Mg,

Schmalzried [125] obtained the free energy of formation

AG°(1273°K)= -5.7+20.2, -7.3+t0.4, -4.4+0.4 and -8.410.4

kcal/mole, respectively; for CoAl,0., AG°(T)= -10,700+2.67T _,

(£500) cal/moie (1000°-1500°K). A tabulation of the
thermodynamic data AS°, aH® and aG® for aluminates,,
chromites and ferrites was given.

A modificationtof galvanic cell (I) was made by

Rezukhina et al. [127-129] in their investigation of the

thermodynamics of aluminates and chromites. The electrolyte

ThO,-La,0, was used in place of Zr0,-Ca0. For the aluminates

of Fe, Co and Ni, the free energies of formation obtained

are: for thé formation of FeAl,0, at 1235°-1323°K,
FeO + ﬂAl;Q; = FeAl;GQ
AG®°(T)= -10,800+4.085T (+35) cal/mole

For the formation of saturated solutions of Al;O, in

aluminates,
NiO f 1.136Al;@; giNiAliiavggaii
AG®(1273°-1673°K)= -5553-0.42T (+300) cal/mole

CoO + 1.235Al3@j = CQAI;;;ﬁD.i?i B

(5)
(6)

(7)

8y "

(9)



AG®°(1273°-1673°K)= -12,118+3.46T (%2300) cal/mole (10)
Using the solid electrolyte emf method, Jacob [135,136]
determined the thermodynamics of CuAl,0,, CuAlQ,,

Al,0,-saturated NiAl,0, and MnAl,0,. For the reactions,

~ Cu,0 + Al,0, = 2CuAlO, (11)
8G°(700°-1100°)= -5670+2.49T ($300) cal/mole (12)

CuO + Al,0, = CuAl,O, (13)

AG°(700°-1100°)= -4403-4.97T (£350) cal/mole (14)

For the formation of Al,0,-saturated NiAl,0, and MnAl,O,,

NiO + (1+x)Al,0, = NiAl,.asQuesx (15)
AG°= -1499-2.31T (£350) caljmale (16)
MnO + (1+x)Al,0, = MnAl,.,x0,.:x ° (11* '
AG®°= -9025+1.50T (%£350) cal/mole (fS)

Using the gas equilibration technique, Aukrust and Muan
[137] measured the thermodynamics of the phases Co0-Al,0,,
Co0-Cr,0, and 2Co0-Si0, at temperatures of 1000° to 1350°C.
For the Co0O-Al,0, phase, the free energy of formation AG°® at
1000° and 1350°C is -6.9+0.4 and -6.3+0.4
kcal/mole,respectively. These values are more negative than
that (-4.9 kcal/mole at 1000°C) reported by Schmalzried
[125]). Aukrust and Muan [F137] suggested that the large
negative value is related to possible nonstoichiometry of
the Co0-Al,0, phase coexisting in equilibrium with Al,0,.

The gas eguilibration and Sglid electrolyte emf methods
have provided reliable free energy data for simple spinel
systems at elevated temperatures. However, the enthalpies

and entropies of formation calculated in conjunction with
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the free energy data are less reliable. The entropy and
enthalpy data of the component oxides used in the
calculation were taken from the works of Kelley [130-132]
and Kubaschewski and Evans [133].

Usiné oxide melt calorimetry with a precision of 0.1
to 0.5 kcal/mole, Navrotsky and Kleppa [134] measured the
enthalpies of formation of aluminates, ferrites, gallates
dnd germanates. The entropies of formation Hﬁig then
Ealculatgﬁ from available free energy and meaéured enthalpy
data. us%ng the oxide melts 9Pb0O:3Cd0:4B,0, and 3Na,;0Q:4Mo0O,,
Navfctsk? and Kleppa [134] obtained for Mg, Co, Ni, Cu, 2n
and Ccd éluminates the enthalpies of formation aAH®(970°K): of
-8.720.29, -8.90£0.23, -0.7410.25, 5.17£0.19, -10.56%0.30

and 4.49+0.20 kcal/mole, respectively. For
divalent-trivalent (2-3) spinels, the enthalpies of
formation were observed to fall in the range of -7 to 51{
kcal/mole. Inverted (2-3) spinels, such as NiAl,0, and
CuAl,0,, were found to have enthalpiesraf formation near
zero or p@sitive values.

An extensive review of available thermodynamics of

ternary oxides has been presented by Kubaschewski [138]).

D. Electrical Conductivity of Spinels

The earliest report on electrical conductivity of
spinel HgAl;é, was published by Jander and Stamm [138]. /
Using dc measurements, they stated that the e{ectfical

conductivity of MgAl,0, in air varied from 1.19 x 10-¢ at

£
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)
900°C to 5.32 x 10°-* ohm-'-cm- ' at 1100°C; an activation
energy of 28.3 kcal/mole was obtained. For ZnAl,0, and
MgCr,0,, éctivation energies of conduction of 24.6 and 19.8
kcal/mole, respectively, were obtained. From the results,
Jander and Stamm [139] stated that ZnAl,0, dnd MgAl,0,
behave as ionic conductors while MgCr,0, is an electronic
conductor,

The initial study on the effects of temperature and
equilibrium oxygen partial pressure on the electrical
conductivity of sintered spinels was undertaken by Bevan et
al. [140]. Spinels such as InFe,0,, 2ZnCr,0,, MgFe,O,,
MgCr,0, and NiAl,0, were made by pressing at 1406 kg/cm?
analytical grade component oxides into plateé and sintering
the resulting plates at 1000° to 1050°C for 4 to 12 hr.
Using dc measurements, Bevan et al. [140] reported that
ZnFe,0, and MgFe,0, exhibit n-type conduction while ZnCr,0,
and MgCr,0,, p-type conduction. NiAl,0,., considered by these
authors as a normal spinel, exhibits very poor p-type
conduct}on. NiAl,0, which was sintered in air at 1000°C
shows low elect;ical conductivity at temperatures below
735°C; the conductivity of this spinel is smaller in vacuum
than jn air. The low conductivity values obtained can be
attributed to the high percentage of porosity present in the
samples which were sintered at low temperatures.

Bradburn and Rigby'[141] examined the effects of cation
distribution on the electrical conductivity of sintered

spinels. The mechanism of conduction in the spinels was



evaluated in terms of crystal and defect chemistry. Althodgh
the component oxides were sintered at 1600°C, the resulting
spinel samples contained high porosity. Bradburn and Rigby
[141) reported that there is no striking difference in the
conductivities of normal and inverted spinels. Mg and Zn
aluminates and ferrites were found to be n-type conductors;
Co and Ni aluminates and chromites, p-type conductors. Like
Bevan et al. [140]), Bradburn and Rigby [141) assumed NiAl,O,
to be a normal spinel., Activation energies of conduction for
Co, Mg, Ni and Zn aluminates are 35.7, 26.3, 41.9 and 19.8
kcal/mole, respectively, Tﬁe inconclusive results on the
difference in conduction between normal and inverse spinel
can ge due to the presence of high porosity in the samples
tested.

The effects of heating atmosphere on the rate of
formation and electrical conductivity of NiAl,O, were
investigated by Iida et al. [101]). NiAl,0, was observed to
exhibit p-type conduction at temperatures of 800° to 1300°C
and activation energies of conductionof the spinel in (10-*
atm O,) , in air and in pure oxygen are 36.2, 30.8 and 28.9
kcal/mole, respectively, v

Nicolescu et al. [142]) determined the correlation
between catalytic activity and eléetfical conductivity of
the xNiO-A1,0, system (3.05x<$36.6 wt%) in air and in pure
hydrogen at temperatures of 200° to 380°C. The NiO-Al,0,
system displayed p-type conduction and Nicolescu et al,

[142] attributed the conductivity to the concentration of
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Ni** ions in the spinel.

Tkach and Samoilenko [143] measured the electrical
conductivity of the NiO-Al,0, system containing 1 to 33.3
at¥ of Al as a function of temperature (20° to 300°C) and
oxygen partial pressure (15 to 10-* atm O,). Experimental
results indicate p-type conduction for the NiO-Al,O, system;
electrical conductivity decreases as the concentratiog of Al
increases, and it increases with increase iﬁ‘axygen partial
pressure. Tkach and Samoilenko [143] pgépcsed that in
oxidizing atmospheres, the electrical conduction is due to
the formatio& of holes as Ni?* is converted to Ni’“,

Extensive work on the electrical conductivity of
NiAl,0, was recently made by Snider {144], using two-probe
ac measurements. Results taken at temperatures of 650° to
1200°C and-at oxygen partial pressures of 10°** to 10°? atm
indicate conductivity independent of oxygen partial
pressure. Activation energies of conduction vary from 20.0
to 40.0 kcal/mole, with an average value of 28.5 kcal/mole.
Ionic conductivity at 1200°C varies from 5.7 x 10°* to B;S X
10-* (average of 2.8 x 10-*) ohm '-cm '.

The electrical properties of other spinels such as
MnAl,0, were studied by Coath and Dailly [145] as a function
of temperature (25° to 1200°C) and oxygen partial pressure.
The spinel was prepared by a coprecipitation method and
sintered in air at 1500°C. X-ray diffraction analysis of the
sintered sample revealed, aside from the spinel lines, lines

of an oxidation product - probably the presence of MnMn,O,



kR

[24). Their report, an extended abstract, indicates that at
intermediate and low oxygen partial pressures, plots of log
conductivity against reciprocal of temperature show evidence
of two linear portions with a definite breakpoint at high
oxygen partial preésures_ Such plots were complicated by
Dxidatééﬁ of the spinel, leading to marked changes in
relectrical conductivity over small temperature differences.
Plots of log conductivity against log oxygen partial
pressures are generally linear except at high oxygen partial
pressures where oxidation of the spinel was reported. The
spinel conductivity increases witg temperature at constant
oxygen partial pressure and it increases with oxygen partial
pressure at constant temperature - an indication of p-type
conduction.

Weeks and Sonder [146] determined the electrical
conductivity of pure and Fe-doped (1000 ppm) MgAl,O. in air
and in purified argon at temperatures of 700° to 2000°K. The
temperature dependence of conductivity for pure MgAl,0, gave
activation energies of conduction of 49.8 (high temperature
range of 1300°-2000°K), 34.6 (middle temperature range of
950°-1300°K) and 63.1 kcal/mole (low temperature range of
] 700°950°K). The three’activaticn energies were interpreted

as being due to intrinsic carriers at the high temperature
range, extrinsic carriers at the intermediate temperature
range and extrinsic carriers that are precipitating or
aggregating in the lower temperature range. Weeks and Sonder

[146] proposed that in the intermediate and low temperature
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ranges, conductivity data reflects extrinsic process,
possibly cation vacancy motion caused by nonstoichiometry.
Conductivity of Fe-doped MgAl,0, was greater by a factor of
two as a result of Fe®!* ions changing to Fe’" ions.

