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ABSTRACT

A study of the redox equilibria in the dilute hagnesio -
wustites has been made in order to understand the energy assoc -
iated with the charge transfer taking place between di and tri -
valent iron cations in the host lattice of magnesia. In this study
measurements were of the nFe""H/nl-"e'*+ ratio in the solid solutions
containing O - 20 mole of per cent iron oxide (FeQ) in the temp -
erature range 900 - 1200 ®ci The oxygen partial pressures employsd
covered the range from equilibrium of the solid'SOIutions with
solid iron to that in equilibrium with the sPinél phase (Mg Fe)
Feaoh. By combining these results with the literature data it is
possible to make a&n accurate calculation of the thermodynamics
of the redox equilibria in these solid salutions; The results of
this calculation are compared with those for the pure Fe = 0,
binary system. The results of the present work are discussed in
the light of the various defect structural models proposed for the
non -~ stoichiometric oxides. The measurement of nFe+++/nFe++
ratio was made on the guenched samples by both colorimetric and
volumetric methods.

Furthermore, measurements were made on the variation of the
electrical conductivity of the solid solutions on the temperature
range 800 - 1000 ° to determine the nature of the current carriers,
The range of the oxygen partial pressure employed again covered the

entire phase field. The results of conductivity are discussed in

terms of the localized electron model,
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CEAPTER ONE

1. INTRODUCTION

1.1. General

(1)

According to Verwey sémiconductors of ionic type can be

classified into three groups.

1. Non-stoichiometric compounds, e.g. FeOlfx,Ni01+x.Ti02_K ete.
where x is the degree of deviation from stoichiometry.

2. Oxide solid solutions (made by dissolution of a semiconductor
in an isomorphoushcompound having relatively péor conductivity) e.g.
Solid éolutiohs of type Fe304~MgA1204, FeO-Mg0, Cr203--A1203
etc.

3. Controlled valency semiconductors, e.g. LiXNil_xo, LaxCal_-_anO3
ete.

With an exception of the non-stoichiometric compounds, a detailed
and systematic study of the electroﬂ transfer properties of the

other systems is lacking. Such studies would provide the

relevant quantitative information to test the validity of the

2, 3 __

assumptions which are implicit in the band and the electron

(1, 4-6) model theories. The aim of the present work

transfer
has been to obtain results in order to interpret the semi-~
conducting behaviour of the binary oxide solid solutions
involving a transition metal oxide. For such investigations

the system FeO-MgO was chosen because of the following attractive

‘properties of the system.



(7-9)

a. Both the end members and the solid solutions posdsess

the NaCl crystal strucﬁure (Figs. 1(a) and (c)).

b. Fe0 and MgD form a continuous series of solid solutions(lo)

(Fig. 1(b)).
c. The mechanism of electrical conduction and the nature of

(8, 11-29)

the lattice disorder in wustite and magnesium

(30-39)

oxide is relatively clearly established.

d. The thermodynamics and various phase relations of the
system has been studied in detail(g’ 40-45).

e. Finally the system offers an unique opportunity for a study
of the electron transfer mechanism between ferrous and ferric
ions when the cation sub—lattice of wustite is diluted with

magnesium ions which cannot adopt any other stable state

o s . Lt
of ionization other than Mg .

1.2. Thermodynamic and Electrical Properties of Wustite and

Magnesium Oxide

1.2.a. The Wustite Field and Related Equilibria

Iron forms three oxides, wustite (Feol+x 0.06 <x <0.15), magnétite

(Fe304) and haematite (Fe203), of which only wustite is unstable

(11)

below 560°C. The classic study of Darken and Gurry of the

thermodynamics of the Fe-0,, binary system clearly established,

the pressure~temperature~composition limits within the wustite
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phase field, and wustite-magnetite, and magnetite~haematite
phase boundaries. Thése workers also established that the
0/Fe ratio in wustite can have values between 1.06 and 1.15

26 to 10*6 atm.

within the ranée of oxygen partial pressures 10
and a range of temperatures 560-1400°¢C. From the isothermal
reiationships between 0/Fe ratio (within the‘hbmogenequs phase
field of wustite) and the oxygen ac;ivities (2x§resse& in terms
of pCOZIPCO ratios), the féiiowing tﬁérquynamic calculations
were made. |

a. The activity of iron (al) in theiwustite phase using the

Gibbg-Duhem equation: |

2
: 2
s G des G

whérebNéIN;iQwéfFe rétio. 'the aétiVity of oxygen (az) in
the above equation is obtainéd‘directly_from the 002/00'
ratio in the gas phase which was used to establish equilibrium.
Thus,
fna, = Ehéi

2 0

: ) - -
) = fup 0, = 2np002/pc0 ink1 (1.2.)

where k; is the equilibrium constant of the reaction,

e

co + goz = coz (1.3.)
and P
1 T . ) ] L ]
Pop P .

2



b. Similarly the activity of FeO (ap o) which is equal to the

product of alaz was found by the use of the relation,

. N
log pen = log a; + log a, =-f {'ﬁf -1} 4 log a, (1.5.)

c. The heats of solution of oxygen (AHQO } and iron (AHF ) at
constant comp081t10n in wustite were obtalned from the
temperature coeff1c1ents of the oxygen partaal pressure
and the act1v1ty of iron respectzvely. It was found that
thevheaﬁ of solution of iron (AﬁFé) is smail, ranging from
-1430 tb 4380 cals. with 0/Fe ratio 1.05 to 1.15, but
that of oxygen had the values between -61720 cals and
-63460 cals over the same composition range. The heat
of solution of oxygen obtained by the other authors Ly
indirect methods (like conductivity measurement) are found

to be in good agreement with the results of Darken and Gurry.

1.2.b. 'The Defect Structure and the Transport Properties of Wustite

Wustite nominally FeO, but always non-stoichiometric containing
excess oiygen with O/Fe ratio ranging from 1.05 to 1.15, has the

NaCl crystal structure. The analysis of the chemical com~

(8, 1

position 2) has shown the presence of trivalent iron ions
P

and concentration was found to be twice as much as the

stoichiometric excess of oxygen. From density measurements(s’ 12)



(13, 14)

and iron diffusion studies the deviation from stoi-

chiometric appeared to be due to vacant sites in cation sub-

lattice. From the measurements of electrical conductivity(ls—zo)

mf (17, 20) it was found that wustite is a p-type

and thermal e
defect semiconductor. .The électfical coﬁduétivity remains
p-type irrespective of O/Fe ratio within_the wustite phase at
all temperatures, ﬁhefeas the thermal emf starts out as hole
type at low oxygen pressure but changes to electron type at
high oxygen pressures above 950°C.  Below this temperature it

11
remains p-type regardless of stoichiometry. Koch and Wagner(ls)

(20) have shown that the isotherms of

and J. B. Wagner et al.
conductivity as a function of .oxygen pressure around 1000°C
have the slope of 1/6. 1In the light of these findings the dis-

solution is represented by the equation:

iozg = 0 + VFe++ + 20 (1.6.)

Where the symbols 0=, VFe++ and ® represent oxygen ions on the

nornmal lattice site, a doubly ionized cation vacancy and a

positive hole respectively*. From the above reaction it

"
* Tonic notation similar to that of Kroger and Vink is used
here to represent the defects. Tons on crystal sites are wirtten
with proper charge designations and the completely ionized
vacancies are represented without any charge. However, it
is clear that the completely ionized vacancies carry virtual
but opposite charge. A comparison of various notations in
use to represent the defects is made in the Appendix.



follows that each atom in stoichiometric excess of oxygen
introduces a complementary defect pair into the wustite
lattice; a cation vacancy plus two positive holes. In oxides
of the transition metals, in their lower valence state, the
energetically favoured trapped positive hole is likely to be

. . Lo bt g
a higher valent cation: & + Fe = Fe , the corresponding
endothermic ionization energy being substantially off-set by

the gain inrlocal Madelung energy. Therefore the reaction

(1.6.) can also be written as:

. g = ‘
+4+ + + V_, b +4 o7

ZFe §02 =0 IFe +'2Fe + (1.7.)
Thus the solution of stoichiometric excess of oxygen in wustite
involves the creation of Schottky defects in the iron sub-lattice
~and the simultaneous oxidation of ferrous ioms to ferric in the
rigid oxygen ion lattice.

(21) applied the mass action law to

Hauffe and Pfeiffer
the above reactions, treating the various imperfections as
independent chemical entities and assuming that the defect
interaction is negligible or constant and the activity
coefficients of these entities are either small or constant.

They obtained the following equilibrium constants for the

oxygen dissolution in wustite:



n n ++

P V-

Po

2
and 2
s A
Ry = ' Fe (1.9)

‘ +4 2 ;

nFe p02

Since two ferric ions or two holes are created for each

vacancy, it follows that,

n = 2 (1.103)
® nvFe++

and

nFe+++ = 2 nVFe++ (1.10b)

where n's with the subscript correspond to the respective
defect concentrations. Using the above identities in the
equations (1.8.) and (1.9.) the following relations were

derived by Hauffe.

Dp gttt = mp 2/3 (2k3)1/3 pégs (1.11)
and
1/3
k
Ny (22) Pcl,/é (1.12)

Fe 2



Further assuming the intrinsic hole concentration is small
in wustite and the conductivity is mostly electronic, the

oxygen pressure dependent conductivity can be expressed as:

o™ = k' eyt (1.13.)
2

‘where 07 represents conductivity (ohm._lcm.-l), and e and yu
stand for electronic charge and mobility (cm.Z/volt sec.)
respectively.

Smyth(zz) has recently shown that the oxygen pressure
vs. O/Fe data of Darken énd Gurxy for wustite in the
temperature range 1100-1400°C fit very wéil with the mass
action law (Fig. 2a.), but the results of the electrical
conductivity measufements as a function of oxygen pressﬁre
showed a considerable deviation from the mdss action law (Fig. 2b).
In the centre of the phase field the equation (1.13) is obeyed
vhereas the slopes of the conductivity isotherms deviate from
the predictions of the mass action law both at high and low
temperatures and more so at low temperatures. The slope of
1/7-1/8 and 1/5-1/3.6 have been observed between 1100-1300°C
and 950-650°C respectively. Thus in the case of wustite
the mass action law predicts more accurately the dependence
of composition on oxygen pressure than has generally been

found for the electronic conduction. According to Smyth
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1 .

such a behaviour is to be expected since the composition is
a function of the defect activity whereas the conductivity
is a function of both the defgct activity and the mobility.
The latter is not necessarily independent of concentration.
The solid state chemists are inclined to ascribe such
discrepancies as these more due to the defect interactions
than the changes in the mobility of the current carriers.
When the deviations from stoichiometry become large, a
greater percentage of the defects will become nearest

neighbours and their interactions cannot be ignored and must
(23)

be then taken into account. Anderson has derived the
various relations for the defect concentrations involving the
relevant defect interaction energy terms. In the treatment

of Anderson(zs) (24)

and Libowitz , the attractive defect
interaction energies can be looked upon as the driving force

for the compositional phase transformations. If the attractive
defect interaction energy is high, there is a greater tendency
for the defects to cluster and nucleate a new phase. On the
other hand, if the attractive interaction energy is small, there
’is less tendency for the defects to cluster and hence the
lattice can accomodate a large number of defects before it

(25)

undergoes a transformation. Brebrick has shown that
the stability of the non-stoichiometric compounds does not

only depend upon the defect interaction energy but also on the



12

relative stability of the adjoining phases. Compounds
vhich have wide existence range at high temperatures, might
form a series of ordered phases or contain defect complexes
due to defect clustering at low temperatures. 1In some cases
such clustering may displace some of the ions from the normal
lattice sites. 1In cases like wustite, where the deviation
from stoichiomefry involve the creation of cation vacancies
and concoﬁiﬁant increase in the ferric ion concentration,

the defect clustering leads to association of the point
defects and altervalent ions into complexes. 1In this

(26)

connection the work of Ariya and his associates is worth

mentioning. They found that the enthalpies of formation of

TiO, _, etc., were

non-stoichiometric phases like Fe01+x, 14x

equal, in each case, to the enthalpy of a mixture of the
stoichiometric phases on either side of the non-stoichiometric
compound for a given oxygen to metal ratio. So in the case

of wustite, they found that the Fel % (0.06 <x <0.15) has the

14+

same enthalpy of formation as a mechanical mixture of (1 - 2x)

Fe°1.oo plus XFeZOB'

above, Ariya proposed a theory of sub-microheterogeneity

In the light of what has been said

for non-stoichiometric compounds. According to this
theory, a non-stoichiometric lower valence oxide consists of
micro-domains of higher valence oxide dispersed through the

nmatrix. Hence the defect structure of wustite is based on
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the Fel matrix of WaCl lattice and consists of the micro-

domains of Fe203.

that the non-stoichiometric phases containing micro-domains

From entropy considerations, Ariya regards

thermodynamically as a single phase and their presence
never vitiates the homogeneity of the host lattice.

(27) attempted to fit their

Further Brynestad and Flood
results to the equilibria equations derived on the bases
of several defect complexes in wustite lattice. They
assumed that a vacancy will not have another vacancy as the
nearest neighbour and two ferric ions are situated diametrically
opposite to a vacancy and obtained a good agreement with this
model,

An additional evidence in support of the micro~domain

theory is the work of Roth(za).

In 1960, Roth, from a
neutron-diffraction study,disproved the defect of structure of
wustite, till then described in terms of vacant sites and
corresponding proportion of ferric ions with all iron ions
situated in the octahedral sites (Fig. 3a.). From intensity
measurements he has shown that the wustite lattice contains
iron interstials in the ratio of one interstial to two
octahedral vacancies. He proposed that the defect complexes
consist of two octahedral vacanciesiwith one tetrahedral

ferric iron, a distribution analogous to that in magnetite

(Fig. 3b and 3¢) and the overall defect reaction can be
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written as:

++ g8 _ o ot it
2Fe + 502 0O + Fe +*Ferrery * Voot (1.140)

++ e, . . .
vhere Fe  and Fe without subscripts stand for iron ions

on the normal sites (octahedral) and Fe?:;t)

ions in the tetrahedral sites. By applying the mass action

represents ferric

law to the above reaction and expressing the various defect
concentrations in terms of the octahedral ferric ions, the
relationship between the defect concentration and partial oxygen

pressure can be expressed as,

++ - .
n, H+ o p, (1.15.)
2
Since the ferric ions in the octahedral sties alome contribute
to the conductivity, the oxygen pressure dependence conductivity

follows the root Aaif

& a p1/8 (1.16.)
0
2
assuming the hole mobility is concentration independent.
Since the slope of the high temperature isotherms is nearly

equal to value of 1/8 as predicted by the equation (1.16.),

the structural model proposed for wustite seems to be valid.
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(24)

Libowitz has proposed the following equilibrium in terms of

the defect complexes,

++

g = - +4+
2Fe + %02 (ZVFe++ ¥

b =
e(tet) ) + Fe + 0 (1.17.)

s
where (2V ++ - Fe(tet)) represents the defect complex.
‘Application of the mass action law to the above reaction
yields,

M pé/“ (1.18.)

2
Thus the low temperature conductivity results can be more
readily interpreted in the light of the micro-domain model.
However, none of the above structural models based on the
concept of clustering and association of the defects predict
gixth root dependence of conductivity on oxygen pressure, which
in fact has been experimentally observed by already cited

authors(ls’ 20).

Recently Raccah(zg) and co-workers have reported several
types of ordered wustites and have published a revised phase
diagram indicating the ranges of existence of several wustites.
They have developed a more detailed thermodynamic expression

for the dependence of composition as a function of oxygen

pressure than had previously been available., Their equilibrium
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constant for the defect reaction includes the various activity
coefficient terms which are composition dependent at a given
temperature.

The various.defect equilibria, hitherto proposed to account
for non-stoichiometric behaviour of wustite can be replaced

by a more general defect equilibrium of the type:

iog = 0 + V§e++ + md (1.19.)

where the exponent m denotes the degree of association between
the vacancy and the holes and the equilibrium constant would

become:

v v nvm n, ©
V§e++ ) Fe++ %]
k, = (1.20.)

In the above equilibrium constant, the v's represent the
activity coefficients of various imperfections. The value
of m(0 < m < 2) can be determined from the slope of the
property isotherm and would indicate the type of defects

present under the given conditions.
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l.2.c. Mechanism of Electrical Conduction in Wustite

The term semiconduction connotes a positive temperature
coefficient of electronic conductivity. Semiconduction in
crystal lattices is attributed to the mobile electronic or
valence defects. Excess electrons in the conduction band
and holes in the valence band irrespective qf the source
(Fig. 4a and 4b) are regarded as electronic defects and
contribute to conductivity. These electrons (and holes)
behave as ‘free’ electrons and their mobilities decrease with
increase of temperature due to lattice scattering. Their
electron transport properties are best represented by the
band modei together with its conceptual mathemafical apparatus
of band width, band gap (also known as forbidden gap, Eq),
effective mass (ﬁ*) and carrier mobility (u). The number of
electrons that the band can hold is inversely related to
the band width. The band width and carrier mobility are

independently related to the reciprocal of effective mass,

h < T (1.21)
bandwidth
2 2
bandwidth = 5 ko {1.22)
k. =

nla ' (1.23)
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B = n/on | (1.24)
e

and g =— T (1.25)
o

where T, a and h stand for relaxation time, lattice constant,
and planck constant respectively.
Further, the band gap is related to the carrier concen-

tration (n/cm.s) by the reaction:

..Eﬂ
3 ‘T ———-u a
n \eff exp o (1.26)
3/2
_ 2mm* kT
and Neff = 2( h2 ) (1.27)
where & is Boltzman's coustant. The conductivity (ohm.—lcm._l)
is given by the expression:
-P “Eg
g = AT Neff eXp ——— (1.28)
2kT

The ternm AT“P is to account for the decrease in the carrier
mobility with temperature due to lattice scattering. Since
the exponential term in the above equation varies much more
rapidly with temperature (T°%) than does the first, the

above relation is reduced to the well-known form:
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~AE
o = oy exp —— (1.29)
. RT
where the term o contains all the constants and AE is the
energy of activation and R ié the gas constant. In an idezl
case, the slope of the Arrhenius plot of conductivity with the
reciprocal of tempefatﬁre (OK) gives the depth of the Fermi level.
| Despite the great success of the band theory in predicting
aﬁd ihterpreting the properties of semiconductors it does not
seem appropriate to apply the band theory to account for electron
transport properties of oxides of the 3d transition metals.

Thus the band model predicts an extremely narrow 3d band and
hence a large effective mass and under extremely low carrier
mobility. Under these circumstances it is no longer meaningful
to assign the width to the band and hence the 3d charge
carriers should be considered to occupy energy levels localised
on the cations. Further, Morin(B) has shown that the 3d orbitals
beyond vanadium do not overlap in the 3d oxides to form a 3d
conduction band. Therefore the charge carriers are in isolated
energy states. Icns containing the localise& excess charge
are regarded as valence defects. They are known to occur
only in the .cationic sub-lattice of oxides of the transition
metals. In the lower valence oxide the localized excess charge

MZ+1

. . . b
is a higher valent cation: MZ + 6 = s €.g. Fe , N1

in Fe01+x N101+x etc. In.the case of higher valence oxide
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the localised excess charge is a lower valent cation:

Mz+1 + 0 = MZ, where the symbol 6 refers to electrons,

e.g. IE‘e"'+ in Fe203. Concentration of these valence defects
is a function of stoichiometry (0/Fe ratio in wustite) and
impurity content (Li concentration in nickel oxide).

(1)

According to Verwey' ', the conductivity in these oxides involves
a thermally activated electron (or hole) transfer between

.the transition metal iomgcf the same element occurring in

states of ionization differing by one unit but occupying
crystallographically equivalent positions (Fig. 4c). - This

(&) (5)

was further developed by Heikes and Johnston' °, Zener ,

(6) and others(17-19)

Yamashita and now known by many nanes,

e.g. electron transfer, hopping, localised electron, or shell
model. The Heitler-London approach suggested by these models
(6)

has been developed by Yamashita to ingerpret the electrical
conductivity in 3d oxides.

From measurements of the electrical con&uctivity and
thermal emf . both as a function of stoichiometry and

temperature, Tannhauser(17)

has proposed an electron transfer
model for wustite. The salient features of this model as
applied to wustite is briefly as follows.

1. The thermally activated hole transfer involves_an activation

energy -associated with the self trapping of the carriers.

Such a hole conduction in wustite can be described by a diffusion
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type equatiom.

AH’QMASme
R

a = A ng) exp gy

(1.30)

vhere A is a constant comprising the jump frequency of the
hole, the lattice parameter, clectronic charge, the density
of the ion ﬁairs and the probability of finding an acceptor
site for the holé, n, denotes the hole concentration,

&

AHmQ and Aém@ are the activation enthalpy and the activation
entropy of movement of the holes. The plot of logg~vs. L/TK
at constant hole concentration was found to be linear as
predicted by the above equation. Thé activation enthalpy has
a value of about 1.8 k.cals (0.06 ev.) and the results of
various authors are all in good agreenment.

2. At constant temperature jump rate of the hole is
propqrtional to the product of di- and tri-valent iron ions

situated on the octzhedral sites (normal sites) and such a

hole transfer can be represented as:

v+ - Fe T a0) ¢ pT (3% = (v ) - Fe (308 4 ret (30

(1.31)

4+ . s .
vhere VFe++ - Fe (3d5) refers to a ferric ion situated .near the
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vacancy and the number of electrons in the 3d level is shoun
in the bracket. The energy associated with the above

charge transfer process is calculated* in the manner explained
in the Appendix taking the Madelung energy for wustite as

23.64 ev and dielectric constant(lg)

to be 20. This energy
is found to be as small as 0.35 ev. Based on the reaction
(1.31) Tannhauser has derived the relationship between the
conductivity and product of donors and acceptors as
nFe+++ . nFe++

n2
0

k(T) (1.32:)

=

k(T).F (1.32a.)

where nFe++- and nFe+++ represent the ferrous and ferric
ions in the octahedral sites and n,= is the number of oxygen

ions which equal the number of octahedral sites. He

evaluated the F factors from stoichiometry using Roth(zg)
model for wustite,
t
o 4
e A 51331_, (1.33.)
n0= . ‘ nO=

* A detailed calculation is given in the Appendix.
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; t
wvhere +++ = ++4 ++4
Pre Tre " nFe(tet)

The isothermal plots of conductivity as a function of F

2. .
factors (nFe+++. nFe++/n0—) were found to be linear and
conductivity vs. nFe+++/nO= parabolic (Fig. 5a and 5b) showing
that the hopping model is valid for wustite,

(19),have

It is interesting to note that Mikhailov et al.
recently propcsed the conduction model for wustite involving the

- formation of holes in the 2p band of oxygen lattice,
ret*(32%) + 07 (2% = rett 3% + 0T(2pY) (1.34)

They have proposed the energy level diagram for wustite®

similar to that proposed NiO by Morin and calculated the energy
for the above transition to be 0.375 ev. From these energy
calculations it seems that the charge transfer can take place

in wustite by one of the two mechanisms (1.31 and 1.34)

and have approximately the same energy requirements.

3. The carrier mobility is small and shows a positive temperature

(6)

coefficient, According to Yamashita' ~, the carrier mobility
can be used to guide and determine the applicability of the

band and electron transfer models. If the carrier mobility

* See Appendix.
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34
is larger than 1 cm.2/volt sec. the usual Bloch theory is

applicable, while the Heitler-London approach is good when
the mobility is smaller than 1l cm.zlﬁolt sec. Hauffe(21)
calculated the mobility of the electron holes in wustite
at 1000°C to be about 0.11 cm.zlvolt sec., thus providing
another experimental support in favour of the electron transfer
model,
4. Heikes and Johnston have observed the decrease in the
 activation enthalpy for conduction with increasing lithium
content in Li doped WiO and they attribute this

to changes in the elastic properties of crystal.
However, in the case of wustite the data on the variation
of activation enthalpy with stoichiometry are very meagre
to be used for any supporting calculations. It is interesting
to note that J. B. Wagner et al. have reported the appearance
of_changés in the slope of Arrhenius plot of conductivity vs.
1/T°K at constant 0/Fe ratio (Fig. 5d). The difference between
the high and the low temperature slopes might be attributed
to the activation enthalpy of disordering process. This needs
further classification.
5. Accordiﬁg to Heikes and Johnston the thermal emf is
related to the defect concentration (c),

dv k 1-c Sd

I7 = -éln—-é—-—e—- (1.35)
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where ASd 18 the change in the entropy caused by the distortion
of the lattice when the carrier is introduced. At low oxygen
pressure the thermal emf in wustite is p~type as expected,
but changes to n—-type at high oxygen pressure before the
defect concentration ¢ exceeds the value i. The p-n
transition within the wustite phase has been observed by
Tannhauser and J. B. Wagner et al. and such behaviour is
not in accord with the theory. Both the authors have neglected
the contribution arising from AS. Tannhauser has attempted
to interpret the p~n transition in thermal enf of wustite
using the band model with certain assumptions. According
to the band model in wustite of low oxygen content the band is
full, hence the thermal emf gstarts out as p-type but
changes to electron type with increasing excess oxygen because
the band begins to empty the carriers.