Chaplin eQal. [147] investigated the electrical
conductivity of coprecipitated chromium oxide-alumina,
Cr,0,-A1,0,, catalysts in air, hydrogen and in vacuum,
Results for the conductivity of Cr,0,-Al1,0, (70:30 wtX%) in
the temperature range of 200°-500°C indicate p-type |
conduction. The Cr,0,-A1,0, system, after reduction in pure
hydrogen at 500°C for 50 hr, exhibits n-type conduction. An
a:tivatian energy of conduction in air of 18.3 kcal/mole was
ab;;inedi -

Weisz et al. [148] studied further the electrical
conductivity .of the :hfcmia=aiumina (30:70 wt%) catalyst as
a function of oxygen partial pressure (1 to 10°¢ atm O,).
Conductivity of the catal}st was also measured in pure
butane and hyﬂrégeﬁ; At 480°C and 1 atm O,, an electrical
conductivity of about 3 x 10°* ohm~'-cm-' and an activation
energy of 41.5 kcal/mole were reported. P-type conduction
was observed at oxygen partial pressures of 10" ¢ to 1 atm.
N-type canductioﬁ was evident wheéen the Cr,0,-Al1,0, catalyst
was exposed to hydrogen and butane. Weisz et 3157[1481
syggested that the conductivity was influenéfa by a finite
concentration of Cr in the Cr*‘ state.

Schmalzried [69,149] measured the electrical

conductivity of CoCr,0, and CoAl,0, beﬁ;een 900° and 1100°C

/
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and in oxygen partial pressures of 10°'* to 1 atm. CoCr,0,
vas observed to exhibit p- and n-type conduction with a

conductivity minimum at about 10-* atm Q;irégjﬁs§f10“ atm

O,, CoAl,0, exhibited ionic cﬁﬁﬂﬁézi;ity independent of
oxygen partial pressure. Schmalzried stated that the
conductivity of CoCr,0, was due to excess of cations, with
Co?’* ions on interstitial sites and Cr vacancies., A deficit
of cations with Al’° ions on interstitial sites and Co

vacancies contributed to the conductivity in CoAl,0, [69].



I1I. Theory

A. Crystal Structure of Spinel

Following tﬂé approach of Sun [67], it should be noted
that each occupied octahedral site in a spinel is surrounded
by 12 nearest similar sites (/2/4)a, away, of which 6 are
occupied (see Fig. 2). Each occupied octahedral site is also
surrounded by 8 nearest tetrahedral sites (/3/4)a, awvay, all
unoccupied. On the other hand, each occupied tetrahedral
site is surrounded by 6 nearest similar sites (1/4)a, avay,
éll unoccupied. Each of the tetrahedral sites is also
surrounded by 4 nearest octahedral sites (/3/8)a, away, all
unoccupied.

Comprehensive reviews of the spinel structure and theei
crystal chemistry of compounds crystallizing in this

structure are available in the literature [54,55].

Electrical Conductivity of Solid Electrolytes

The electrical conductivity of an oxide MO is given by

the equation,
g = Ei (n, z, My ) (19)

where ny is the concentration of charge carrier i, z; is
its charge, angd u;its mobility (drift velocity in unit
potential gradient). The charge carriers i will generally bd‘

point defects. In an oxide MO, the point defects include M
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and O vacancies and M and O interstitial atoms or ions.
Other charge carriers include electrons and electronic

For oxides with more than one charge carrier, the total
conductivity is given by,

0 =0, +0., +0, +,..+ oy (20)

The fraction of the total conductivity contributed by each
charge carrier is,

t, =04 / o (21)

wvhere t. is the transport number,

Consider an oxide MO to contain as defects doubly

ionized M vacancies Vi , doubly ionized O vacancies vé .
electrons e' and holes h®°. There are four unknown defect
concentrations: n, p, [V; ] and [vé ]. These defect

concentrations are related in several ways:
1. In the formation of ionic disorder (e.g.,Schottky

defects),

nil = (Vo 1+ [V ] N (22)
or RS: [vl; ][VD ] (23)

2. 1n the formation of electronic disorder,
nil = e' + h° o (24)

3. In the reaction of oxygen with the oxide,

1/20,(g) = Oy * Vg * 2h° (26)
[vi lp? = KyP(0,)'/? (27)

4. 1In the transfer of an oxygen atom in the solid to the
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gaseous state,

Oy = Vg *+ 1/20,(g) + 2e’ (28)
T [vg In® = Ky P(O,)-'/? (29)

5. In the condition for electrical neutrality,
2lvg 1+ n = 2[vg ] +p (30)
For the situations wvhere the concentrations of defeats

are such that 2[(vg ) >> n and p >> 2[vg'ji equation (30)
becomes

afys 1 = 11

z[vH ] o) (31)
The dependence of the concentrations of defects on oxygen
pressure can be worked directly from the given equations.
For insta . V™ 12 = S ( 1 /2 sfu™ = N
For instance, [v? Ip Ka P(0,)"/ ?ut ELVH ] p.
Substituting equation (31) into eguation (27) gives

Alvp 10 = pr/2 = K. P(O,)/ (32)
2lve 1= p = K P(Q,)/* : (33)

D = é(GSS'/* (34)
Since np = K,
ni[xi/xi]PEQi)"/‘ (35)
. n « P(0,) '/* (36)
and since Kg = [V 1lvg ],
(Vs 1 = [2K /K IP(0,)" '/ (37)
The electron hole concentration or the p-type
conductivity is proportional to P(0O,)'/* in the region of
high oxygen préssureg On the other hand, the electron
concentration or n-type conductivity is proportional to
P(0,)"'/* in the region of low oxygen pressure. The

variation of conductivity and electrolytic region with



oxygen part:al pressure are illustrated in Fig. 3 and 4,
respectively. |

For an ionic crystal, Scﬁhalzried [151] introduced the
~ parameters Ry, where 9e = 93 and Ry, where % = % .AS
shown in Fig. 5, the transference number for electronic
charge carriers becomes 0.5 at Ry and Pp. Generally, Ry and
Ry represent the ultimate limiting values for the use of the
compound as a solid electrolyte.

For a comprehensive discussion of electrical
conductivity and defect chemistry of solid electrolytes, the
‘reader is referred to the works of Kroger [152], Kaéstad
[153] and Brooks [154]. A complete review of the electrical
pgépe:ties of a number of solid oxide electrolytes has been
presented by Etsell and Flengas [155]. Other reviews on the
electrochemistry of solid electrolytes are available in the
literature [5-10,156-158].

I}

C. DC Polarization Measurements ¢
The dc polarization measurement was intraéucedéby Hebb
[159] in 1952; it was improved by Wagner [160-162). The dc
pclarizatian method has been used to study the partial ionic
and electronic conductivities in electrolytes such as AgBr
[160-164], AgI [163], CuCl, CuBr and Cul [165]), PbCl, and
PbBr, [166], T1Br [167]), calcia-zirconia and yttria-thoria
[168) and B-alumina [11]. Generally, cells with one
reQefsible electrode and one electrode blocking either ions

or electrons are used in the dc polarization

FY
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measureménts.The polariiation cell (11),

rev. electrode|electrolyte|nonrev. electrode (11)
is subjected to a dc emf below the decomposition voltage of
the specimen. When a dc voltage is applied to the cell with
"the reversible electrode negative and the positive positive,
cationic current flows from the inert to the reversible
electrode. After an initial transient transport of ions
through the electrolyte, the ionic current decreasés to zero
due to tHe blocking action of the nonreversible electrode.
At Steady state, ionic current is blocked and current
consists only of the excess electron and positive hole
conduct;vity contributions.

As proposed by Wagner [160-162]), local equilibrium is
assumed between the ions, electrons, holes and neutral
species at every location within the electrolyte. Using the
assumption of concentration-independent electronic
mobilities, the partial electronic conductivities are
related to the steady-state current thsities loe by the
eq.,

) I -(RT/FL)% o [1-exp(-v) ]+ oy [exp(v)-1]} (38)
wvhen cations are the mobile species, and

lIo =(RT/FL){ oy [1-exp(-v)]+ o, [exi;f)—1]] (39)
when anions are the mobile species. In the eg. (38) and
(39), v = |E|F/RT and o  and o, are the partial conductivi
of eleétrons and positivé holes, respectively. In adéition,

L= thickness of the specimen, R= gas constant, F= Faraday

constant and E= applied emf.
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The variation of le with E depends on the values of o

and 0, .I1f o >>% , according to equation (38), I,

n h
should increase at a decreasing rate with increasing E
until a plateau is reached where | /
1, * o, (RT/BL) (40)
; and o, can be obtained from the q%ateau of alog I vs E
plot. //>
At higher applied voltages, t;é{hoie conductivity
becomes more important and equation (38) may be approximated
by the following relations:

Log I_ = Log( o, RT/FL)+(EF/2.3RT) (41)

h
Log I, (FL/RT) = Log o,  *+(EF/2.3RT) | (42)

if E >> RT/P and E >> (RT/P)1n( on/oh ). o, may be

h
obtained from the intercept of a log I vs. E plot.
Reviews of this technique are available in the

literature [152,169,170]).

D. Transport Numbers By Emf Measurements

-

[

The emf of concentration cells in which diffusion may
occur can be obtained using tbe principles of irreversible
thermodynamics. Indirectly, the estimation of transperf
numbers of the conducting species can be made from su:ﬁ
cells. These concentration cells, particularly thése
involving phases of locally variable composition, have been

. /("
fully discussed by Wagner [A7}] and reviewed by Rossotti

[172].
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lculated from the

The emf E of a galvanic cell may be ¢

equation,

E = -4G/d (43)

\|ﬂ‘

in which the change dG in the Gibbs free energy upon passing
the eleéérical charge dq across the cell is equal to the
reversible electrical work _/:Edq done on the cell. The
alternative form inequaticn (43) is given as,
4G= -EF ‘ (44)
For the cell, each section remains electrically neutral
since the net transport of charge across each cross section

the: same. The changes in the amounts of the individual

=
o

ions in the cell may be represented in terms of changes in
the amounts of electrically neutral combinations (a,B) where
a is a cation and B is an anionic component, including the
electrically peutral component represented by y. For
multicomponent systems, the chemical p%tentials ﬁu,B are

not independent of each other, and any component of a given

phase may be selected as the referencé component with A as

the master cation andia as the master anion.

Thus, the emf E éf a concentration cell with phases
locally vafiéble composition has been derived by Wagner
[171] for the following cases:

1. 1f both cell electrodes are reversible for the same

cation,
/
?’L - e
E = (-1/F) (I, J/;B i, o) (45)

3
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vhere EE is the transference number of the component
involved,
2. If both cell electrodes are reversible for the same

anion,
E = (sl/F)(ZE j[t“ dﬁﬁlg) (46)

Equation (46) was used by Fischer and Hoffmann [173] in
the study of the solid spinel cell,
(-)Pt,0, |MgO+MgAl,0,|MgAl,0,|Al,0,+MgAl,0,|0,,Pt(+)  (III)
with equal partial pressures at both electrodes. Oxygen ions
were taken as the reference component and electronic
conduction was EQHSE&EEE@ negligible, i.e., te =0. From the

-Gipbs-Duhem equation, the emf of the cell was found to be

-0
i€ )
P = (—1/€ Al.O. _ Sy A ,
E ( l/EF)i/iq 23 (EA13+ 3tH92+)du317D: (47).
M A1.0 ' 23
7t273
where {i' is the chemical potential of Al,0, in MgAl,O,

AlzD3
coexisting with MgO. From eq. (47), it follows that E < 0 if

tay3* 2 Stng* and E > 0 if t,,3+ < 3tug2+ . Measurements by
Fischer and Hoffmann [173) indicated that E was negative,

. Y
i.e., the average value of t, 3+ ' is greater than the

average value of BtHg2+ .



IV, Experineﬂtgl

A. Material Preparation

The spinels - NiAl,0, and MnAl,0, - were prepared by
directly mixing the c?mpenent oxides at equimcla% ratio with
the use of a vibratiné Spex Mixer (Spex Industries, Inc.,
Scotch Plains, NJ) for 10 min. Each oxide mixture -
NiO-Al,0, and MnO-Al,0, - was further mixed using an agate
mortar and pestle in order to break up any lumps formed in
the initial stage of mixing. Each mixture was ;ampacfeé at
1406.2 kg/cm?® in a steel die into pellets about 1.27 cm in
diameter and about 1.905 c¢m thick. Each mixture was allowed
to react by sgntering the pellets on high-alumina boats for
24 hr at 1400°C in a Sentry Electric Tube Furnace with SiC
heating elements (The Sentry Co.,Foxboro,Mass.). The
NiO-Al,0, pellets were sintered in air; MnO-Al,0, pellets in
purified argon. The pﬁase diagrams of NiO-Al,0, and
MnO-Al,0, are shown in Fig. 6 and 7, respectively.

After sintering, the pellets of each spinel were milled
for 24 hr at 65 rpm with a 1 liter polyethylene jar filled
to 1/3 with 1.27 cm high-density, high-alumina grinding
balls and 1 ml ethanol:! ggggglletsi The slurry was filtered
and dried at 100°C for 24 hr. The dried NiAl,0, cake was
heated for 24 hr at 1000°C in air (MnAl,0, cake in purified
argon) to drive off any plastic residues accumulated during
grinding. X-ray diffraction analyses of each spinel powder

revealed only lines of the respective spinel - an indication
L

42



43

of complete reaction. The particle size distribution of each
spinel powder was determined with a Coulter Counter Model TA
11 (Coulter Electronics Inc.,Hialeah, Fl); the mean particle
size of the NiAl,O, and MnAl,0, powders were 10.38 and 5.39
;m , respectively (100% passing 50.8 ym for both spinel
powders) .

Each spinel powder was pressed at 1406 kg/cm® in a
steel die into disks or pellets 1.27 cm. in diameter and
about 0.63 cm thick. The pellets were initially sintered on
high-alumina boats at 1400°C for 48 hr (NiAl,O0, pellets in
air and MnAl,0, peilets in purified argon) using the Sentry:
Electric Tube‘Fufnaeei This was followed by another
sintering at 1700°C for 5 hr in a LeMont oxygen natural gas
fired furnace (LeMont Scientific, Inc.,State College, PA).
The color of the NiAl,0, pellets was aguré blue; MnAl,O,
pellets, brown,

Flat faces of each sintered pellet were ground and
polished parallel. Each pellet was weighed and its
dimensions, diameter and thickness measured with a vernier
caliper. From the weight and external dimensions, the buik
density of each pellet was calculated. The average weight,
diameter, thickness and bulk density of each set of pellets
were 1,32:0.06 g%; 1.058+0.004 cm, 0.345+0.017 cm and
4.36+0.05 gm/cm’, respectively for NiAl,0,; 1.24+0.05 gm,
1,075 c¢m, 0.350%0.012 cm and 3.88+0.03 gm/cm?®, respectively,

for MnAl,0,. .
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The theoretical density of each spinel was calculated
with the use of lattice constants available in the

literature and the spinel crystal structure. NiAl,0, with a

density of 4.506 gm/cm’; MnAl,O, with a.EEiZéB R [174,175]
has a theoretical density of 4.078 gm/cm®. Average
theoretical densities of 96.83 and 95.23 % wvere obtained for
the sintered NiAl,0, and MnAl,0, pellets, respectively. The
NiAl,0, pellets were designated as B1 to B40; MnAl,0,, DI ﬁ@
D42.
Chemicals

In the preparation of the pellets, all reagemts in the
purest form were purchased primarily from Cerac/Pure Inc.
(Menomonee Falls, Wisc.). The purity of each reagent is
listed below.
1. Nickel Oxide, NiO

~325 mesh, typically 99.995% pure

2. Manganese Oxide, MnO
=100 mesh, -typically 99.9% pure

3. Aluminum Oxide, Al.O, 7
=325 mesh (calcined), typically 99.99% pure

Gas Mixtures

To provide the oxygen partial pressures reqguired for @
each test run, preanalyzed gas mixtures, Ar-O, and CG!éQ;;
were used. The preanalyzed gases were purchased from !
Matgesaﬁ of Canadak(Whitby, Ontario). The analysis of each

gas mixture is listed below:
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Oxygen
extra dry, 99.6% minimum

Argon

ultra-high purity, typically 99.999% pure
oxygen=1-2 ppm

nitrogen=3-4 ppm

carbon dioxide < 1 ppm

total hydrocarbons (THC) < 1 ppm

‘Arggn—-QSyQEﬁ

ai

0,=1.3 ppm
Ar=balance

0,=0.0092%
Ar=balance

0,=0.107%
Ar=balance

Ar=balance

Co-CoO,

ai

CO=0.102%
0,;=0.0014%
N,=0.0070%
THC=0.00123%
CO,=balance

CO=1,99%
0,=0.01%
N,=0.0023%
THC=0.00138%
CO,=balance

CO=54.6%
0,=0.0052%
N,=0.0177%
THC=0.00052%
CO,=balance

C0,=2.02%
0,=0.0157%

.N,=0,0248%

THC=0.0021%

CO=balance S T e e

CO,=0.120% .
0,=0.0105% :

N,=0.0324%

THC=4.2 ppm
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CO=balance

B. Two-Probe AC Conductivity Measurements

™

Prior to any conductivity measurement, both faces o
each pellet vere platinized with a platinum paste (Englehard
No.6082) which was then fired (NiAl,0, in air; MnAl,0, in
purified argon) at B00°C for 3 hr to drive off the organic
binder.

The conductivity measurements were conducted inside an
alumina tube (4.44 cm O0.D., 50.80 cm long with one end
closed) which was closely fitted inside a Harrop resistance
wire-wound tube furnace (Harrop Laboratories, Columbus,
Ohio). The spinel pellets of about 1.06 cm in diameter and
0.35 cm thick were assembled into a conductivity cell,

Pt |electrolyte(spinel pellet)|Pt (1v)
in an alumina cell holder (1.90 cm O.D., 45.72 cm long)
shown in Plate 1 ! The alumina holder was attached to a
vater-cooled bfggs head which was tightly attached on the
enclosing alumina tube by means of an O-ring assembly. The .
brass head contained 5 ports for gas inlet and outlet, the |
Pt lead wires and the Pt thermocouple.

In the gssembleé cell, the pellets were separated by Pt
foils (0.01 cm thick) which were welded»inta Pt lepd wires
(0.05 cm in diameter). The cell was held suspended in the
cell holder in the surrounding atmosphere by the compressive

force of a spring on an alumina pushrod.
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To reduce thermal gradients during test runs, the cell
holder was centered in the 5-cm working zone of the tube

grounded tube

]

furnace. To eliminate any electrical pickup,
of Pt foil was attached to the alumina tube.

The cell temperature was monitored with a Pt-Pt+13X Rh
thermocouple which was connected to a digital thermometer
(Fluke Model 2100A). The tube furnace Haé controlled to
within +1°C by means of a solid-state PID controller
(Barber-Colman Model 520 ).

Resistance of the cell was measured as a function of
oxygen partial pressure at constant temperature. Readings
were taken at temperatures of B800° to 1400°C at 100°C
intervals. The conductivity was then calculated using the
equation,

0 = L/RA ! (48)
where R= measured resistance, L= th;:kngss of the pelletﬂ
and A= effective area of the Pt electrode, which in this
case was the facial area of the pellet;

Oxygen partial pressures or activities were established
with preanalyzed gas mixtures and reversible or coexistence
electrodes. In test runs employing gas mixtures, oxygen
partial pressures were achie?ed using preanalyzed Ar-0, and
C0-CO, gases. The appropriate gases were’%fied with
Mg(Cl0,), and P,0, and the flow rates controlled by
calibrated flowmeters (Matheson Flowmeter Tube$ No. 600 énd
601). The gases entered the alumina.tube via the cell holder

and exited through one of the ports in the brass head. For
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each conductivity measurement, the enclosing chamber was
initially purged with the desired gas mixture at 150 ml/min
for 30 min; the gas flow rate was then reduced to 50 ml/min
to allow the cell to equilibrate with the surrounding gas
phase. Prior to every test run, the newly assembled cell was
heated at 1000°C for 12 hr in order to allow the Pt foil
electrodes to sinter on the platinized surfaces of each
pellet and thus ensure good contacts between the pellet and

the Pt electrodes. Throughout the series of .conductivity

surrounding oxygen partial pressures,.
For the CO-CO, gas mixtures, the theoretical oxygen
partial pressures were calculated using the reaction,
2CO + 0, = 2CO0, . (49)
and the standard free energy for reaction (49) as given by
Kubaschewski et al. [133],
aG°= -135,000+41.50T (50)
From this eguation [ﬁ'l],i
log P(0,)=2log[P(CO,)/P(CO)]-[29,502.8/T]}+9.0694 (51)
In the conductivity measurements involving coexistence
or reversible electrodes, oxygen partial pressures or
activities were achieved with metal-metal aiide mixtures (
5:1 weight faggé) - CQ*Cu,Q, Co-Co0O, Ni-NiO, Fe-FeO,
Mo-MoO,;, Cr-Cr,0,, Mn-MnO, V-V0O, Nb-NbO - and metal
oxide-metal oxide mixtures ( 1:1 weiigt rat}a) - Cu;Q;CuD

and Fe,0,-Fe,0, - in the form of the cell,
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Pt|rev. electrode|electrolyte|rev., electrode|Pt (v)
with a new pellet used with each set of reversible
electrodes. The reversible electrodes were prepared with
Fisher Certified Grade reagents. Each electrode mixture was
compacted at 1406 kg/cm? in a steel die into pellets 1.27 cm
in diameter and 0.63 cm thick. The pellets were then

sintered on alumina boats at 1000°C under vacuum for 5 hr to

were ground parallel. The oxygen activity of each reversible
electrode was determined from the general reaction,

M+ O = MO (52)
and the standard free energies for each electrode as given
in the literature [133,158,178]. (Data for reversible
electrodes are given in Table 2).

For cell (V) employing reversible electrodes, an inert
atmosphere was maintained by flowing 50 ml/min ultra-high
purity argon that was initially passed through Ti getter
chips heated at 800°C.

Frequency dependence of the electrolyte was first
studied for both NiAl,0, and MnAl,0,. Conductivity
measurements on galvanic cell (IV) containing ohe pellet per

4

cell were maderusiﬁg a Genera! Radio GR 1EdEiA Impedance
Bridge with a Type 1310 Oscillator in the frequency range of
200 to 10,000 Hz (experimental -set-up shown in Fig. 8).
Resistance readings were taken as a function of imposed
frequency at temperatures of S?SéC (10-* and 10-'* atm 0,)

and 911°C (10" * and 10" '* atm O,). For both spinels,
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conductivity was observed to be independent of frequency in
the range of 600 to 10,000 Hz. All subsequent resistance or
conductivity readings were made at 1000 Hz with an impedance
bridge having a built-in microprocessor - General Radio
Model 1658 Digibridge with a five-diqit LED display and an
accuracy of $0.1X%.