Thus the electrical conduction in wustite is more satis-
factorily interpreted in terms of the electron transfer model.
However the band model with certain assumptions can be used

to account for p-n transition in the thermal emf of wustite.
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1.2.d. Transport Properties of Magnesium Oxide

Magnesium oxide is the most refractory and ionic oxide
of all the alkaline earth oxides. It possess a remarkable
lattice stability with no evidence of significant non-
stoichiometry until very high temperatures are reached. For
practical purposes MgO is classed as an insulator.

Howeﬁer, its electrical properties have been the subject
of investigation inh recent years due iargély to the availability
of single crystals. It has not been unambiguously established
whether the magnesium oxide is an electronic or ionic conductor.

Evidence for electronic and ionic conduction have come from the
(30) (31)
1 4

various sources. Lempicki

(32) (33)

, Yamaka and Sawamato

Mansfield and Mitoff have obtained evidence for electronic

conduction. Although there is a general good agreement in the
value of conduction activation energy of about 2.4 ev (57 k.cals),
the absolute values of conductivity differ from author to author by
as much as an order of magnitude and even more so about the. nature

of the current carriers. The electronic conduction in MgD is
(30)

attributed to intrinsic electrons and holes , electrons due

(31)

to excess magnesium , to positive holes due to excess

oxygen(32) and to the presence of impurities particularly of

(33). Mitoff's results show that electronic

variable valence
conductivity in magnesium oxide is very much influenced by the

presence of impurities and more so by their valence states.
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He has showm that a different conduction mechanism occurs in
g0 of higher purity than those commercially avaiiable, con~
taining impurities like iron. Higher the purity of the
crystal, lower is the conductivity, higher the conduction
activation energy and smaller the dependence of conductivity
with the oxygen pressure. In impure crystals, the dependence
of conductivity on oxygen partial pressure is attributed to the
changes in stoichiometry and the concentration of the lattice
defects and such effects were found to be greater in impure
crystals coﬂtaining particulariy iron, The effect of

oxygen pressure on the conductivity in iron containing crystals
has been ascribéd to the change in the valence states of irom
and concomitant changes in the vacancy and carrier concen-~
trations. Cation vacancies are created at high oxygen pressures
and anion vacancies at low oxygen pressures and all the defgcts
are assumed to be associated with impurity centres. By
applying the usual mass action law, he has derived the

various power laws for oxygen pressure dependence conductivity

and his results can be best expressed in the form:

_ 1/n . ~1/n
o = clpo2 + czp02 + o7, (1.36)

Where c, and c, are constants comprising electronic charge, iron

content, the carrier mobility and the relevant equilibrium
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constants. 'o'x is the conductivity‘arising due to electron
and holes from gources other than impurity centreé, The
value of n iﬁ the above equation lies somewhere between 4 and
6.

Doubts began to haunt on the above conclusions of Mitoff
when Schmalzried(34) evidenced an ionic conduction in g0 by
solid state electrochemical cell techmique. He used a cell

of the following type (at 1100°C)

Pt Fe/Fe0 | Mg0O | WiO/Wi Pt

and obtained an e.m.f. which was close to the value predicted
by the Nernst equation,
_RT

E = 75 m p,/p (1.37)
for an ionic conductor. In the equation E stands for emf,
Py and p; are two different oxygen pressures maintained on
either side of the electrolyte and F is the Faraday (23063 cals)
and other symbols have usual significance. TLater Mitoff(Ss)
extended the cell measurements on single crystals of MgO in
the temperature range 1000-1500°¢ using gaseous electrodes.

He calculated the relative amounts of electroniec and ionic

conduction using the well known relations:
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o, = o7, ti (1.38a)
1
and ti = E7/E (1.38b)

where al'and ti represent the total and ionic conductivity
respectively and ti is the ionic transport number. El and

E are the measured and theoretical emf's(predicted by Wernst
equation)respectively. The emf measurements disclosed on
amphoteric éonduction.in MgO and ionic transport number is found
to be dependent on the temperature and impurity content.

The conditions which favour fhe electronic conductivity are:
1. High temperatures (>1300°C),

2. High (1 atm,) and low oxygen partial pressures (<10-6 atm)
3. The presence of impurities.

Conversely low temperatures (<1300°C), intermediate oxygen
partial pressures, and high purity favour the iomic transport.

(36) have shown that in

Incidentally Pal'guev and Meuimin
polycrystalline MgO ionic transport from emf measurements is
nearly temperature independent its value lies very close to
unity. According to Mitoff the ionic conductivity

in Mg0 results from the magnesium ion transport, although
activation energy for Mg++ diffusion (79 kcals = 3.3 ev)

is higher than for 0 ion diffusion (62.5 kecals = 2.7 .c¥).

This is because the experimentally measured conductivity of
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the single crystals is much closer to the value calculated from

Nernst-Einstein equation,

22
_ DnZ%e
oL (1.39)

G7 data for Mg++ ion diffusion than Kingery's

Using Lindner’'s
(38) &ata for 0 ion diffusion. In the above equation D

is the diffusion coefficient, Z is the valence, e is the electromic
charge and n is the number of ion pairs/cm.3. Finally Davies(Bg)
has shown that the mechanism of conductidn in pélycrystals of

Mg0 is similar to that observed in single crystals. But

the conductivity of polycrystalline MgO is an order of

magnitude higher than that of single cryétals and this is

attributed to the presence of grain boundaries in polycrystals.
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1.3. The Relevant Previous Work on the System FeO—MgO-O2

1.3.2. General

The technological importance of the system FeO-MgO~02
has been realised both by the ceramists and metallurgists
for mahy decades. One such example is the oxidation of
magnesio-wustites théh piays an important role in the
behaviour of the basic refractories in the steel making processes,
where iron or FeO diffusing into magnesia bricks produce
magnesio-wustite and the latter undergoes a variety of
oxidation-reduction cycles. Such reactions involve either
intake or expulsion of oxygen resulting in dimensional changes
and weakening the structure of the bricks. From this view
point the phase relations and thermodynamic properties of the
systém have received a considerable attention but not all
features of the system have been fully investigated. As
the present knowledge of the electrical properties of the system
remains obscure, the potential use of the system as thermistors
is yet to be realised. Those aspects of the previous work op
tye systen FeO—MgO-O2 which are relevant to thevpresént_study are

noy briefly summarised.
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1.3.b. The Phase Relations in the System FeO—MgO—O2

The temperature-composition diagram of the system FeQ-}g0
due to Bowen et al. is shown in the Fig. 1b. It indicates a
mutual solid solubility between FeD and MgO in all proportions.
Such a behaviour is not unexpected because the end members are
iso-structural monoxides with NaCl lattices and the ionic radii

(40)

of the cations are nearly equal. Muan et al. have shown that

the magnesio—wustite is stable in air only above 1000°¢C.
(41)

Further White and co-workers have shown that the magnesio-

wustite in the ternary systém, FeO-MgO~Fe203 has an extensive
range of existence. They also showed that the additions of
magnesium oxide decreased the concentration of ferric ions

in the entire phase field of the magnesio-wustite and

relative amounts of ferrous and ferric ions in the solid solution

is dependent on temperature and Fe/Mg ratio.

1.3.c. Thermodynamics of the System FeO~MgO

The activity of Fe0 in magnesio-wustite as a function of

composition in equilibrium with metallic iron has been

(9 (42) (43)

, Berthet , Schmabl et al.

investigated by Hahn and Muan
Shaskina and Gerasimov by equilibrating the oxide solid

solutions with pure metallic iron in an atmosphere of known oxygen
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pressures. The results of the various authors are all in good
agreement showing that activity coefficient of FeO is

greater than unity taking wustite of minimﬁm oxygen content

in equilibrium with metallic iron at known temperature as the
standard state. There alsc appears to be no measurable
temperature coefficients of tﬁe actiﬁities within the experi-
mental error (Fig. 6). It is interesting to note that the
results of the various authors are in good accord with one
‘another despite the different gas mixtures like H2/C02,

CO/CO2 and H2/H20, were employed for equilibrium studies.

1.3.d. Redox Equilibria in Magnesio~Wustite

Another aspect of the studies concern the behaviour of
magnesio-wustite at higher oxygen partial pressures than those
in equilibrium with iron showing the conditions for the

separation of the magnesio-magnetite phase. Studies in this

region have been carried out by Berthet(42), Schmahl et al.(43),

(43)

Morozova at temperatures between 800-1000°C and

an important contribution to this group of studies is the work

(27 which was carried out at 1400°C.

of Brynestad and Flood
Where as the low temperature results were mainly concerned with
magnesio-wustites containing more than 20 MolZ Fed,

Brynestad and\Flood's work included some measurements on dilute

S

)
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magnesio-wustites. The summary of thé rgsults on study of

the redox equilibria are shown in Figs. 7, § and 9.

The results of all the authors possess a consistent picture,
showing that, at constant temperatures, the ferric ion concen-
tration within the phase field is a function of both the total
iron content and the oxygen pressure. Of all the authors, only
Brynestand and Flood have interpreted their results in terms

of the association of the defects and their related equilibria.
They conclude that their results can be best represented by

an equilibrium constant of the type,

nFe+++ n+
T

2 2
n gt p02

(1.40)

where n's are the ionic concentrations and nFe+++/Zn+ is the
ionic fraction of the ferric ions. This result should be
contracted with conclusions of Hauffe and Pfeiffer and Smyth
wvhere the defect equilibrium constant is represented by the
equation (1.9) for wustite. These different conclusions
are reconciled by the postulate that the ferrous vacant sites
are associated with ferric ions in magnesio-wustites but not
in Fe«O2 system at the temperatures around 1400°c.

Finally the work of Schmah1(43) showed that the tie lines

between the magnesio-wustites and magnesio-magnetites run



42

between constant FeO of both the phases and it was_calculated

that the Fe,0, activity remains constant in magnesio~

magnetite solid solutions in equilibrium with magnesio-wustites

from pure Fe,0, to MgFe

. -0
10, O4 at the wvalue of 0.012 at 900 C.

2

1.3.e. The Information Available on the Transport Properties

of the System

(46, 47) (48)

Except for the works of Cutler et al. , Brindley

and Fine. et al.(49)

on the transport properties, the kinetics
of oxidationnénd the precipitation hardening respectively, no
other information concerning the transport properties of

the system FeO-MgO—O2 is available td date. To summarise

the contributions of the above authors we shall begin from the
work of Hansen and Cutler. They have measured the electrical
conductivity of the oxide solid solutions containing

various amounts of FeO (from very few P/c to 100 P/e¢) in the
temperature range 300-700°C.  Their main conclusions are
briefly as follows.

1. The electrical conductivity in magnesio-wustites involve

a thermally activated hole transfer similar to that observed

in wustite, doped NiO as long ironm-iron pairs are present as

next nearest neighbours.
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2. When all the 12 iron ions of the next nearest position are
replaced by Hg++ ioms, the charge transfer may take place by
electron transfer mechanism or involve a completely different
process.

- 3. The magnitude of the conductivity is dependent on the
degree of dilution and at constant Fe/Mg ratio the conductivity
shows a non-linear dependence on the ferric ion concentration.
4. Finelly the activation energy for conduction varies from
0.1 to 0.5 ev (2.3 kcals, 11.5 kcals) for dilute solutions
containing less than 15 P/c iron cations.