The upper and lower limits of thermodynamic stability
of both spinels were determined. NiAl,0, is highly stable in
air and its lower limit of thermodynamic stability as

represented by the reaction,

NiAl,0, = Ni + 1/20, + Al,0, (53)

"was calculated using the equations, |
‘ Ni + 1/20, = NiO (54)
NiO + Al,0, = NiAl,O, (1)

‘and the standard free energies giver by Kubaschewski et a

.
.

[133) for equation (54) and by Jacop [136] for eq.(1).
For MnAl,0,, its lower limit of thermodynamic
stability,
MnAl,0, = Mn + 1/20, + Al,0, (55)
was determined from the eguations,
Mn + 1/20, = MnO ' (56)
MnO + Al,0, = MnAl,O, o (57)
and the standard free energies given by Kubaschewski et al.
[133) for equation (56) and by Jacob [136]) for equation
(57). The upper limit of thermodynamic stability of MnAl,O,,
3MnAl,0, + 1/20, = Mn,0, + 3Al1,0, (58)

was calculated from the reactions,
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3MnO + 1/20, = Mn,0, (59)
MnO + Al,0, = MnAl,0, (60)

with the standard free energies for reaction (59) supplied
by Charette and Flengas [178] and for reaction (60) by Jacob
[136). A tabulation of the upper and lower limits of
thermodynamic stability of NiAl,0, and MnAl,0, is given in
Tables 3 %?é 4.

Conductivity measurements in gas mixtures were
conducted for NiAl,0, and MnAl,0, at oxygen partial
preséurgs beyond their limits of thermodynamic stability.
Similarly, measurements were also made for both spinels at
oxygen activities or partial pressures within their limits
of thermodynamic stability. After completing the
measurements, the pellets of each cell were analyzed by
x-ray diffraction . For the conductivity measurements with

/asxyg;n activities being established with preanalyzed gas
mixtures or reversible electrodes, two spinel pellets or
samples per galvanic cell were used.

C. ﬁé Polarization Measurements

*Dc polarization cells similar to cell (II)

=

(-)Pt Reversible Electrolyte |Nonreversible Pt (+) (V1)

' Electrode |Specimen Electrode

were used to directly estimate the values of the partial
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conductivities in NiAl,0, and MnAl,0, and indirectly
determine the transport numbers of the conducting carriers.
For the polarization cell containing NiAl,0, as the
electrolyte (one pellet per cell), a 0.01 cm thick nickel
foil (Sherritt Gordon Stémp%qg Grade Nickel Strip) was used

as the reversible electrode. A porous Pt coating on one face
. ,

of the pellet served as the nonreversible electrode. The Pt
layer was formed by coating one face of the pellet with Pt
paste (Englehard No.6082) which was fired at 800°C for 3 hr.
Pt foils (0.01 cm thick) welded to Pt lead wires (0.05 cm in
diameter) served as common conductors for the cell,

For the cell containing MnAl,0, pellet, a Mn disk about
1.27 cm. in diameter and about 0.30 c% thick (Alfa Products,
Danvers, MA) was used as the reversible electrode and a Pt
coating or layér was used as the nonreversible electrode.
0.01 cm zhick Pt foils welded to Pt lead wires 0.05 cm in
diameter were used as conductors for both cells.

The dc polarization cell was suspended in the cell
holder by the compressive force of a spfiﬁg on the alumina
push rod. In the dc polarization measurements, current was\
measured as a function of impressed vaitage_ A dc voltage of

30 to 600 mv was impressed on each cell at 25 mv increments
with the use of a potentiostat/galvanostat (Princeton
Applied Research Model 371) and current was monitored with

the use of a Keithley 171 Digital Electrometer (with input

-
Q

impedance of 10 megohms). Prior to any polarization

measurement, a voltage of 200 mv was applied on the cell
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e o, . L. ; ..
heated at 1000°C for 12 hr in order to reduce all .the ionic

currents to zero. After every incremental change in the

obtained within 1 minute. There was good agreement between
currents obtained with ascending and descending voltages.

Current readings for the NiAl,0, cell were taken at
temperatures of 800° to 1400°C (800° to 1200°C for the
MnAl,0, cell) at 100°C intervals. For the cell containing
the NiAl,0, pellet, measurements were made in 1.3 x 10" * atm
O, with an Ar-0, mixture and at oxygen ﬁaftial pressures of
9.25 x 10-'* ( B00°C) to 6.72 x 10°* atm (" 1400°C) with a
CO-CO, mixtyre,

For tgiscell gontaining MnAl,0,, current readings were
taken at oxygen partial pressures of 2.59 x 10° '’ (at 800°C)
to 7.58 x 10°'* atm (at 1200°C), and from 1.57 x 10-** (at

800°C) to 4.61 x 10°'* atm (at 1200°C).

D. Emf Measurements

‘The. concentration cells similar to the one used by

Fischer and Hoffmann [173], g + .
(-)Pt,0, |MgO+MgAl,0,|MgAl,0,|Al,0,+MgAl,0,|0,,Pt(+) (111)"

were used to determine qualitatively the conducting ion or
ions in NiAl,0, and MnAl,0,. The concentration cells used
are represented by,
(-)Pt,0,|NiO+NiAl,0,|NiAl,0,|Al,0,+NiA2,0,}l0,,Pt(+) (Vi)

(-)Pt,0, |[MnO+MnAl,0,|MnAl,0,|A1,0,+MnAl,0,|0,,Pt(+) (VIII)

@
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In céll (VI1) containing NiAl,0,, the left electrode,
NiAl,0.+NiO, was prepared by mixing NiO and Al,0, powders at
a 2:1' molar ratio; %or the electrode on the right,
NiAl,0,+Al,0,, NiO and Al,0, were mixed at a 1:2 molar
ratio. For cell (VIII) containing MnAl,0,, MnO and Ai,o,
were mixed at 2:1! molar ratio for the left electrode,
MnAl,0,+MnO; 1:2 molar ratio for the right electrode,
MnAl,0,+Al1,0,.

Each electrode qixture was mixed for 10 min with a Spex
Mixer; this was followed by additional mixing in an agaté
mortar and pestle to break up any lumps formed in the
initial stage of mixing. Each electrode mixture was then
compacted at 1406 kg/cm? in a steel die into pellets A.27
cm. in diameter and 1.90 cm thick. The 2NiO:1Al,0, and
INiO:2A1,0, pellets were sintered in air at 1400°C for 24
hr; the 2MnO:1Al1,0, and 1MnO:2Al,0, pellets in purified
argon. The resulting sintered pellets were further ground
into powder (100% passing 74 um ) in an agate mortar and
pestle, and subsequently compacted at.1406 kg/cm? in a steel
die into disks or pellets about 1.27 cm. in diameter and
about 0.63 cm thick. Thesg’pellets were given further
sintering at 1400°C for 48 hr (electrodes for the NiAl,O,
cell ‘in air; electrodes for the MnAl,0, cell in purified
argon). ' ' | ¢

The emf of the each cell was measured as a function of
temperature. Steady-state emf readings were taken at

temperatures of 800° to 1400°C at 100°C intervals. The emf
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readings were measured with the use of a Keithley Model 171
Electrometer connected to a Simpson Dual Channel
Potentiometric Recorder (Model 2742 A-B).

To minimize any electronic conduction during
measurement, the emf of each cell was measured at oxygen
partial pressures within the ionic conduction region of each
spinel as determined by the ac tonductivity method. The emf
of the NiAl,0, cell was measured in air. For the MnAl,0,
cell, the emf was measured in oxygen partial pressures of
1.57 x 10-** (800°C) to 1.14 x 10°'?* atm (1§DD“C): with a

CO-CO, mixture containing 54.6% CO.



A. Nickel Aluminate

A brief description of some of the physical properties
of the component oxides will be given before analyzing the
experimental results.
NiO. NiO has a halite crystal structure where the anions are

cubic close-packed and the smaller cations occupy the

oxygen, the oxide is metal deficient (Ni,.y O). The
predominant é@int defects in the pure oxide are nickel
vacancy type defects. Deviations from stoichiometry in NiO
as a function of oxygen partial pressure have been studied
by Mitoff [179), Sockel and Schmalzried [180]), Tretyakov and
Rapp [181], Tripp and Tallan [182], and by Zintl [183]). From
these studies, it was concluded that y =« P(0,;)'/* and the
nickel vacancies are d@ublyﬁchafgedi zintl [183] determined
the fraction of vacancies in NiO specimens quenched in air
from 1000°C and obtained a .value of 1.25 x 10-*. In
addition, electrical conductivity measurements on NiO
[179,192-198] indicate that canducticﬁ in the oxide is by a
vacancy mechanism.

The other component oxide is Al,0, which has a corundum
or rhombohedral structure. The corundum structure can be
:eéarded as a hexagonal close-packing of oxygen ions with

the trivalent Al®* ions occupying 2/3 of the octahedral

56
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sites. As the metal ions occupy the octahedral sites, each
metal ion is octahddrally coordinated and surrounded by six
oxygen ions, w%ile each oxygen ion is surrounded by four
metal ions.

aAl,0, is generally the stable form of alumina at all
temperatures but a cubic form, yAl,0, can also be formed
(184]).

Using electron and x-ray diffraction techniques, Finch
and Sinha [184) studied the :spinel reaction,

AO + B,0, = AB,O, ~ (&)
and reported that the B,0, components such as aAl,0,,
aFe,0,, and aCr,0¢ undergo transformation to their y*forms
before reacting ih the solig‘gQate with the AO component. On
conversion from a to y, the hexagonal close-packed
arrangement of oxygen ions transforms into a cubic
close-packing. The y-form of these components has a defect
spinel structure and y-alumina has a formula represented as
Al{vV,.,,Al,..,]O, where V stands for lattice vacancies;
these vdcancies were observed to'reside mainly in the
octahedral sites [27-29,184].

Electrical conductivity [185,186) and thermoelectric
power [187-189] measurements on Al,0, suggest that
€onduction in Al,0, is by aluminum vacancies V'a1. Hovever,
two studies [190,191] on the electrical conductivity of
Al,0, propose Al interstitials as the predominant defect in

the oxide.
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The inverse structure of NiAl,0, can be considered as a
specific defect structure since all the crystallographically
identical sites within the cell unit are not occupied by the
same cation [174]; this suggests that the most probable
defects in the spinel are either cation vacancies or

interstitials. Frenkel defects such as oxygen interstitials

1]

are not probable in NiAl,0,. Frenkel defects are probable in
crystals with a lattice structure which is sufficiently open

to accommodate interstitial ions without much distoertion,

i.e., in crystals of low coordination number. Structures of
h;ghe} coordination number such as spinels have little room
for interstitial ions [174]). The oxygen lattice of the

spinel SEfu;ture 1s close-packed cubic with the tetrahedral

and octahedral sites having radii of 0.6-1.0 & [174]. To
form or move an interstitial oxygen ion with a radius of
1.40 & [199] in a spinel structure would require an

activation energy which is far greater than that for vacancy

formation or movement.
Conductivity Measurements

" As for the experimental results obtained using the
two-probe ac method, Fig. 9 , 12 and 13 show the
conductivity isotherms of tests conducted using preanalyzed
gas mixtures to fix the required oxygen partial pressures.
Fig. 14 gives the results eftthe measurements employing
reversible electrodes to establish the oxygen activities of
the conductivity :éll;'%r@ken lines in the conductivity

isotherms of Fig. 9 and 14 indicate the lower thermodynamic
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stability limits of NiAl,O, as tabulated in Table 3. Fig. 12
‘and 13 represent results taken within the limit of
thermodynamic stability of NiAl,O,.