(47) have shown that the solid

Further Cutler et al.
state reaction betﬁeen FeO1+x and Mg0 involves a counter
diffusion of magnesium and iron ions thfough a relatively
rigid oxide ion lattice. The mutual diffusion coefficient
increases with the cation vacancy concentration. The activation
enthalpy for the diffusion process was found to be 2.05 ev
(47.5 keals) and independeﬁt of the vacancy concentration.

A study of the kinetics of oxidation of magnesio-wustite
single crystals in air in the temperature range 800~1100°¢
has been made by Brindley et al. The rate of oxidation of
magnesio-wustites containing 20-40 P/c iron cations were found
to be linear with time with an activation energy of 1.4 ev

(30 keals). Whereas the magnesio-wustites of high iron content

(66 T/c iron cations) were found to exhibit a parabolic oxidation
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behaviour with an activation energy of 0.8 ev (18 kecals).
Based on these observations these authors have proposed a
variety of mechanisms for the oxidation of magnesio-wustites.
Recent1y~Fine and Groves have demonstrated the possibility
of strengthening the magnesium oxide lattice by alloying with
iron. They have shown that when all the iron is in Fe++ state
the lattice is not apprgciably strengthened, but when a sﬁall
amount of thesé ferrous ionms are oxidized to ferric retaining
the homogeneity of the phase the lattice is remarkably strengthened
and the strengthening rate is proportional to the fer;ic ion
concentration. They have also shown that the strengthening
due to Fe+++ can be erhanced by ageing of the crystal in air
700-1100°C.  This causes a precipitation of magnesio-ferrite

which possesses the crystallographic coherency with the matrix.

1.4. Research Programme

A large number of investigations have been made in recent
years on the phase relations and the thermodynamic properties
of the Fe0-1{g0-0, system, and as a result this technologically
important system can be described fairly completeiy.
However, there remain a few gaps in our knowledge and one of
the objectives of the present study has been to provide sonme

information so far not available, concerning the redox
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equilibria in dilute magnesio-wustites. The other objective
has been to study the mechanism of the electron transfer between
multivalent iron cations in a host lattice such as magnesia.
Measurements of the electrical conductivity and determination

Fad bk . : . . ‘
of Fe  /Fe ratio by chemical analysis were the methods selected

to obtain the relevant data for the dilute magnesio-wustites.
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CHAPTER TWO

2., EXPERIMENTAL DETAILS

2.1. General

In such ternary ionic crystals as magnesio«wustitgs,
spinels, etc. we have to fix two independent variables in
addition to the temperature to define the composition of the
crystal in equilibrium with its vapour unambiguously. In the
present study of the redox equilibria im magnesio-wustites,‘
the thermodynamic state of the system has been unambiguously
defined by fixing the oxygen activity in the gas phase and the
Fe/Mg ratio in the solid solutions. Two experimental methods
were used throughout this investigation:

1. Equilibrium studies on the solid solutions to determine
the compositional changes;

2. Measurements of electrical conductivity to ascertain the
nature of the current carriers.

Both sets of experiments were conducted under well defined

thermodynamic conditions as previously mentioned.

This chapter describes the apparatus and experimental

procedure adopted for the present work.
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2.2. Gas Train

2.2.a. Flow Meters

The oxygen activity in the gas pﬁése was acéurately fixed
by metering out a known volume of hydrdgen and carbon dioxide
or carbon monoxide and carbon dioxide into the reaction chamber
and the gas train used for this purpose incorporated a capillary
flow meter of the conventional pattern (Fig. 10). The
monometers (F) and the blow off's contained n-dibutyl phthate.
The gases were dried in the drying towers (D) packed with silica
gell and unhydrous magnesium perchlorate. The flow rate of
the combined gases was within the range of 120-200 ml per
ninute. The number of joints were §gpt to a minimum and
connections to the furnace were made with poly~viny1~chioride
(P.V.C.) tubing. The two gases, either H, and CO2 or CO and
CO2 were combined in the mixing chamber (M) and further dried

over magnesium perchloride (D') and finally admitted to the

reaction chamber.

2.2.b. fases Used*

Hydrogen, carbon dioxide and carbon monoxide gases
y gen,

* Specifications of the gases used are given in the Appendix.
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were used to control the oxygen pressures and oxygen free
_ nitrogen for.flushing and quenching. ligh purity hydrogen
(99.95% pure) contained 10 volumes per million of oxygen and the
carbon dioxide contained 0.27 of air as the major impufity.
Since the flow rate of the individual gases were such that the
errors introduced due to initial oxygen content was minimum.

In most of the work H2-C02 gas mixtures were used. In
conductivity measurements CO-CO2 gas mixtures were also used

to check any adsorption effects due to water vapour, formed

in the water—gas reaction and its influence on the conductivity.

2.2.c. The Calibration of the Flow Meters

The flow meters were calibrated for different capillaries
by means of a conventional soap bubble flow meter. The total
deflection in the monometer was measured to an accuracy of
Z 2 om. and the reproducibility of the calibration was better
than z 17. The calibrations were repeéted at regular intervals

to check the variations.in the flow rates if any.
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2.2.d. Measurement of Oxygen Partial Pressures. by EMF Technique

The partial oxygen pressure in the gas phase at equilibrium
can be calculated from the composition of the ingoing gas and
the standard free energy of formation of thevvarious gaseous
species¥*, The Table 2.1. summarizes the range of the oxygen
partial pressures used in the present work together with 002/H2

ratios of the ingoing gas and the temperature of the measurement.

Table 2.1.
Range of oxygen partial pressures and corresponding COZ/H ratios.
2
Temperature % Oxygen partial pressure COZ/H2 Ratio
p, atm
9
1573 10713 10”12 0.10 1.0
1473 10714 1077 0.07 40
1323 10716 107! 0.07 30
1273 10716 107! 0.10 40
1173 10718 10713 0.10 40
1073 10720 10717 0.10 45

* A detailed calculation of the oxygen partial pressures using
H,-C0,, and CO--CO2 gas mixtures is given in the Appendix.
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Further a check on the expected oxygen partial pressures
for a number of typical H2—002 gas mixtures in the temperature
range 900-1200°C was made using a solid state oxygen concen-
tration cell developed by Weissbart and Ruka(so). For this
purpose a solid oxide electrolyte (solid solution of ZrOZ_CaO)

fabricated as an impermeable tube closed at one end was inserted

into the equilibrium furnace. The emf of the cell,

n
' '7 - it
0,(p 02) pt l.,»:o2 cad | pt 0, (pOZ)

wvas measured using a vibrating condenser electrometer having

an input impedance of 1013 ohms, The emf (E) of this cell

is given by the expression,

pR
0
RT
E = iF &n -I;g— (2.1.)

N

wvhere pg and pé are the partial oxygen pressures at the two
2 2
electrodes and other symbols have their usual meaning. Dry

air was used as the reference electrode (pg = 2,1 x 10_1 atm)
2
and thus it was possible to determine p6 , the oxygen partial

pressure resulting from HZ—CO2 gas equilibria. The results
showed good agreement with those calculated from the known

thermodﬁnamic data as explained in the Appendix (Fig. 11).
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2.3. Preparation of the Solid Solutions

2.3.a. Materials Used

Composition of the solid solutions was controlled by fixing
the Fe/Mg ratio in the oxide mixtures. This was done by careful
mixing of an accurately weighed oxide powder taking precautions to
avoid any compositional changes dﬁring fabrication operations.

The starting materials were 'Analar’ grade magnesium oxide powder#®
and high purity ferric oxide**. 1In the initial stages of the
investigation the ferric oxide was reduced to magnetite at 1200°C
on an appropriate COZ-}E2 atmosphere and was subsequentiy used to
prepare the solid solutions. By experience it was found this

initial reduction stage could be eliminated and ferric oxide

was directly used in later experiments.

2.3.b., Preparation of the Oxide Powder Compacts

Appropriate amounts of the oxide powders were accurately
weighed, mixed and well ground in an agate mortar. The pellets
' . R . . 1 .
were then made by an isostatic pressing techn1que(5 ). In this

method the ceramic powder is contained in a reversible pdlyvinyl

* 'Analar grade MgO supplied from Hopkins and Williams contained
0.1%Z (by wt.) of iron and minor amounts of volatile impurities
like arsenic, lead, etc.

**% Ferric oxide supplied from L. Light and Co. Ltd. (London) and
was 99.9957 pure.



54

chloride gell which behaves as a liquid at high pressures. For
this purpose a propriotary reversible gell designated vinamold
1028 was employed for the present investigation. The ancillary
equipment consisted of a suitable die and punches made of EN 24
steel suitably heat-treated to withstand pressures up to 50 tons/
sq. inch. The preparation of the mould from vinamold and the
pressing techniques employed for the present work were similar

to those used for the fabrication of pellets of solid oxide

(52). The pellets of dimensions 10 x 10 x 3 mm.

electrolytes
and 4-5 diameter by 2-3 mm. thick were fabricated for the con~
“ductivity and equilibration studies, respectively. The
corresponding mould dimensions were 16 x 16 x 5 mm. and 6 mm.
diameter by 3-4 mm. depth, respectively, after making due
allowances for the shrinkage resulting during pressing and
sintering operations. The pellets fabricated by this method
were free from extraneous impuritiés and possessed the desired
geometry and endugh strength. Since the mixture possessed
remarkable binding properties no binder was used for the pre-
paration of the pellets. The pellets were presse& using the

pressures of the order of 15-20 toms/sq. inch and 3000-4000 1lbs/inch

depending upon the size of the pellets desired.
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2.3.c. Sintering Procedure

The pellets were sintered at 1300°C in horizontal platinum
wound furnace. The sintering furnace with all its accessaries
is shovm in Fig., 12, Platinum wire (18 B.S.G.) as the heating
element (B) was wound round on the recrystallised alumina tube
(A) of dimensions 45 cm. long, 6.7 cm. diameter and 0.3 cm.
thick, at approximately 6 turns per noch at the ends and 5
turns at the centre. At the ends the Pt-13% Rh wire of the same
gauge was used as the lead wires. The windings were insulated
with an alumina paste. The winding tub e after drying off the
water in the past was housed in a refractory tube of the same
length but of 10 em. diameter (C). The refractory tube was
contained in a syndanyo box (D) packed with alumina powder.

The gap between the refractory and the winding tube was also
packed with alumina, The électrical leads (E) taken from the
either side were properly insulated by porcelain beads and an
additiénal pair of end plates were used to secure fhe leads in a
proper position. The reaction tube (F) (recrystallised aluminha,
75 X 4.6 x 3.9 cn.) both end open, was held in position by
asbestos wool packed between the tubes at the either end. One
end of the reaction tube carried a B.50 cone (G) cemented by
araldite and the .other end a syndahyo hung (H). The ends of

the reaction tube were water cooled lead coils (I) to protect
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the araldite joint and the sealing compound.®* The pellets

were placed on chips of thoria* contained in the platinum

boat. The platinum boat was then placed in an alumina boat

which carried a platinum wire {(J) passing through the bung.

The sample assembly was kept in a2 predetermined even tempera-

ture zone and this temperature was measured by means of a

thermocouple (K) placed very near the boat. The furnace

temperature was controlled (t 1%) by a Mark IV Kelvin and

Hughes proportional instrument using a Pt-Pt-137 Rh thermo-

couple (K') adjacent to the windings. The HZ--CO2 gas mixture

cf known composition was. passed through the gas inlet (L) at a

total flow rate of 150~200 ml/min. and the outgoing gas was

lead to exhaust through the bubbler fitted to a B.50 socket

with a trap (M) to condense the water formed during the reaction.
The samples were then sintered for 48-72 hours in an

atmosphere, the oxygen activity of which was just enough to

preserve the magnesio-wustite from reduction to metallic irom.

The oxygen partial pressure in equilibrium with magnesio-wustite

and iron was calculated using the following solid-gas equilibrium:

2Fe0 g . (2.2.)

(solid solution) 2Fe(metal) * 02

§

*% Thoria prevented the reaction between the Pt and the samples.