In Fig. 9, results only up to 1100°C were obtained in

(including the metastable region) that can be established by
the preanalyzed gas mixtures. Breakdown of the conductivity
cell was observed when measurements were made at
temperatures higher than 1100°C; this breakdown was
exhibited by a éramati; increase in the cell resistance
readings. After completing the measurements at 1100°C,
repeated readings at lower temperatthres were not
reproducible. Visual analysis of the pellet revealed the
presence of EfaE;S and a change in the color of the pellet
from the original azure blue to black., X-ray diffraction
analysis of the pellet indicated lines of Ni, Al,0,, NiO and
NiAl,O0,. The x-ray diffraction results suggest that partial
reduction of the spinel pellet as represented by the
reaction,

NiAl,0, = Ni + 1/20, + Al,0, (53)
occurred during measurements in the metastable region with
the reduced Ni and Al,0, randomly distributed in the spinel
matrix. Reoxjdation of the reduced Ni into NiO and reaction
of the NiO with Al,0, may not be complete since a high
temperature of about 1300° to 1400°C is required for
complete formation of NiAl,0, [112,113] from the component

oxides; the remaining unfedu:ed spinel matrix can provide
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mechanical hindrance to the reaction of NiO with Al,0,
[111]. As shown in Fig. 9 and 14, resistance readings were
obtgined even in thé metastable region - this undoubtedly is
due to the slow decomposition of NiAl,O,.

In tests conducted vith reversible electrodes to fix
the oxygen activity of the cell, color change from the
original azure blue to black was observed in the spinel
pellets measured in the metastable region. In the tests
conducted within the thermodynamic stability region of
NiAl,0,, no color change in the pellets was observed.
Repeated measurements in the stable region gave reproducible
results.

The conductivity isotherms shown in Fig. 9, 12, 13 and
14 can be analyzed in terms of defect reactions that occur
in the spinel as given by eq. 20 to 37 (pp. 34 and 35). For
the cations Ni?* and Al®°*, the probable defect reactions at

high oxygen partial pressures are,

1/20,(g) = Oy + Vi.+ 2n° (61)
[vgs Ip* = K,P(0,)'/? | (62)
3/40.(g) = 3/20, + Vii' + 3n° (63)
[Vi;' 1p* = K,P(0,)°/* (64)

At low oxygen partial'pressutes, the defect reaction
is, }
Ob = va + 1/20,(g) + 2e' (28)
[v6 In® = Kg P(0,) '/? : (29)

The electroneutrality conditions are,
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[ ]
2[v§i] +n = z[vg ] +p (65)
3[v‘£i ] +n = 2[v5 ] +p (66)

For situations where 2[V§i] >> n, 3[V'ii ] >> n and p >>

2[vy 1, ‘
2[vg; ) = pu (67)
3[V'gi ] = p, (68)
Eq. 62 and 64 become,
4[vg; 1° = p.*/2 = K,P(0,) /" (69)
2(vg; ] = p. = K\P(0,)"/¢ (70)
p. = P(0,)'/* (71)
27[(v'y )t = pat/3 = K,P(0,)/0 (72)
3V ] = pa = K4P(0,)2/0¢ (73)
p. = P(0O,)*/'* (74)
Since np = K i
n, « P(0,)"'/* (75)
n, =« P(0,)-?*/'* (76)

or Ni vacancies, K _ = (V. 1V’ ],
For Ni vacancies, s [Q ][Ni]

[z; ] « P(O,)"'/¢ - (77)
For Al vacancies, K . = [Vé’ ]‘[V‘Ai 1,
[V, 1 « PO/ Y
For conditions where [';i] and [1Vi£ ] are large, eq. 71 and
74 become, ‘
P« P(O)'/¢ (79)
pe « P(O'/* (ae):,_‘;
B o« PO/ (81)
n, « P(0,)""'/* - (82)

fi
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Applying the above defect reactions to the experimental
results, it can be seen that in Fig. 9, the cgnductiviéy
isotherms af B00° and 900°C indicate conductivities that are
independent of oxygen partial pressure - this could be due
to the presénce of a significant concentration of defects
such as cation vacancies. However, at 1000° and 1100°C,
p-type conduct?vities aTe present at P(0,) > 10-* atm. A
plot of the p-type conductivity vs log P(0,) in Fig. 10
reveals slopes of 1/6.3 at 1000°C and 1/6.7 at 1100°C; these
results suggest a p-type conductivity that is proportional
to P(0,)'/* as given by eq. 71. Verification of the P(0,)'/*
dependence was made by plotting o vs P(O;{“/‘ (Fig.11) and
" with the use of linear regression analysis, the calculated
intercepts at P(0,)'/*=0 are in good agreement with the
ionic conductivities at 1000° and 1100°C (Fig. 9). The
p-type conductivity at P(O,) > 10-* atm may be attributed to
the presence of NiO in the spinel matrix. NiO has been found
to exhibit a p-type conductivity that is proportional to
P(0,)'/* [179,197,198,200].

Ccﬁéucgivity isotherms shown in Fig. 9 and 12 to 14
indicate conductivities which are independent of oxygen
partial pressure. Arrhenius plots of the ionic conductivity
data of Fig; 9 and 12 - 14 give attiéatian energies of 28.7,
41,0, 41.8 and 40.9 kcal/mole, respectively (Fig. 15 - 18},
Due to fewer experimental points (Fig. 15), a lower
activation energy value was obtained from the data of Pig.

9. The last three activation energies ( with an average
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value of 41.2) can be considered as representative values

[+1]

for the NiAl,0, material studied. ,
Thé activation energies for ionic conduction are close
in magnitude to the activation energies for self-diffusion
of Ni in NiAl,0, - 53.3 [63] and 55 [61] kcal/mole. A
difference of about 13 kcal/mole exists between the

f self-diffusion and ionic

Q

activation energies
conductivity; this difference can be attributed to the
nature of the two processes. In the tracer self-diffusion
process, there is a correlation between successive jumps of

the "tagged” ion ; in electrical conduction process, there

W]

is no correlation between jump vector directions and

fects is along the direction of the

movement of lattice d

w

imposed electric field [201}. The closeness in magnitude of
the two activation energies = tracer self-diffusion and-

electrical conduction - suggests that a common diffusion

energy for ionic conduction over the the temperature range
studied indicates that a single diffusion mechanism
contributes to the conductivity values obtained. In
addition, the experimental activation eneggies of conduction
are close in magnitude to the activation ener®ies - 20 to 40
kcal/mole - obtained by Snider [144] for ionic ccnéuctiah in

NiAl,O,.

'4
The exact defeet structure in NiAl,0, cannot be
ascertained due to the lack of self-diffusion data of Al®”

and 0" ions in NiAl,0,. However, the type of defects.



present in NiAl,Q, may be inferred from a comparative
analysis of the experimental results and physical property
ddata of NiAl,0, with the available physical property data of
other spinels and oxides.

The activation energies’ for Ni diffusion in NiAl,O,
53.3 and 55 kcal/mole - are close in magnitude to the
activation energies for Ni diffusion in NiO - 43.5 to 60.8
kcal/mole [61,62,116,202]. Although the ionic radii of Ni** .
(0.72 &) [199] and Co?* (0.74 A) [199,203] are very close,
the activation energies for Ni diffusion in NiAl,0, are
smaller than but close in magnitude to the activation energy
for self-diffusion of Co in the normal spinel CoAl,0, - 85
kcal/mole [Egjé

Schmalzried [68,69] estimated the defect structure in

Coal,0, from the self-diffusion coefficients of Co in Co0
and Al,0, and concluded that CoAl,0, is a metal deficient
oxide with Co?* vacancies and Al®° ions on interstitial
sites or on regular si;es of Co** ions as the major defects.
CoO ,one of the component oxides of CoAl,0,, is also a metal
deficient oxide like NiO withécubly charged vacancies as
the pfeéaminant defects [180,204-206].

Greskovich and Schmalzried [207] measured the number of
vacancies in CoAl,0, (with 10 mole% excesg of Al,0,) at
1100°-1150°C and in oxygen partial pressures of 2 x 10°' to
10°-* atm; tﬁe concentration of cobalt vacancies at 1 atm O,
is about 1.5 x 10°?, Their results were consistent with the

concept of doubly ionized cobalt vacancies and an eguivalent
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number of electron holes as given by the reactioﬁ,

! | 1/20, = Oy * VE:G + 2h° - (83)
Electrical conductivity measurements made on CoAl;O, at
1085°C by Schmalzried(149] indicate that at P(0,) < 10°°
atm, conductivity is independent of oxygen partial pressure.
CoAl,0, was observed t exhibit p-type conductivity at P(D;[
> 10°" atm, ‘ .

Pettit et al.[103] investigated the rate of formation
of NiAl,0, by solid-state reaction; from an electron
microprobe analysis of the concentration gradients of Ni and
Al in a NiAl,0, layer, Pettit et al.[103]) concluded that Ni
diffuses in NiAl,0, by a vacancy mechanism. In addition,
Stubican and Roy [91] studied the precipitation phenomena in
the :r?stalline solubility of Al,0, in MgO and reported that
solubility is brought about by a diffusion controlled
process involving cation vacancies. Interdiffusion studies
on MgO-Al,0, by Whitney and Subican[226] indicate that in
the solid-state formation of the spinel the diffusion of
Al’* ions proceeds by a vacancy mechanism.

In line with the above information, the most probable
defects cantfibﬁting to self-diffusion and electrical.
conduction in NiAl,0, are cation vacancies, V;i and vgi‘

Diffusion and electrical conduction via oxygen vacancies,
vé , in NiAl,0, is less likely. In the solid-state i
formation of spinels [82-109,111-115), movemert of the iafge
oxygen ions is minimal and counterdiffusion of cations

through a relatively rigid oxygen ion framework is the
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predominant mechanism, In addition, the self-diffusion

coefficient of oxygen is smaller than that of aluminum in

"

Al,0,. The activation energy for oxygen diffusion in Al,0,
(152 keal/malé [80])) is larger than that for aluminum
diffusion in the same material (114 kcal/mole [72]). The
activation energy of oxygen ion mobility in Al,Q, (152
kcal/mole [80]) is much larger’'than tha£ for oxygen ion
mobility, in cubic fluorite structure calcia-stabilized
zirconia (31.2 kcal/mole) where diffusion is by oxygen

.,vacancies [77]). In addition, cation diffusion has been found
to exceed oxygen diffusion [208] in both Cr,0, and Fe,0,,
which have the same crystal structure as Al,0,. The oxygen
diffusion coefficient is about an order of magnitude smaller
than that of either Ni®* or Cr** ion in the normal spinel
NiCr,0, [78].