* Séaling coﬁpound uséd was stipplied from Midland Silicones
Ltd., Glamorgan.,
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Thus the activity of 'Fe0' in the solution (a, ) relative
to 'pure' Fe0 in equilibrium with metallic iron can be

expressed as:

fﬂpO \d

%pe0 ; _Ez )- (2.3.)
S po? ' ‘

pEr—

where Pg and pg are the oxygen partial pressures in the gas

2 2
phase in equilibrium with Fe/Fe0.Mg0 solid solution and
Fe/Fe0 (pure) respectively. Using the following thermo-

dynamie data, from Kubaschewski and Evans(53) for the standard

free energy of formation for wustite (FeO1 06):

86° = 124,100 + 29.9 T (2.4.)

FeO

i .

(%)

and Hahn and Muan results for the activity of FeO in the
solid solutions, the oxygen partial pressure in equilibrium
with Fe/Fe0.MgO solid solution at 1300°C were calculated.

The corresponding or slightly higher COsz2 ratio in the ingoing
gas was maintained during sintering. At the end of the
sintering schedule, the sample assembly was slowly drawn to

the cold end of the furnace by means of the platinuﬁ wire along
the gutter (¥). The furnace was flushed with nitrogen

fore 10-15 minutes before the samples were taken out. These

samples were subsequently used for equilibration and conductivity
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measurements. It was found that the hipghét sintering tempera-
tures (>1300°C) and longer sintéring scéhedule (beyond 48 hours)
did not appreciably improve the characteristics of the
material. The samples as drawn from the furnace were pre-

‘served in the desiccator.

2.4, Equilibration and the Analysis of the Solid Solutions

2.4.,a. Furnace Assembly

The apparatus used for equilibrating the samples is
shown in Fig. 13. Equilibration was carried out -in a vertical
kanthal wound furnace (A) with Ranthal A as the heating element.
The ends of the reaction tube (B) were water cooled (C) to
protect the araldite joints. The samples were placed in a
gold or platinum container (D), welded to the Pt-13% Rh wire,
wﬁich vas ﬁhreaded through the gas-tight rubber teat (E) and
fitted to ghe socket (G). The temperature of the samples was
measured by means of the reference thermocouple (F). Hz--CO2
gas mixture of kndwn cpmposition'was admitted to the reaction
chamber £rom the top and theé furnace gases left the furnace

from the bottom (G). At the end of the run the samples were

rapidly quenched in oxygen-free nitrogen.
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2.4.b., Heat-treatment of the Samples

The samples as sintered, were found to contain the
precipitated spinel phase. Since the sintering apparatus
was not designed to control the cooling rate, amount of the
spinel precipitated could not be controlled. Hence the
samples were heat-treated at 1000°C in a just~oxidising
atmosphere for 48-60 hours to complete the dissolution of
the spinel and then rapidly quenched in NZ’ These samples were

subsequently used for equilibration experiments.

2.4.c. Approach to Equilibrium

The solid solutions containing 3.2, 5, 7.5, 10 and 20
mole per cent of Fel were equilibrated with a number of known
oxygen partial'pressures at temperatures 9000, 1050°;and 1200°¢.
Periods of équilibration up to 72 hours were studied in order
to establish the time to reach equilibrium and 48 hours was
found to be sufficient. The equilibrated samplés were quenched
in nitrogen and immediately analysed for ferrous and ferrié.iron

content.
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2.4.d. Chemical Analysis

The quenéhed samples werelpowdered and then dissolved in
hot eoncentrated hydrochioric acid (Analér) under an atmosphere
of nitrogen. The cooled solutién was analysed for ferrous
and ferric irén‘either by a celorimetric method* using O-
phenanthroline as a complexing agent for ferrous irom or a
velumetric method®* using potassium dichromatce solution of
suitable strength as the titrant. In both methods, the
ferrous iron and the total irom as ferrous was determined and
the concentration of ferric iron was obtained by difference.
Although no direct aeslysis for magnesium oxide content was made,
we had an indirect check on the compositi§nvof the sample. by~
knowing the weight of the sample and the total irom contenit..

The analysis of the sampleé equilibrated at 900°C were made by
both methods and the results obtained from the two methods agree
- Very well to within iSZ total iron conteunt.

Since the calorimetric method was much more involved com~

~ pared with the volumetric mcthod, the analysis of the samples
equilibrated at higher temperatures was carried out mostly by
the volumetric method. Further, a series of checks was made on
the reliability of the methods, by analysing magnetic and

metallic iron under similar conditioms. it was found that the

% Analytical details are given in the Appendix.
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. SR T . .. C iy
ratio of Fe  /Fe ' obtained for magnetite was within the

. + ..
range 1.99~2.01 {i.c. =~ 0.5]1 error) and the ferric iron content
in the solution prepared by dissolving puré?iron_was found
to be less than 0.52. The observations él’éai-ly indicate that

o

. . . bk b .
the analytical procedure did not affect the Fe /Fe  ratio in

the samples.-{

2.5, Conductivity Measurements

2.5.a. SuffacevPrepéfétion

The sintered samples were polished with appropriate grades
of SiC p;per followed by a polishing with different grades of
diamond paste. Adequate contact was ensured by giving them
a final polish with 4 micron grade diamond paste. The tractes
of the polishing material were removed by washing the péllets
in acetone. These clean and dry pellets were subsequently used

for the conductivity measurements.

2.5.b. Electrode }aterials

The selection of the electrode material’ for the measurement .
of the electrical conductivity was based on thermodynamic considera=-

tion, Obviously platinum could not be used because the system
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(53,54) from Raoult's

Fe-Pt exhibits a marked negative deviation
lawv. The partial heat of solution of iron in platinum rich

iron alloys is negative (about ~17 Kcals)(54). Further
preliminary measurements of conductivit& using platinum

electrodes clearly revealed the interaction between Pt and the
sample. This was disclosed by irreproducible and often erratic
conductivity results. The problem of electrode material was
satisfactorily overcome using gold electrodes. Advantage was
taken of the positive deviation of the system Fe-Au from

Raoult’s law and the partial heat of solution of iron in gold rich
iz~ alloys being positive (+5 Kcals)(ss). It was found by
experience that the use of gold foils as an intermediate barrier

between the solid solution and the platinum electrode enmabled

good results to be obtained.

2.5.c. Conductivity Apparatus

Two terminal A.C. conductivity measurements were made in a
horizontal platinum wound furnace* fitted with the conductivity
sample holder illustrated in Fig. l4. The design of the

(52) for the

sémple holder was similar to that employed by Steele
conductivity measurements of solid oxide electrolytes but with

cont. on page 67

* Used for sintering the solid solutions (Section 2.3.c.)
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Reference Fig. 10

A ~ Platinum wound furnace.

B -~ Hesction tube.

(¢}
'

“ater cooling.

]
'

Bample holder.

=t

-~ Sandwich assembly.

b

~ Supporting rod (AlEOB).
G G - Guide rods.
H - Llectrode leads.
I - Spring loading.
J - Adjustable screvs.
K ~ vater cooling chamber.
L, - Platinum leads,

M ~ B-50 cone-socket fitted with a water trap and gas out-
let.

N ~ Gas in-let.
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the following modifications.

1. The tension of the spring loading was varied by means of
the adjustable screws.

2. The sample holder was able to accommodate 3-4 samples in
the form of a sandwich assembly. Thus the conductivities of
a number of samples (up to 4) of different compositions were

recorded simultaneously in each rum.

2.5.d. Approach to Equilibrium

The solid solutions were treated in a just-oxidising
atmosphere at 1000°C for 60-72 hours to compicte the dissolution
_of the spinel and to establish a good electrical contact between
sample and electrode. Then conductivity data were recorded
at temperatures 1000, 900 and 800°C and the range of the oxygen
- partial pressures employed covered the homogeniety range, from
equilibrium of the solid solutions with solid iron to that in
equilibrium with the spinel phase. At each temperature, the
samples were subjécted to a number of oxidation reduction cjcles
till consistent and reproducible results were obtained. The
reproducibility was within Z 101. Equilibrium was attained
within 12-14 hours during the oxidation cycle and 16-18
hours in the reduction cycle. ~ On many occasions the samples

were equilibrated overnight or 24-36 hours to confirm the
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attainment of the equilibrium.

The A.C. conductivities were measured using a YRank Cintel
capacitance-resistance” bridge at a constant frequency of
1592 C.P.S. However, a series of measurements with a variable
frequency A.C. bridge* established that within the frequency
range 500~33200 C.P.S. the conductivity was relatively inde-
pendent of frequency. Conductivity measurcments were made
on solid solutions containing 1#*%, 1.75%%, 2.5, 3.2, 4, 5, 7.5,

10 and 20 mole percent FeO.

* This instrument was assembled in the laboratory and incorporated
variable resistors which could be adjusted till the bridge is
balanced using a cathode ray oscilloscope.

%% Prepared using spectroscopic pure magnesium oxide.



69

CHAPTER THREE

RESULTS AWD DISCUSSION  (PART ONE)

3.1. General

The present results of the equilibration studies on the MgO-
FeO—O2 system have been analysed in the light of the various

Structural modes proposed for non-stoichiometry of oxides and
)

oxide solid solutions. Results of Brynest@d and Flood, Berthet,
Schmahl et al. and Morozova have also been included to understand
the redox properties of the system across a wide composition

range. The behaviour of the system Fe0O-Mg0-0, has been compared
y gu=0, mp

(56) (57, 58)%

to that exhibited by MgO—Mn01+x

and Th02~U02+x

3.2. Presentation of the Results

Tables 3.1, 3.2 and 3.3 contain the results of the equili-
bration studies, together with the errors involﬁed and the
analytical method adopted for the determination of ferrous and
ferric irom content in the solutions. Though the functiop

i+ ++ 4 . .
/nFe + nFe was operational, this seems to possess

nFe
a very little significance from the defect chemistry point of
view. Therefore these resuits have been plotted in terms of

ot , 2 4+ 44 ++ . .
e /n"Fe ' or nFe /nFe ratios as a function of oxygen

nF
pressures. The tabulated results are the average value of minimum

two measurements.
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“Table 3.1l.

Results of Chemical Analysis at 1173%K.

Compo-~ (nFe*HInFa++ + nFe+f+)-x 100 at specified oxygen Analytical - Errors s
.« e s 1 ey
sition 18 17 Eiztla E;gssureil4 13 Method nFe++:4nFe+++ Total Iron
Mole 7Fe0 10 10 10 10 10 10 +. nFe
3.2 2.7 2.72 2.9 7.5 21.75 Colorimetric 10' 7
2.8 2.77 2.7 7.7 22.00 =23 Volumetric 10 8
5 4.1 4.0 4.2 22 22.75 Colorimetric 10 «7
4.2 3.9 4.0 23 24.00 ~27 Volumetric 10 -7
7.5 1.71 2.19 3.0 13.75 17 Colorimetric .10 -7
2.0 2.2 3.0 14 16.1 21.5 Volumetric 10 -7
10 2.42 3.5 4,5 42 44 _ Colorimetric 5 to 10
2,5 3.8 5 41 46 48.00 Volymetric 5 to 10 5
20 ' 2.41 3.5 4.5 50.4 49.7 Colorimetric 5 to 10~ -5
2.5 3.7 4.6 48.0 50 50.5 Volumtric 5 to 10 '3

Note: period of equilibration up to 72 hours. ; For detailed results

see Tables VI,1l-12 ”
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Table 3.2.

Results of Chemical Analysis at 1323°K.

Compo- (nFe+++/nFe++ + nFe+++) x 100 at specified oxygen Method of Errors - %
sition partial pressures Analysis nFe+++ 4nFe+++

Mole 7Fe0 108 5x107L% sx107* 5x107*® sx10712 sx107Mt sx10710 +nre’ Total
3.2 2.4 2.2 2.30 - 5.50 11.5  12.9  Volumetric = 5-10 10
5.0 3.8 3.9 4.0 3.9 7.20 7.2 17.5  Volumetric < 5-10 10
7.5 4 4.0 b 4,12  8.00 10.7  16.5  Volumetric = 5-10 7.5
10.0  1.10 1.8 2.5 3.30  7.35 12.5 15.0  Volumetric = 7.5 -5
20.0 1.2 1.20  3.00 5.10 15.00 28 53.2  Volumetric 7.5 5

For detailed results see Tables VI, /3-)3F.
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Table 3.3.

Results of Chemical Analysis at 1473%K.

Compo- (nFe+++/nFe++ + nFe+++) x 100 at specified oxygen Method of Errorx hs Fs

sition 1 m E?gtlal giissureil” e . _énalysis nFe+++/nFe+++ Total Itom
Mole Fe0 10 = 5x10 10 10 Y 10~ 10 ¥ 510 + npett

3.2 - 2.5 2.7 2.7 6 12.5 17.5 Volumetric 5 to 10 10

5 - 3.9 3.91  4.30  §.5 14.1  1}.1 Volumetric 5 to 10 10

7.5 - 3.0 3 3 6.8 15 28  Volumetric 5 to 10 -5

10 3 3.3 3.6 - 12.5 31 46  Volumetric 5 to 10 5

20 ' 4,20 4.16 4,16 8.50 28.01 33 50 Volumetric 5 to 10 5

For detailed results see Tables VI,18-22
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3.3. Discussion

3.3.a. Dependence of Ferric Ion Concentration on Oxygen Partial

Pressure at Constant Temperature

The preseent work has revealed that the dependence of
the function nF'e""’""/ane.=.++ {vhere m is equal to either one or
two) on the oxygen partial pressure in dilute magnesio-wustifes
is quite complex (Figs. 15, 16 and 17). In the temperature
range investigated, the dependence of this ratioLnFe+++/an"++
upon the oxygen partial pressure for all the solid solutions
studied, exhibited a transition ingoing from the low oxygen
partial pressure to high‘oxygen partial pressﬁre and the
table 3.4. summarises tﬁe slopes of the various isotherms.

Such a complex dependence of the defect concentration on
the oxygen partial pressure and temperature may be reconciled
as follows. |
1, The results of the oxygea pressure-independent region are
attributed to an intrinsic mechanism in which the oxygen plays no
part in the formation of the positive holes. The possible
ways by which this can occur include the disproportionation
reactions.

ZFe++ _ Fe+++ + Fe+ , (3.1.)

or 3Fe’t = 2re™ & we° (3.2.)
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Table 3.4. Slopes of the Isotherms.

Composition Mole ZFeQ Temperature °x Slope

Low oxygen High oxygen

pressure pressure
3.2, 5 1173 I >}
7.5, 10, 20 1173 1/6 >1
Lok 1123 - 4
66%% 1200 - 1
3.2, 5, 7.5 1323 I i
10 ‘ 1323 1/6 }
20 ‘ \ 1323 I ]
3.2, 5, 7.5 1473 1 :
10 and 20 1473 I !
3.2, 5, 7.5 1673%%% - }
1C, 20, 40, 60 1673 - i
(42)

* Results of Berthet Reference.

*% Results of Mbrozova.(45)

#%% Results of Brynestad and Flood.(27)

I independent of oxygen partial pressure.
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Such intrinsic reactions involving the formation of univalent

(59)

or zero valent iron has already been proposed by Orton et al.
and Flood and Hagemark(63>. Orton et al. have detected e.s5.r.
lines corresponding to Fe© in those MgO crystals which were
either heat-treated in magnesium vapour or irradiated with
X-rays or ultra~violet rays and have accounted for the
presence of re' according to the electron-transfer reaction.
Further Flood and Hagemark have shown that the disproportionation
reactions (3.1. and 3.2.) become particularly important in the
molten FeO—O2 gas equilibrium for compositions close to
stoichiometric Fe0 (i.e. at low Py levels).

The present work indicates thit'such reactions would be
suppressed aﬁ high concentrations of extrinsic positive holes
and only be expected to be piedominant at low iron content
and low oxygen pressures. The present results also indicate
that the oxygen—independent region extends to higher total
iron contents and the temperature is increased.
2. The solid solutions containing 7.5, 16 and 20 mole percent
FeO, at low temperatures show an identical power dependence
at low oxygen ‘partial pressures with a slope equal to 1/6. Such
a dependence suggests a fairly dissociated vacancy-ferric ion
model and indicates that the defect equilibrium in these
magnesio-wustite solid solutions ' is similar to that of the pure

+++
wustite phase. Thus at low defect concentrations (i.e. low Fe
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content relative to total iron content) the semiconduction model
proposed for wustite seems to be valid for dilute magnesio—
wustites. From a structural point of &iew such a behaviour is not
unreasonable because magnesio~wustites Lontaining more than 8.

mole percent of FeO possess at least on§ iron~iron pair in the
next nearest position. Further suppork for this conclusion

is provided by the conductivity results?diSCussed in the

section 4.

3. In the high oxygen partial pressure region for all the

. . . +++ ++ .
solid solutions, the ratio nFe /ane " 1s dependent upon

oxygen pressefde and has a value of either one-half or one-

quarter. These observations indicate that the fully
diséocia;ed ferric-ion vacancy mode]l does not seem to apply
for dijute magnesio~wustites at high oxygen partial pressure.
Moreover, the solid solutions containing upto 7.5 mole percent
FeO showed a tramsition in the high oxygen partial pressure
region from a half power dependence at low temperatures to
quarter—power dependence at high temperatures. liagnesio-—
wustites containiﬁg 10 and 20 mole percent FeO exhibit a half
Power dependence at all temperétpres investigated.

Further, the redox results of Berthet Morozova and
Brynestad and Flood clearlyrindicate_that the half-power
law is consistently obeyed by the solid solutions containing

more than 10 mole percent of FeQ regardless of the temperature
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of the measurement. To interpret these results, one can adopt
the model proposed by Brynestad and Flood in which a cation
vacancy is associated with the ferric ions according to the
defect equilibria

+++ =

in 8 & -
2Fe  + 202 Te 2 Vcation + 0 (3.3.)

4+

Alternatively 2Fe++ + 5028 = Fe =V ++

cation + Fe+ + O:‘ (3.4.)

The two equilibria have to be considered because the slopes of
the isotherms indicate that the degree of association of the
defects is a function of total iron and the temperature.
Brynestad and Flood have derived an equilibrium constant for the
reaction (3.3.), treating the defects in maghesio-wustites as a
mixture of monomers and trimers. Considering the Fe+;+-VFe++
as a trimer, with each vacancy’surrounded on the average, by two
ferric ions, and each Fe tt surrounded by more than one vacancy,
then in the regions of high magnesium oxide content the complexes
are well separated from each other. Assuming that the thermo-~
dynamics of the system is determined by the entropy changes
only, they have derived the following equilibrium congtant for

the reaction (3.3.):



4
1 2 1 _ 1 Opet+t g 3.6§) (3.5.)
M pe pozz 1-3 2 cation
£n+

where Ing is the total number of cation sites. At large

magnesium oxide contents the above expression can be reduced to

N,, i+
K = Fe n+ (3.6.)
2 nz +4 %
Fe p0

Plots of nFe+++/n2Fe++ ratio as a function of oxygen partial
pressure for the solid solutions containing upto 66 mole percent
FeO are shown in Figs. 15 and 16. The slope of the
isotherms in the high oxygen pressure region for magnesio-
wustites containing 10 and 20 mole percent FeQ is very mearly equal
to half and also for the concentrated solid solutions in all the
oxygen pressure range. Thus the cxperimental results confirm
the complex model concept.

Similarly on equilibrium constant for the rcaction (3.4.)

at very high lig0 content can be represented by:

¥y =__Fe M 1 (3.7.)

The above equation predicts a quarter power dependence of the

. +++ ++ . .
ratio nFe  /nFe  upon the oxygen partial pressure which has
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actualiy beew observed for solid solutions containing up to

7.5 molébpercent of FeO. From the present work on the study
of the redox equilibria in dilute magnesio-wustites, there
appears that high temperatures and low iron contents favour the

. . , . . 44
dissociation of trimers to dimers (Fe. =V ) and even

cation
to monomers (i.e. fully associated ferric ion vacancies).
In contrast at high FeO contents, it may be concluded that

the complete association of the defects is favoured.
(56)

Recently Culbter et al. have shown that the non-
stoichioﬁetric behaviour of MgO-iin0 solid solutions is similar

if not identical to FeO-ifg0 solid solutions and at constant
temperature and oxygen partial pressure, the concentration

of the trivalent manganese varies as a square of ' in solid
solutions containing up to 40 mole percent FeO. These authors
héve accounted Such a behaviour by the postulate that mn++* ions
aré associated with cation vacancies znd such associations are
favoured the higher the nO concentrations in the soiid solutions.
Further, they also conclude that high thermal cnergy and low

manganese content tends to promotc the dissociation of the

defect complexes,
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3.3.b. The Calculation of the Partial Heat of Solution of Oxygen

Data for the composition-oxygen partial pressure-temperature
relationships cnable the partial molar heat of solutiom of
oxygen in the solid solutions te be calculated. Thus we may
write reaction between the equilibrium ceﬁstanc and the partial

molar heat of solution of oxygen (Aﬁloz) as
2

) GanZ (Fe lig+Fe)
AH,0, = ) (3.5.)
: §1/T
nFe+++
2
n Fe++
alternatively

§%0K (Fe /lig+Fe)
=) (3.¢.)
§ 1/T

(

AE, =
3 ;
“Fe+++) 2
nFe++
where K2 and K3 are the equilibrium constants given by the

eﬁuations (3.6.) and (3.7.) respectively. Since the differentials
on the right side of the cxpressions were taken at a constant

Ny H++

Fe
hFe++° +nFC+++
of the plot of log Py * against 1/T°K yields the heat of solution

2
of oxygen. The results are shown in Fig. 18 and also

ferric to total iron content ( = 16.5%Z), the slope

* See bottom of next page.
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summarised in the following table (3.5.).

Table 3.5.

Aﬁioz values for magnesio-wustites.*

Concentration AI-I%O2
Mole percent FeQ Keals (£ 5 Kecals)
3.2 -62.5
5 -62.5
7.5 -68.5
16 -70
20 -70
40 -61
60 ~59.5
100 -62.5 2 1 Kcal.

* The oxygen partial pressures for solid solutions 3.2, 5 and 7.5
in equilibrium at this defect concentration were obtained from
the.isotyermal plots oane+++/nFe+++ against Py s nFe++/nFe+++
ratio being egqual to 2
2.0 x 1071, For soliz soliitions containing more than
10 mole percent, the corresponding Po values in equilibrium

at the same defect concentration 2 - were derived from
interpolation from the isothermal plots of nFe+++/n2Fe++
vs. py -

2
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These results show that the heat of solution of oxygen is
approximately constant across a whole range of composition up to
and including the binary Fe-02 system within the error limits
of ¥ 5 Keals., These results 5130 indicate that the encrgy
changes associated with the dissolution of oxygen in excess of
stoichiometric ratio in wustite and magnesio-wustite are
comparable. This conclusion is not uureasonable as can be
seen in the following discussion of the various energy teyms
wvhich contribute to the overall partial molar heat of solution
of oxygen.,

1. The dissociation energy and the electron affinity of
oxygen for the incorporation of wustite and magnesio-wustite

lattice are the same in both cases.
} 08 = 00 + 20 (3.10)

2. The change in the local ilfadelung cnergy partially off-
setting the endothermic change resulting from changes in the
valence state of iron Fe & + @ = Fe+++, might be the same in
the soli& solution and thé pure wustite phase. This is not
uhreasonable because the end members and the soiid solution
possess the NaCl crystal striucture and the dielectric constant
of the end members is approximately the same.

3. Since the energy required to create the thermal defects
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(Schottky defects) in both the lattices (g0 and Fe0) is the
same, so the energies for the formation of cation vacancies and
the energy of relaxation around the altervalent ions (Fe+++)
must be similar in wustite and magnesio-wustitc phase.
Further the calculation of the partiél heat of solution of
oxygen in the system MgO~inO shows that AE&OZ is nearly
independent within the composition range 1G-40 mole percent
Mn0 (Fig. 19). Thus additional experimental evidence in
support of the present observations is prcvided.
All these fipdings support Brynestad and Flood's assumption
that the thermodynamics of the ternary system like FeO-MgO~02 is determin-
ed more By‘the eﬁtrOpy changes than the variations effects
actoss the composition range. It also suggests that in the
future the knowledge of the thermodynamics of the binary metal-
OXygen systeﬁ may be very valuable guide to such properties as
the electrical conductivity and diffusion of cations in quite
complicated systems. This is because the redox cnergies of
multivalent cations ma& not.change sigrificantly and the energics
of vacancy formation may also be similar in those complex solutions
in which the simpic non-stoichiometric oxide cau enter to a
substantial extent.
These conclusions are only considered approgriate when
the defect mechanism of a non-stoichiometric solid solution is

that involving vacant cation sites and higher valent catioms.
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In other systems such as those containiﬁg UO2 (ThOZ—UOZ) where
mém&uiémimuﬂRMIanim,me&ﬂWWMmc
propertics have been found to vary across a range of solid
solutions due to the change in the inter-action energy of

the interstitial particle with its envirunment(57’ 58).