‘Aluminum vacancies instead of aluminum interstitials
are most likely to be present with nickel vacancies in
NiAl,O0,. Most thermoelectric power experiments [187-189] on
Al,0, indicate that the sign of the current carrier is
negative in thg temperature region of 1150° to 1500°K; the
negative sign éuggests aluminum vacancies., In addition,
aluminum diffusion in Al,0, is by a vacancy mechanism as
proposed by Paladino and Kingery [72] and by Lackey [185],

The low ionic conductivity (10°* ohm"'cm™' at 1000°C)
when compared to that of the fluorite structure
calcia-stabilized zirconia (3 x 10-* ohm 'cm"' at 1000°C)

1

[209] is due to the crystal structure of NiAl,0,. As
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reported by Cooley and Reed [36], NiAl,O, is almost 100%
inverted at 600°C and about 74% inverted at 1391°C. The
oxygen parameter u of NiAl,0, is in the range of 0.381 [21]
to 0.384 [36] - this indicates larger tetrahedral sites and

smaller octahedral sites. In the spinel structure, there are

fairly open channels for the diffusion of cations along the
tetrahedral sites; however, diffusion along the octahedral

sites is difficult due to greater ‘displacement of oxygen

ions and also greater repulsion from cations [108,115],

DC Polarization Measurements e
Tc determine the partial conductivities ip NiAl,0,, the

dc polarization method was used. To check’ for any variation

in partial conductivities with oxygen partial pressure,

tests were conducted at P(O,)= 1.3 x 10" * atm (800° to

1400°C) and a}: P(O,)= 9.2 x 10-'*¢ (B0O0O°C) to 6.7 x 10-* atm,
(1400°C). Current-applied potential plots are given in Fig.
19-25 and these plots show almost linear relationship '

between gurrént and applied potential at temperatures of
800°~1400°C. No plateaus are prgsenF in the plots - this
indicates that only p-type :cﬁdu:tivity is g:ésgnt in the
temperature and pressure range studied. With the use of eq.
41 (p. 39), the partial conductivity was estimated from the °
log AIFL/RT) vs Ejplots sh;;n in Fig. 26 and 2%. Fgl;auing'
the approach of Ilsgﬂéer (163) and Wagngr‘and Wagner [165],
the p-type conductivities (Table 8) were obtained from the
intercepts at E=0 . Using the conductivity isotherms given

in Fig. 14, the ionic transport number was calculated with



the use of eqg. 21,

t; =0, /o (21)
and the results are plotted in Fig. 28. The ionic transport
number decreases from 0.97 at B00°C to 0.63 at 1400°C. At
constant temperature, the p-type conductivities are slightly
smaller at lower oxygen partial pressure. Arrhenius plots of
the p-type cenéucti?ity data are given in Pig. 29 and 30,
and activation energies of 55 and 60 kcal/mole were
obtained. These p-type conduction activation energies are
quite large when compared to those reported for 2rO, (44.4
kcal/mole at 2 x 10" * atm O,) [210], Y,0, (44.7 kcal/mole at
10-* and 10-’ atm O,) [211) and ThO, (40.4 kcal/mole at 10-*
atm O, [212)) - oxides which have the cubic fluorite
strucfufeﬂ When compared to the ionic canductivit;es given
in Fig. 14, the p-type cotductivities are guite large and,
if actually present during conductivity measurements, should
be reflected according to the defect equilibria (eq. 71 and

74) on the isotherms of Fig. 12-14; however, this is not the

case as the conductivities ar@® .independent of oxygen partial

pressure.
The large value of the p-type conductivities may be due

to the pregence of gas phase conduction during measurement

(213-219] / Peters et al. [213) demonstrated that for high
resistancg materials at high temperatures (>1100°C) the
conductivity of the gas phase around the sample can be
comparable to or greater than that of the sample. Loup and

Anthony (214) found the same effect to be important above
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1500°C. The process presumably involves thermionic emission
from the sample, the supporting structure, or the lead
wvires, and its extent is probably greatly influenced by
details and geometry of the conducting or testing apparatus
[158,215]. Moulson and Popper [216) and dzkan and Moulson
[217] have found gas phase conduction important at
relatively lov temperatures. Dutt et al. [218,219] reported
that at high temperatures (#1620°C) the true bulk
conductivity is 0.7 times the conductivity measured without
eliminating surface and gas phase conduction; at lower
temperatures, the surface and gas conductivities were found
to be larger than the bulk conductivity. However, for
two-probe ac conductivity measurements, Rapp-[158]reported
that reliable results can be obtained at temperatures up to
1400°C. The presence of gas phase conduction may be evident
in the increase in the ionic transport number (Fig., 28) from
about 0.59 (1573°K) to 0.63 (1673°K) in both gas mixtures.
Emf Measurements

Cén:entfatiaﬂ cells (VII) and (VIII) (p. 53), similar
to the one used by Fischer and Hoffmann [173], were employed
to measure qualiggtively the .transport number of the
conducting ion or ions in both spinels. For the spinel
NiAl,0,, the results of the emf measurements are shown 1in
Fig. 31.gJn the temperature range studied (800°-1400°C),
p@sitivevemf values were obtained for the NiAl,O, cell; the
positive emf values suggest that the average value of Btﬁi2+

is greater than the average value of tA13* .
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As for the relative meﬁilities of Ni?*-and Al** ions in
NiAl,0,, it should be noted that the activation energy for
Al éiffusian in Al,0, is twice that for Ni diffusion in
NiAl,0, (see Table 1), The self-diffusion coefficient of
Al** (0.50 &) in Al,0, is several orders of magnitude
smaller than that for Ni?* (0.72 &) in NiAl,0,. In addition,
Pettit et al. [103] reported an activation energy of 115 ‘
kcal/mole for the kinetics of Eérméticn of NiAl,0,;: this
activation energy is close to the activation energy of 114
kcal/mole for Al self-diffusion in Al,0, [72). Macak and
Koutsky [104) obtained an activation energy for the kinetics
of NiAl,0, formation of about 126 kcal/mole. Stone and
Tilley [108) quoted activation energies of B8 and 103
kcal/mole for the solid-state formation of ZnAl,0, and
NiAl,0,, respectively. Navias [95] reported an activation
energy of 100 kzal/malé for the formation of MgAl,0,. These
activation energies of férmatian of aluminates are close in
magnitude to that for Al diffusion in Al,0, and suggest that
the mobility of Ni?* ions is greater than that of Al’* ions.
Furthermore, Pettit et al. [103] pointed out that the
similarity in the activation energies for diffusion of Al in
NiAl,0, and in Al,0, is due to éhe fact that the diffusion
paths of an Al’* ion in the two materials are essentially
the same. Interdiffusion studies on the NiO-Al,0, system by
Minford and Stubican [106] indicate that in the formation of
NiAl,0,, the diffusion of Al®* ions controls the reaction

|

_ rate.



As shown in Fig. 31 there is a decrease in the cell emf
with increase in temperature; this decrease is probably due
to an increased tendency toward disorder of cations on the
excess cation lattice sites as the temperature level is
increased, leading to an increasing f:actién of inéividugl
ions contributing to conduction or diffusion in the spinel
[78]. In addition, Pettit et al. [103] cited that at Righer -

temperatures (21400°C) the diffusion of both Ni’' and Al’"
affects the reaction rate of formation of NiAl,O,,
indicating that at higher temperatures the relative

mobilities of Ni** and Al’* ions are close.

B. Manganese Aluminate

Before discussing the experimental results, a brief
description of the physical property data of the component
oxides of MnAL,O, will be given.

MnO has the halite structure like NiO. The oxide at

(Mn, . 0) and y can have values up to 0.15, MnO will be

b4

oxidized to higher oxides at 1 atm O, [153].
Nonstoichiometry studies on MnO have been made by Davies and
Richardson [220] and Hed and Tannhauser [221,222]. Hed and
Tannhauser [221] reported that the predominant defects are
For small deviation and at intermediate pressures (<10’ atm
0,), the nonstoichiometry is éppr@ximately proportional to

P(O,)'/* and at higher pressures, the pressure dependence
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may vary between ?(b;&‘/‘ to P(0,)'/*. Unlike other oxides
such as NiO, MnO exhibits p- and n-type conduction
[220-222]. y

Electrical conductivity of MnO has been studied by Hed
and Tannhauser [221) and O'Keeffe and Valigi [223). Hed and
Tannhauser [221]) reported that at intermediaée oxygen
partial pressures,the p-type conduction is proportional to
P(O,)'/* ;nétsuggested doubly charged manganese vacancies as
the major defect; an activation energy of 8.5 kcal/mole for
hole mobility in MnO was obtained. O'Keeffe and Valigi [223)
concluded in agreement with Hed and Tannhauser [221] that
doubly charged manganese vacancies predominate at small
deviations from étcichigmetfy: an activation energy of 11.7
kcal/mole for p-type conduction was reported.

Conductivity Measurement

Like NiAl,0,, the defect equilibria given by eq. 61-82
are applicable to MnAl,0,. The probable defect reaction in

MnAl,0, at high oxygen partial pressures for the cation Mn?**

is,
1/20,(g) = Oy + Vg + 2h° - (84)
[V, 1p* = K,P(0,)'/? (85)
- p, = P(0,)'/* (86)

The defect reactions described for Al°’* and O'- ions (eq. 28

and 63) are. the same for MnAl,O,.
As for the experimental results, Fig. 32 and 36
represent the results of tests conducted using preanalyzed

gas mixtures to establish the required oxygen partial

o

A\
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.
pressures; Fig. 40 is the result of the measurements
employing reversible electrodes to fix the oxygen activity
of the conductivity cell.

In Fig. 32, conductivit& measurements were made close
to the upper limit of thermodynamic stability (oxidizing)
region (Table 4) but within the lower stability limit of
MnAl,0,. Broken lines at the lower oxygen partial pressures
describe the lower stability region. Resistance readings
were obtained only up to 1000°C and breakdown of the spinel
pellet was observed when measurements were made beyond
1000°C. The breakdown was manifested by a large increase in
Ehe resistance readings of the cell. Visual examination of
the tested pelletvrevealed the presence of cracks and a
change in the color of the pellet from the original brown to
black. X-ray diffraction analysis of the tested pellet
indicated the lines of Mn,0,, Al,0, and MnAl.,0,. Greenwvald
et al. [24) and Ivanov and Koroleva [110] have reported that
;nnealing MnAl,0, in weakly oxidizing and oxidizing
atmospheres results in its conversion into MnsO, and Al,OQ,.
The c;ystal structure of Mn,0, or Mth,O. (a éftype
conductor) [21] can be described as a tetragonally deformed
spinel with an axial ratio of about 1.14 (a,=8.14 &, c=9.42
Ry, =

The formation of Mn,0, within the cubic spinel matrix
at high oxygen partial pressures could account for the
presence of cracks in the pellet. From the conductivity

isotherms of Fig. 32, p- and n-type conductivity isotherms
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were determined and are shown in Fig. 33 and 34,
respectively. In Fig. 33, slopes of 1/5.3, 1/5.7 and 1/5.9
were obtained, indicating a 1/6 oxygen partial pressure
dependence of p-type conduction as given by eq. 86. In Fig.
34, the n-type conductivity isotherms show slopes of -1/5.8
and -1/6.7, suggesting a -1/6 pressure dependence of n-type
conductivity as given by eg. 65. As a check, the ionic
conductivities were estimated using linear regression
analysis from the ¢ wvs P(0O,)'/* plot in Fig. 35; ionic
conductivity values at P(0,)'/*“=0 are in good agreemént with
those in Fig. 32.

Fig. 36 gives the conductivity isotherms for the test
run conducted within the stability limits, well below th
" calculated upper stability limit. Broken lines in gge |
reducing atmosphere region indicate the lower metastable
region of the spinel; broken lines at higher partial
pressures ipditate extrapolation of conductivity values to
P(0,)= 1 atm.

In Fig. 36; measurements only up\to 1100°C were
obtained. Cell breakdown was /observed when measurements weré
made at temperatures higher than 1100°C; this breakdown was
manifested by large increases in the cell resistance
readings - a condition similar to that encountered with
Sample D10 (Fig. 32). X-ray diffraction analysis of the
tested spinel pellet revealed trace lines of Mn,0,. The cell
breakdown is probably due to the formation of MA,O. in the

weakly oxidizing region (#10-¢ atm O,) - an anemaly reported
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by Coath and Dailly [145]).

Using the data in Pig. 36, p-type conductivity
isotherms (Fig. 37) give slopes of 1/7.2, 1/6.4, 1/6.2 and
1/5.8, indicating a 1/6 pressure Sependence of p-type
conduction in MnAl,0, samples tested. N-type :gndu:tivity
isotherms in Fig. 38 have slopes of -1/6.6, -1/6.3 and
-1/5.9 which suggests a -1/6 pressure dependence of n-type
conduction. Ionic conductivities obtained from the o vs
P(0,)'/* plot in Fig. 39 are in gé@d agreement with the
ionic conductivities shown in Fig. 36.

Conductivity results of the test runs employing
reversible electrodes are shown in Fig. 40. Broken lines in
the lower pressure region indicate zhe lé¥gr thermodynamic
stability limit of Hnéliégg As in Fig. 32 and\36, the ionic
conductivity feg{@n cceup?es only 2 to 3 decades of partial

ressure, P-type conductivity isotherms in Fig. 41 and 42

‘”U‘

have slopes of 1/6.6 to 1/6.3, indicating p-type conduction
that is proportional to P(0O,)'/*. N-type conductivity
isotherms (Fig. 43) have slopes of -1/5.4 to -1/6.0,
indicating a -1/6 pressuég dependence of eleétrgn
conductivity. Confirmation of the 1/6 pressure dependence of
p-type conduction was made by estimating the ionic
conductivities from the @« vs P(0,)'/* plots of Fig. 44 and
45 and good agreement was obtained between calculated and |
the observed vélues shown in Fig. 40.

From %rrhenius plots of the ionic conductivity (Fig.

46-48), activation energies of ionic conduction of 16.5,
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26.6 and Bjii kcal/mole were obtained from the data in Fig.
32, 36 and 40, respectively. Arrhenius plots of p-type
éanductign data from Fig. 33, 37, 41 and 42 give activation
energies of 10.9 to 32.4 kcal/mole (Fig. 49-51), Activation
energies of 33.6 to 52.4 kcal/mole were obtained from
Arrhenius plots of n-type conductivity (Fig. 52 and 53).
Since the results of Samples D10 and D2 (Fig. 32 and 36,
respectively) were affected by the presence of Mn,0,, only
the results of the test conducted using reversible
electrodes (Fig. 40) can be considered representative of the
MnAl.,O, pellets tested.

To date no data are available on the self-diffusion
coefficients of Mn**, Al’° and O*- ions in MnAl,0, and the
exact defect structure of MnAl;O, cannot be ascertained. A
comparative analysis approach similar to that used on
NiAl,0, will be undertaken to estimate the probable major
defects responsible for the conductivity values obtained.

MnAl,O,, NiAlga. and other aluminates have a common
component oxide, Al,0, whi:h has a defect spinel structure

in the y-form [27-29,184,185]. Mn belongs to the transition

size to the ionic radii of Ni?*® (O;i‘ X) and Co** (0.74 R)
[174,199]).

From the results given in Eig:532545, the +1/6 oxygen
partial pressure dependence of the conductivity values
suggests doubly charged manganese vacancies as given by eq.

84. Measurement of the self“diffusion coefficient of Mn in



MnO by Price and Wagner [224] gave a $+1/6 oxygen partial
pressure dependénﬁé'gﬁ&éthey concluded that déubly charged
manganese vacancies are the major defects in MnO.

" Prom the results of the test run conducted with
reversible electrodes, Fig. 40-45, 51 and 53, theiaccivatian
energies of 10.9 and 12.6 k:al/malelfaf p-type conduction in
MnAl,O, are close in magnitude to tée activation energy of ’
8.5 kcal/mole for hole mobility in MnO measured by Hed and
Tannhauser [221,222]. The activation energies of SD:S and
52.4 kcal/mole for n-type conduction in MnAl,O, are also
close in value with the activation energy of 51.7 kcal/mole
for electron mobility in MnO determined by Price and Wagner
[224].

From Fig. 48, the activation energy of 31.1 kcal/mole
for ionic conductivity in MnAl,O, is smaller than that (41,2
kcal/mole) for ionic conduction in NiAl,0,. In addition, the
activation energy of ionic conductivity in MnAl,0, 1is
smaller than the activation energiés of 53.3 and 55.0
kcal/mole [61,63] for Ni diffusion in NiAl,0,. Furthermere
the ionic conductivity of MnAl,0,(6.3 x 10°* ohm ‘cm™' at
1000°C) is larger than that (10-°* ohm*' cm-' at 1000°C) of
NiAl,0,. The difference in the activation energies of ionic
conduction between MnAl%0, and NiAl,0, is due to their
different in cation arrangements. MnAl,O, has a ﬁérmal
sp}nelqbgti@n arrangement [21,24,41] while NiAl,0, has an
inv?rse;‘p" afraﬁgemEEt (21,24-27,34-36). As pointed éut

by Stone a d Tilley (108,115], cation diffusion along



octahedral sites is relatively more difficult than cation
mobility along tetrahedral sites.A |

The ionic conductivity of MnAl,O0, (6.3 x 10°* ohm™'cm™'
at 1000°C) is several ordeés of magnitude smaller than the
ionic conductivities of the cubic fluorite structure
ZrO,-15% Ca0 (1.9 x 10-? ohm-'cm~' at 1000°C) [228] and
ThO,- 8%Y,0, (2.3 x 10-° ohm 'cm-' at 1000°C) [229].

Since MnAl,0, is an alumin;te like NiAl,0,, the most
probable major defects are manganese vacancies, Vﬁn and
aluminum vacancies, VAi'.

DC Polarization Measurements

Polarization measurements were conducted at
temperatures of 800° to 1200°C and at oxygen partial
préssures close to the ionic conductivity regions of MnAl,O,
as shown in Fig. ;0. The required oxygen partial pressures
were established with preanalyzed CO-CO, gas mixtures.

Current-applied potential plots in Fig. 54-58 show
almost linear relationships similar to those observed for
‘NiAl,0,, Fig. 19-25. The absence of plateaus in any of the
current-applied potential curves indicate that only p-type.
conductivities are present,

P-type conductivities were calculated from the log
(IFL/RT) vs E plots shown in Fig. 59 and 60. The intercepts
at E=0 are the values of the p-type éonduCtivities (Table
13). Using Fhese p-type conductivities, the ionic transport

-number was calculated and the rgsults are shown in Fig. 61,

Qf expected the ionic transport numbers at lower oxygen
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partial pressures are slightly smaller. The ionic transport
. number decreases from 0.99 at 1073°K to 0.89 at 1473°K, }
Compared with HiAl;é;, the incremental decrease in ionic
transport number with increase in!tem§3fatufe of MnAl,0, is
smaller - this is due to its cation arrangement as stated
earlier.

,Arrhenius plots of the partial conductivities (Fig. 62
and 63) give activation energies of 59.0 and 56.9
kcal/mole;as with NiAl,0,, these large values suggest the
possible presence of gas phase conduction q§ring
measurement.
Emf Measurements

A concentration cell similar to th; one used by Fischer
and Hoffmann [173] was employed to determine the relative
transport numbers of the conducting ions in MnAl,0,. As
shown in Fig. 64, negative emf values were observed at
temperatures between 800° and 1050°C; positive emf values at
temperatures between 1050° and 1400°C were obtained.
Negative emf values at 800°C<T<1050°C suggest that the
average value of Btnn2+,{ tA13+ ; positive emf values at
1050°CsT<1400°C indicate that the average value of BtHn2+ >
tAl3+ ) ’
As for the relative mobilities of caticng in MnAl,0, at
high temperatures, it is probable that Mn!* ions diffuse
faster than Al’° ions due to their positions in the spinel
structure, From interdif%usicn studies on the MgO-Al,0,

system, Whitney and Stubican [226,427) reported that the

L
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diffusion of Al®* ions controls the faﬁe of formation of
MgAl,0,, a normal spinel and Al’° ions diffuse via a vacancy
mechanism. In the interdiffusion studies of other normal
spinels, MgCr,0, [225) and NiCr,0, [88], diffusion of the

trivalent ion Cr’* is rate controlling.




Conclusions

There is a difference in the ionic conductivity of a
normal spinel MnAl,0, and an inverse spinel NiAl,0,. The
ionic conductivity of MnAl;0, has been found to be larger
than that of NiAl,0, in the temperature range studied. The
activation energy of ionic conduction of MnAl,O0, is about 10
kcal/mole smadler than that of NiAl,0, - a result reflecting
the diffen::s in the cation éffangement between the two
,spinelé. N

HiAi;D; has been observed to exhibit conductivity
independent of oxygen partial pressure (from 1 ée 10°'? atm
at 1000°C). Although it is highly stable in air, NiAl,0, has

been found to be unstable in reducing atmospheres. Compared

to MnAl,0,, NiAl,0, has a wider ionic conduction region in
the temperature and oxygen partial pFESSur range studied.

MnAl,0, has been found to exhibit p- and n-type
conductivity and it has an ionic conductien region covering
about 2 to 3 dwcades of oxygen partial pressure. Compared to
NiAl,0,, MnAl,0, is much more stable in reducing atmospheres
but highly unstable in wveakly éxidizing and 9xiai;ing
atmospheres.

For both spinels, catien?vécancies are the most
probable major defects resp@nsiblg for ionic :Qndﬁgtien.