3.3.¢. Defeet Sttucture of the Solid Soiutions

Since the complex model concept explains very satisfactorily

the non-stoichiometric behaviour of the solid solutions of

+++V
2 cation

HgO-FeO, such defect complexes as Fe etc. should

lead to formation of micro-domains of a higher phase as

ptoposéd by Ariya(26)

for non-stoichiometric lower valent oxides.
The process of oxidation of magnesio?wustites to the non-
stoichiometric state leads to the férmation of ferric ions which
behave as if they are clustered in pairs around a vacant

site and Hg++ ione as if a 'molecule' of HgFe,0, being

immersed in the matrix, analogous to_Fe3O4 in wustite. TFurther
Groves and Finéaﬁgve shown that ageing the cryétals of

}g0 containing iron causes the precipitation of magnesio-ferrite
and there is no evidence for the formation of an intermediate
coherent precipitate of non-equilibrium structure such as

found in age hardening of metal-alloy systems. This interesting

experimental obserxvation supports the present view that the



domains resembling the regions of magnesio-ferrite are already
latent in the nom-stoichiometric solid solutions and ageing of
these crystals involve a slight re—arrangement of the ions in
the cationic sub-lattice to form a coherent precipitate. Thus
the micro-domain theory originally developed to describe the
non-stoichiometry of the oxide phases can be said to account

for the nen-stoichiometric bechaviour of such binary metal-oxygen

systems as magnesio-wustites.

3.3.d. ' The Separation of Magnesio-llagnetite Phasc

Finally a purely therrmodynamic calculation can be made of
the equilibria between magnesio-wustites and ﬁagnesio-magnetites.
AS was pentioned earlier, the results of Schmahl ct al.,
indicated that the Fe304/21gFe204 ratio is very nearly the same
in the spinel phase as is the FeQ/MgO ratio in the wustite solid
solution with which it is in equilibrium. It is thereforc
possible to make an approximate calculation of the oxygen
préssures at which the magnesio-magnetite phase should separate
ffém any given magnesio-wustite phase using the thermodynamic

data feor the reaction.

a(Fe304) magnetite

3Fe0 + {0, - Fe, 0, K, = (3.11.)
2 374 73 a3{Fe0} wustite p%O2
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whereAa(Fe304) = X(Fe304) in the magnesio-pagnetite and

X(Fe = Z{Fc0}

0 . . . .
3 4)magneslo-magnet1te magnesio~wustite

X{Fe0} esio-wustite
Hence K, = magnesioTwustl (3.12.)

4 éngeO} p%O2

(53)

For this reaction, Richardson and Jeffes give the equation

AG° = =74, 6206 + 29.90 Tcai. (3.13.)

The equation for K4 involves the mole fraction of wustite and
the cube of the activity of wustite in the magnesio-wustite in
equilibrium with the magnesio-magnetite phase. If we now
assume that yFeO is always so close to unity that any variation

of this value may be neglected, say between 0.5 and 2, then

R, = —5— L (3.14.)
X“{re0} pio0,

at the phase boundary.
The results for the oxygen pressures at which phase
Seperation should occur at 1050°C and 1200°C are shown in Fig. 20
and it can be seen that these values are higher than those at
. I = . . . )
which a large Fe  /Fe ratio was obtained in all of the dilute

solid solutions studied here. This suggests that a substantial
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solid solution range exists between magnesio-wustites and

magnesio-magnetites in this dilute solution range.
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CHAPTER FOUR

4, Results and Discussion {part-two).

4,1 General.

The electrical conductivity data have been obtained for
the solid solutions (Mg - FeO) as a function of composition,
temperature and ox&gen partial pressure. These results together
with the data obtained from the equilibration studies (i,e.
variation of ferric ion concentration as a function’of composition,
temperature and oxygen partial pressure) have been analysed in
the light of the semi-conduction theory1f;'6’17 proposed for
oxides of the transition metals of iron-grouf. The results cgtler

etal#s have also bheen included wherever necessary.

4,2 Presentation of the Results
4o1,4,2,4.3

Tables summarize the typical conductivity results
together with the extent of reproducibility during the oxidation-
reductions cycles. leasurements were made of the conductivity of
the solid solution containing 1 20 mole per cent FeO. A few
conductivity measurements were made as a function of frequency
and established that the conductivity is almost independent of
fi_yuency (Fig. 21). All measurements were initially made using
H2 - CO2 gas mixtures and certain of the runs were duplicated

2
significant influence on the conductivity results (I 10%).

in CO -~ CO, atmosphere, It was found that the atmosphere had no

Thus suggesting that the conductivity due to mobile protons



TABLE 43

CONDUCTIVITY RESULTS Temperature 1273°K
Composition 6 olm™ ! cn”! at stated oXygen pressures. e Reproducibility
Mole % FeO 10-16 10~15 y 0..-114' 0B 2 20=11 “ 10=1+0 t o
1,0 3.5x1077  3.6x1077 2.8x1077 3.6x1077 3,8x10~7  3.8x1077 ts
175 2:4x10™ 2,8x1070 3.6x10“6 h2x10~0 5;8::16"6 ts
2.5 2,4x1070  2,9%1070 3,4%107°0  3.4x1070 ts
2,75 1.28x10™ 1,7%107 2,1%1072 3 x10°0 & %107 ts
3.2 8x10™7 9 %1077 947%10™7 10° *s
| L 4

5.0 2, 11072 4, 8x10™2 741%10™7 1.6x10-t g
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TABLE 4,2

CONDUCTIVITY RESULFS Temperature 1173%k
Composition ama ohﬁ-1.cm'1 or stated oxygen partial pressures Reproducibility
Mole % FeO 10710 10717 407 0 ™ g3 0 Tg
2.5 1,6x1077  2,15x107° 2.2x107° 2,4x10™0 3x10™° 3.3x1of5 Is
3,2 5.5x10"" 5,7x107" 5,8x1077 7.0x10"7 %5
5.0 . 1.30%10™ 3%10™ 7,18x10~ _1.2x1o'l* is
7.50 Lix10™0 1.1x107" 5, 1x10~ C1.62x10~  E 10
10.00 1.1%107  1.8%10 3.9x10™ 6.1%10™> 8,7x10™> 1,11x10~2 I
20,00 - 1.3x1070 2.16x167% 3.37x107° 5x107°  7.64x10™2 9.6x10°% 0
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TABLE 4,3

CONDUCTIVITY RESULTS | Temperature 1073°k
Composition e OI.m-1 cm"'l at stated oxygen partial pressures Reproducibi
Mole % FeO 10720 7221x10°20 10719 107 40™17 76 45715 w0ty
2.5 1,01x1077 1.2x107°  1.3x107°  1.h4x10™0 1610  *s
3.2 3 x10™7 3.1%107  3.5x107 107! si07’ s
5.0  1.8x107 6.85x107° 9.5x10° * 5
7.50 4. 20x107° 9.25x10™" 2.b9x 10 8.75x10™  *10
10 1.6%10™> 2x10™0  3x10™°  5x1070 48x10™ 5x10™> 10
20 1,2x1072 2x107°  4x10%  5x107° 5x107%  *10
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arising from the following defect reaction is negligible,

+

2H(mobile) (41

+ 208 + V

2H20 ¢ = Cotion
Further consideration of the conduétivity measurements

required information about the reélative amounts of electronic

and ionic conductivity. It is diffiéult to determine precisely

these relative amounts as the required data for such calculations

are missing, Ionic conductivity arises due largely to the cation
33,37

transport o Oxygen ion condﬁétivity is assumed to be
negligible because both the end members and the solid solutions
possess a relatively rigid face-centred cubic oxygen lattice.
Mitofr 2197 has shown (see Chapter 1, Sec. 1-2d) that the
impurities decrease the ionic tfansference number and favour
electronic conduction. Therefore one could expect a maximum
ionic contribution in those solid solutions containing very

small ammounts of iron. Since no data are available on the cation

diffusion in these solid solutions, use has been made of

59

*
Lindner!'s data37 for Mg++ ion diffusion and Yuensch and Vasilos

& 0%
for Fe'" ion diffusion in the magnesium oxide to calculate the

ionic conductivity. The calculated ionic conductivity using

8

Nernst - Zinstein relation lies in the range 1.5 = 2,5 x 107
ohu™" em” at temperatures around 1000°¢ indicating that the ionie
transport numbers in the dilute solid solutions do not exceed the

value 5 x 1072, These caleulations though approximate give a
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arising from the following defect reaction is negligible.

2H,0 g . +20H "+ V (1)

EH(;obile)
Further consideration of the conductivity measurements

required information about the relative amounts of electronic

and ionic conductivity, It is difficult to determine precisely

these relative amounts as the required data for such calculations

are missing, Ionic conductivity arises due largely to the cation

33'37. Oxygen ion conductivity is assumed to be

transport
negligible because both the end members and the solid solutions
possess a relatively rigid face-centred cubic oxygen lattice.
Mitoff>>17° has shown (see Chapter 1, Sec. 1-24) that.ﬁhe
impurities decrease the ionic transference number and favour
electronic conduction. Therefore one could expect a maximum e
ionic contribution in those solid solutions containing very

small ammounts of iron. Since no data are available on the cation

diffusion in these solid solutions, use has been made of

3

Lindner's data 2

*
7 for Mg't ion diffusion and Yuensch and Vasilos

* ok
for Fe'' ion diffusion in the magnesium oxide to calculate the

ionic conductivity. The calculated ionic conductivity using

8

Nernst - Einstein relation lies in the range 1.5 = 2.5 x 10~
ohm™) cm™ ! at temperatures around 1000°¢ indicating that the ionic
transport numbers in the dilute solid solutions do not exceed the

value 5 x 10-2. These caltul4tiohs though approximate give a
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stfong indication that the conductivity in these solid solutions

is mostly electronic.

Mg kT

MgO
% 7
Fett

{f DMgS+ = (0.249) exp 2227 oy Kef. 37

8.85 x 'IO"5 exp b;;81 ev Ref. 59:}

4.3 Discussion

4,3 (a) Dependence of Conductivity on the Oxygen Partial Pressure.

Figures 21 to 25 describe the variation of the electrical
conductivity with the oxygen partial pressure for the solid
solutions containing up to 20 mole per cent FeO. The slopes of
the isotherms are summarized in the table 4.4,

From the table 4.4 and the isothérmal plots, it can be
inferred that r~~t of the solid solutions exhibit a p-type semi-
conducting behaviour. The magnitude of the power dependence of
concdnctivity with the oxygen partial pressuré depends upon the
total iron content and the temperature. A variety of power
dependence ranging from 1/10 - 1/3 has been observed. The solid
solutions containing less than 5 mole per cent FeQ show a power
dependence of 1/8 - 1/10 which is very mucﬁ smaller than expected
for the compound semiconductors deviating froﬁ étoichiometry
when the intrinsic electronic disorder is small., The above
results suggest that the various defect equilibria envisaged so
far to account for the p - type electronic conductivity in oxides

are not applicable for the dilute magnesio, wustites containing
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TABLE 4,4

Summary of the Power Dependence of Conductivity with the Oxygen

Partial Pressure (See Fig. 21 to 25).

Temp. Power dependence at the following compositions

%  (Mole per cent FeO)

20 10 75 5 4 3.2 2.75 2.5 1.75 1.0
1273 1/6 /7 /45 1/3.5 1/10 1/10 I /9 1/10 1/10 I
1173 " V7 V/3.75 /7 /9 1/10 1/10 1/10 I I
1073 1/6 1/6 1/3.75 1/8  N.D. 1/15 N.D. 1/10 H,D. N.D.