, )
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Table 1,

Oxide

Mn in MnO
Ni in NiO
Ni in NiO
O in NiO
Fe in Fe,O,
Cr in Cr,0,
Al in Al,0,
Al in Al,0,
O in Al,0,t
O in Al,0,¢%

O in Zr 1‘15%

Cao

Zn
Ni
Ni
Cr
Mg
Co
Fe
Fe
Ni
Ni
Cr
Cr

in
in
in
in
in
in
in
in
in
in
in
in

ZnAl,0.
NiAl,0,
NiAl,O,
NiAl,O,
MgAl,0,
CoAl,0,
FeAl,; 0,
FeAl,O.t
NiCr,0,
NiCr,0.
NiCr,0,
NiCr,0,

O in NiCr,0,

Self-diffusion in Oxide Systems

D,

(cm?®/sec)

—— e ——— - -

+Single crystal

Q

(kcal/mole)

40
56
44.2
54
112
100
114
110
152
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Table 2. Equilibrium Oxygen Partial Pressures of Reversible

Reversible
Electrode

Cu,0-Cu0
Fe ,0,-Fe,0,
Cu-Cu,;0
Ni=NiO
Co=-Co0
Fe-FeO
Mo-MoO,
Cr-Cr,0,
Mn=MnO
Nb-NbO

v-vO

Electrodes at

B -

1000°C [158]

Log P(0,)
(atm)



Table 3. Thermodynamic Stability Limit* of NiAl,O,

Temperature Lower Limit
(°¢c) Log P(0,) (atm)

1073 - -15.13
1173 ’ -13.05
1273 S -11.30
1373 5 | - - 9.80

1473 | - 8.50

1573 . - 7.37
1673 - 6.38
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Table 4. Thermodynamic Stability Limits of MnAl,O,

3
Temperature - Upper Limit Lower Limit
{°K) Log P(0,) (atm) Loqg P(0,) (atm)
1073 - - -0.97 -32.87
1173 -0.07 -29.36
12?3 0.69 -26.41
1373 1.34 -23.88
1473 : 1.90 c -21.20
1573 2.40 . -19.80

1673 2.83 -18.12



Table 5. Conductivity Data For NiAl,0, (Sample B4¢)

Temperature
(°c)

800

900

1000

1100

Log P(0,)
(atm)

-29.20
-27.33
~-24.36
-21.80
-18.58

Log ©
(ohm-'em" ')

-5.79
~5.80
~-5.80
~-5.80
~5.80
-5.80
-5.81
-5.80
-5.80
~5.80
-5.80
~-5.80

-5.50
-5.51
-5.52
~5.54
-5.55
-5.54
-5.51
-5.50
~-5.50
-5.49
-5.49

-4.96
-4.97,
-4.99
-5.03
-5.06
-5.07
-5.04
-5.00
-4.99
-4.98
-4.97
-4.94

-4.58
-4.53
-4.52
-4.51
-4.50
-4.47
-4.43
-4.42



2.97
2.03
0.01

-4.41
-4.39
-4.35
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Table 6. Conductivity Data For NiAL,0, (Sample B6)

Temperature
(°¢c)

800

900

1000

1100

1200

1400

Log P(0,)

(atm)

-15.03
-12.42

5.88

- 4.03

2.97
2.03
D-D1

-12.68
-10.07

5.88
4.03
2.97
2.03
0.01

-10.71

8.10
5.88
4.03
2.97
2.03
0.01

9.02
6.41
5.88
4.03
2.97
2.03
0.01

- 7.56
- 5.88

- 5.88"

4.03
2.97
2.03
0.01

6.29
2.03
0!01

5.88

Log o
(ohm-'cm- ')

-5.85
-5.85
-5.84
-5.84
-5.84
-5.84
-5.84

-5.52
-5.52
-5.51
-5.51.
. =5.50
=5.51
-5.49

=5.02
-4.98
-4.97
-4.97
-4.96
-4.95
-4.94

-4.44
-4.40
-4.38
-4.37
-4.37
-4.37
-4.35

-3.84
-3.84
-3.83
..-3.82
-3.80
-3.77

-3.33
-3.33
-3.32
-3.3
=3.30
-3.28

-2.92
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5.14
4.03
2.97
2.03
OEO.‘

-2.93
-2.:
-2.91
-2.90
-2.87

155



Table 7. Conductivity Data For NiAl,O, (Reversible
Electrodes)

Temperature Log P(0,) Log ©
(°€C) (atm) (ohm™ 'cm- ')
800 -34.09 -5.80

-29.88 ‘ -5.78

-19.25 -5.78

-18.96 -5.84

-15.38 -5.95

=13.91 =5.73

- 9.59 -5.82

- 8.83 . -5.80

- 2.95 ' -5.80

900 -30.52 -5.46
' ' -27.91 -5.59
=26.67 -5.75

-16.85 =-5.37

-16.76 -5.63

=13.44 -5.65

=11.97 -5.76

- 7.52 -5.68

= 7.45 -5.39

1.84 -5.43

1000 , -27.50 =4.93
. -25.09 -5.03

-23,97 -5.19

=14.91 -5.12

-14.83 -4.85

-11.80 -4.99

-10.33 -5.14

= 6.28 -4.87

- 5.77 -5.138

- 0.91 =5.00

1100 . -24.93 -4.,30
=22.68 -4.50

-21.65 -4.45

\ ~13.32 -4.,59

-13.10 -4,32

-10.41 -4.34

- 8.92 -4.40

i - 4,28 -4.83
- 0.13 =-4.33

1200 - . =22.70 -3.77
-20.61 -4.01

=19.66 -3.81
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-11.61 -3.80

- 9,20 -3.79

= 7.7 -3.87

- 2.99 -3.93

1300 -20.76 -3.26
: : -18.81 -3.57

-17.91 -3.16

-10.76 -3.59

-10.32 -3.31

- 8.14 =3.27

- 6.66 -3.34

- 1.87 -3.34

1400 ' -19.05 -2.84
-17.23 -3.23

-16.38 -2.73

- 9.7 -2.87

- 9.18 -2.94

- 7.21 -2.84

- 5,73 -2.89

- 0.88 -2.88



Table 8. P-type Conductivity Data For NiAl,0, (DC
Polarization Measurements)

Temperature Log P(0,) - Log 0Op
(°c) (atm) (ohm™'cm- ')
800 | - 5.88 -7.23
900 o -6.08
1000 -5.36
1100 -4.71
1200 -4.09
1300 -3.57
1400 =3.16
800 -15.03 -7.40
900 -12.68 ~ =6.55
1000 -10.M -5.59
1100 - 9.02 -4.78
1200 - 7.56 -4.13
1300 - 6.29 B -3.53

1400 - 5.17 ' -3.15



Table 9. Emf - Temperature Data For NiAl,O,
P(0,)=0.21 atm)

Temperature

(°c)

800
900
1000
1100
1200
1300

1400

Measurements,

Sample B31
Emf (mv)

150.60
101.30
37.04
7.81
4.08
7.02

B.26

159
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Table 10. Conductivity Data For MnAl,0, (Sample D10)

Temperature Log P(0,)
(*c) (atm)

800 ‘ -27.33

' -44.36

: -21.80

-18.58

-15.03

900 -24.99

1000 -23.01

~Log ¢ ,
(ohm-‘cm- ')

-4.12
-4.12
-4.11
-4.10
-4.08
-4.07
-4.07
-4.03
-4.02
-4.01
-3.54

-3.80
-3.80
~-3.84
-3.98
-3.92
-3.78
-3.83
=3.61

- -3.60

-3.59
-3.36

-2.88
-2.80
-3.05
=3.51
=3.57
~-3.42
-3.42
-3.27
3.24
3.18
2.92
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Table 11. Conductivity Data For MnAl,0, (Sample D2)

Temperature Log P(0,) Log @
(l

latm)

800 -27.33
-24.36

- =-21.80

-18.58

-15.03

-12.42

- 5.88

900 -24.99
~ -22.02

-19.45

-16.24

-12.68

) -10.07

- 5.48

1900 ~23.01~

-20.04
=N T 17 . 48
T -14,26
-10.71

- 8.10
- - 5.88

1100 -21.32

. -18.36

¢ ) . ' -15,79

. ' =12.57

\ " - 9.02

- 6.41

??S!BE

(ohm~'cm-')

-4.59
-4.61
-4.62
-4.61
-4.51
-4.44
-4.36

-4.10
-4.09
-4.15
-4.22
-4.06
-3.90
-3.84

-3.65
-3.62
-3.75
-3.78
-3.59
=3.4
-3.36

-3.31
-3.37
-3.42
-3.43
=-3.26
-3.13
~3.12



Table 12. Conductivity Data For MnAl,0, (Reversible

. Electrodes)

Temperature Log P(0,) Log o
(°C) (atm) (ohm-'cm~ ')
800 -34.09 --4.09

-31.26 -4.49

-29.88 -5.16

-19.25 . -5.13

-18.96 -4.79

-15.38 -4.89

-13.91 -4.45

- 9.59 -3.71

- 8.83 -3.97

- 2.95 -4.09

900 . -30.52 -3.73
-27.91 -4.28

-26.67 -4.53

‘ -16.85 -4.82

-16.76 -4.32

43 Y -13.44 -4.36

-11.97 - -3.89

- 7.52 --3.29

- 7.45 -3.53

- 1.84 -3.66

1000 ~27.50 -3.31
: : -25.09 -4.20

3 '23.37 _4909

‘ ' -14.91 -3.86
K S -14.83 -4.41
-11.80 -3.86

-10.33 -3.44

‘ - 6.28 -3.17

- - 5.77 -2.93

. - 0.91 -3.35

1100 v ‘-24.93 -2.98
_ - . -22.69 -4.01
-21.65 -4.00

-13.32 -3.50

-13.10 ~-3.98

-10.41 -3.40

- 8.92 -3.06

- 4.28 } -2.62

1200 : -22.70 ) -2.75
-20.61 -3.28

-19.66 -3.42

-11.96 -3.27
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~ -11.61 -3.42

S 7.71 -2.74
- 2.99 -2.34

1300 -20.76 -2.65
: -18.81 -3.11
-17.9 -2.92
-10.76 -2.81
-10.32 ; -2.98
- B.14 ] -2.66
- 6.66 -2.43
«=- 1,87 -2.10

1400 : -19.05 -2.51

| -17.23 -2.93
-16.38 -2.49

= 9.7 : -2.37

: - 9.18 -2.63
> C= 720 -2.41
: - 5.73 ~2.19
- 0.88 , -1.92

Ny
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Table 13. P-type Conductivity Data For MnAl,O, (DC
Polarization Measurements)

_
Temperature Log P(0,) Log op

(°c) {(atm) (ohm-'cm- ')

800 -18.58 -7.28

900 ~16.24 -6.17 "

1000 -14.26 . =5.30

1100 -12.57 - -4,65

1200 , 11,11 ~3.99

800 -21.80 -7.03

900 ~19.45 -6.11 -

1000 -17.48 ' -5.22

1100 .~15.79 -4.51

1200 . -14.33 ’ -3.91

4 ®
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Table 14. Emf - Tem?erature Data For MnAl,0, (Emf
Measurements)

Temperature Log P(0,) Sample D23 Sample D24
(°c) (atm) Emf (mv) Emf (mv)
:
800 -21.80 -45.81 -35.07
900 -19.45 -18.91 - -22.90
1000 -17.48 - -10.20 - 7.80
1100 -15.79 4.60 8.50
1200 -14.33 15.10 20.60
1300 -13.06 k24 .40 31.31

1400 -11.94 31.71 39.68
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Plate



)
Plate 1. Two-probe conductivity cell hcolder
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