NOTE I - conducting independent of P,
2

NeDse =~ not determined.
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small amounts of iron. On the other hand the solid solutions
containing 7.5, 10 and 20 mole per cent FeO exhibit a power
dependence nearly equal to one sixth or a quarter, indicating
that the electrical properties of these solid solutions are
comparable to that of the pure wustite phase (see Chapter 1

Sec. 1-26). Hence the defect reactions involving the creation of
extrinsic positive holes in the solid solutions containing 7.5
mole per cent and above appear to be similar to that of the pure
wustite,

4,2 (b) Dependence of Conductivity on the Total Iron Content.

Fig. 27 depicts the variation of electrical conductivity
of the solid solutions with the total iron content at constant
temperature and oxygen activity. As expected, the conductivity
of the s0lid solutions is much higher than the pure magnesia
regardless of the iron content. This is because the magnesium
oxide is almost an insulator compared to wustite and addition of
FeO to magnesia should therefore increase the electrical con -
ductivity of the host lattice. From the Fig. 27 it can be seen
that the.effect of addition of wustite on the electrical
conductivity is not uniform, particularly in the regions of
low iron content. The solid solutions containing more than 4.0
mole per cent FeO exhibit a consistant behaviour in that the
conductivity increases with increasing iron content though the

rate of conductivity change decreases. This change in the rate
' s
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of conductivity increase might be attributed to the attendant
changes in the ferric to ferrous ratio in the solid solutions.
But it is difficult to support this viewpoint with the present
set of data.

Howeirer; a totally different behaviour is exhibited by
the solid solutions containing less than 4 mole per cent FeO.

In this composition range addition of FeO has two distinct effects
on the conductivity (Fig. 27).

(1) Initially, the éonductivity increases on adding small
amounts of FeO and this effect continues until the iron oxide
content reaches 2.5 mole per cent., The rate of increase in this
composition range is such that the conductivity of the solid
solution, 2.5 mole per cent FeQ, is about 3 ~ 4 orders of
magnitude higher than that of the pure magnesia.

(2) Further increase of iron oxide content actually
decreases the conductivity at the same rate, until the solid
solution contains 3.2 mole per cent FeO. Beyond this composition
conductivity begins to increase., Such a behaviour exhibited by
the dilute solutions clearly indicate that the conduction
mechanism in these solutions is very much different from those
containing high - iron contents. Further it should be recalled
that the magnitude of power dependence of conductivity on the
oxygen partial pressure is very small for dilute solid solutions

whereas solutions containing high iron contents exhibit a large



110

power dependence, Moreover the same trend is maintained at other
temperatures of measurement.

It is interesting to note that Rao and Smékulaso have
observed a non - linear dependence of conductivity with composition
in NiO - CoO system and the solid soluti&n containing equimolar
proportions of NiO and Co0 possess a maximum conductivity.

These authors have alsoc observed a marked influence of composition
on the conductivity in the dilute solution range. They believe
such effects as mentioned above are due probably to the lattice
distortion and an increase in the trivalent cation concentrationi
To what extent these effects would influence the conduction
behaviour of the dilute magnesio. wustites, it is not known.

tlork of Hauffe eta].6'l on the electrical conductivity of Zmn0 as

a function of impurity content provides an additional example
for an anomalous conduction behaviour of dilute metal - oxide
solid solutions. Since the zinc oxide is a metal excess n - type
semiconductor containing excess zinc ions in interstitial

62,63

positions y substitution of aluminium or chromium ions on
zinc sites should increase the conductivity, whereas the
addition of LiZO should decrease. Hauffe eta161 have found that
the conductivity of Zd4Q. increases with increasing alumina or
chromia content up to one mole per cent (of Alao3 or Cr203) and

. +++ +++ .
further increase of Al or Cr ion concentration up to 4

mole of the oxide has no effect on the conductivity. Beyond
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this impurity content conductivity begins to decrease. Similarly
incorporation of 1i" ions on zinc sites decrease the conductivity
as'expected, but beyond 1 mole per cent of Li20 conductivity
béﬁ%hs to increase; To date, no attempts have been made to
explain these  anomalous clec¢trioal properties bhserved in.dilute

oxide s0lid solutions.

4.3 (¢) Calculation of the Conduction Activation Enthalpies.

Calculations have been made of the conduction activation
enthalpies for the motion of the hole for the solid solution
containing 7.5, 10 and 20 mole per cent using the relation
similar to that detrived by Mitoff64 for the conductivity of
transition metal oxides due to the migration of the holes via
hopping process; “hen modified slightly for generality, Mitoff's

equation can be written in the form

1/m _(QHf s DE a)
O Y2 (4
exp % 2)

Yhere ¢ ' is a constant comprising the 1attice constant, jump
frequency of the hole, and exponential entropy terms, m is§

a number @%sarﬁﬁ%, and is taken as an integral value indicative
of the degree of ionization of the atomic imperfections. Hf is
the activation enthalpy of formation of the holes, and [&Hm o is

the activation enthalpy for motion of the holes. Sincezﬁka is

almost egual to the partial heat of solution of oxygen, the
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1/ o,
slope of the plot of log © //p ™ as a function of /T =
0]

2

enables one to calculate the activation enthalpy for motion of
the holes. One could also calciilate the conduction activation
enthalpies at a constant carrier concentration using equation
(1-30). However due to the lack of data o1 the variation of

the defect concentration with the oxygen partial pressures at
temperatures 1073 and 1273 ek, equation (4.2) was in fact used
to calculate the activation enthalpy for motion. The results

of such calculations are included in the Fig. 28, The error
involved in the calculation can be as high as pa 20% due largely
to the non - intergral values of m and inaccuracy associated with
the calculation of the heat of solution of oxygen. The solid
solution containing 7.5 mole per cent iron has a much higher
activation enthalpy for motitm (0.7 ev) than those containing
10 and 20 mole per eent (0.44 to 0.38 ev). The activation
enthalpy for motion then obtained lies in the range 0.7 to 6.4.
ev (16 to 9.2 K,cals) for solid solutions containing 7.5 to

20 mole per cent FeO and these values are not in accord with
those reported by Cutler eta146. The activation energy for motion
obtained by these authors lies in the range 0.1 to 0.18 ev

(2.3 to 4.2 K. cals) for solid solutions containing Fe ~ Fe
neighbours in the next nearest positions and 0.4 to ;5 ev for
those containing Fe - Hg neighbours on the nearest positions;

It could be recalled that the activation enthalpy for motion
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in pure wustite is very small and has a value of about 0.06 ev
(1.5 K.cal). It is difficult to offer any satisfactory explanation

ifor these activation energy data.

Since the solid solutions coﬁtaining~less than 5 mole per
cent FeO exhibited a very small dependence of conductivity
with the oxygen partial pressure., It does not seem appropriate
to use the equation (4.2) for calculation of the activation
energy. However, attempts have been made to calculate conduction

activotion energy using the conventional exponential relation

) = G5 exp '—% (4.3)

Fig. 28 contains the Arrhenius plot of conductivity as a function
of temperature for the solid solutign containing 3.2 mole per
cent FeO. The conduction activation energy has been found to be
0.4 ev and appears to be in good agreement with Cutler's work.

4,3 (d) Conduction Mechanism in MgD - ¥e0 Solid Solutions.

The present work and the results of Cutler clearly suggest
that the conduction mechanism in the s0lid solutions containing
more than 5 mole per cent FeO is different from those contéining
lesser amounts of iron. The s0lid solutions containing 7.5, 10
and 20 mole per cent FeO exhibit a large variation in the
conductivity with the oxygen partial pressure and a systematic
increase in the conductivity with increasing iron content.

It appears that the conductivity data obtained in the present

work for solid Solutions containing more than 5 mole per cent FeO
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may be interpreted in terms of the equation (4.2), thus indicating
that the thermally activated hole transfer from Fe+++ ion to

Fet* ion contributes to conductivity. It will be recalled that

the activation enthalpy for such a motion appears to decrease

(0.7 to 0.4 ev) as the FeO content is increased (7.5 to 20 mole
per cent) but appears to be independent of ferric ion concentration.
Additional information on the solid solutions containing higher
amounts of iron is provided by the work of Cutler eta146.

These authors have observed in the solid solutions containing

up to 43 mole per cent FeO, the conduction activation energy is
relatively independent of the ferric ien concentration, whereas
above 54,1 mole per cent FeQ it decreased with increasing ferric
ion cenéentrationa All these observations may be interpreted

in terms of the changes in polarization energy of the iron ions
caused by the surrounding ions in the next nearest positionsi

The magnitﬁde of the polarization energy at any particular iron
ion site may depend upon the number of iron cations in fhe nearest
positions as well as the larger and more polarizable anions.,

Any Fett ion that has already trapped a hole and polarized the
co-ordinating oxygen ions may well influence the energy necessary
for a neighbouring ferrous ion to trap a hole. If so, the
conduction activation enthalpy should remaoin nearly independent

of ferric ion concentration in the regions of high magnesium

oxide contents, because the number of iron cations in the next
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nearest position would be small (compared to the number Mg++
neighbours) to cause any significant change in the polarization
energy of the nearest ironvions. In the regions of high FeO
contents, the number of iron ions in the nearest positions would
be more than that of Hg++ ions, the polarization energy of the
iron ions would then be very much influenced by the surrounding
ions, such attendant changes in the polarization energy, due
largely to the greater number of iron ions in the next nearest
positions should be accompanied by the decrease in the activation
enthalpy for motion with increasing ferric ion concentration.
At present, a rigorous test of the above model is not feasible
due to the lack of data. According to the above model the
activation enthalpy for motion in the pure wustite should
exhibit a large dependence with the ferric ion concentration.
However no such effects have so far been reported; In fact the
activation entﬁalpy for motion in pure wustite (0.05. 0.067 ev)
is nearly independent of the defect concentration. This contrasting.
behaviour may be reconciled by the fact that in pure wustite
the intrinsic electronic dis-order is so high that the changes in
the polarization energy caused by dissolution of stoichiometric
excess of oxygen is not significant enough to influence the
conduction activation enthalpy for motion.

Considering the behaviour of the other oxide solid solutions,

it may be noted that Heikes and JohnstonlF have obtained a decrease
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in the activation enthalpy for motion as the 1i¥ content in the
so0lid solution LiX Nil_xo is increased. These authors attribute
the decrease in the activation enthalpy for motion to the chabges
in the elastic properties of the crystal, but offer no theoretical
analysis.

Further, the dependence of conductivity on ferric ion
concentration is analysed in the light of the model proposed by

17 for wustite (see Chapter 1, Sec. 1-2c).When the

Tannhauser
ferric ion concentration is small, the plot of log against

log “Fe™t ¢ Tpettty 02= is linear (Fig 29), but the slope is different
from that of unity; If the mechanism of electron-exchange between

‘di and trivalent iron ions in the magnesio. wustites {containing

at least one Fe-Fe pair in the nearest positions) is similar to

that occuring in pure wustite phase, the conductivity should then
show a linear dependence with the product of di and tri valent

iron cations situated in the neighbourhood of the octehedral

sites (cf eqﬁation 1.37a). The conductivity data obtained in

the present work found to exhibit a non-linear variatien with

Dpgt+ « Mg it o = (Fig.29) and such a behaviour may be due to

2
the following reasons:

1) "e have assumed that all ferric ions in the solid
solutions are situated in the octahedral sites which may not

be true,

2) In the solid solutions the number of acceptor sites



[N T B ._.Al f

‘ - -~ gl o
PLOT OF LOGO  VS.LOG DEexnFe AT 1173K
FIG.29

LOG T~

/,/ i -
/ .
| o 20 Mole % FeO
o 10 =«
o 7.5 "
"/(- | LOG “ngé':nFe*? X103
Pad P ”- ) [ ‘ }r o __g’ e _,__; — _ ,
2 2.25 25 . . 3 55T



119

is small compared to the pure wustite phase. This would not
only effect the electron trunsfeér process, but also decreases
the probability of finding an acceptor site for the hole,

3) The presence ofaltavalent ions of different nature
and radii might cause significant lattice distortion, thus
influencing the conductivity-composition relationships.

Using the results of chemical analysis and the conductivity
data at 1173°k, the hole mobilities have been calculated
using the equation /LL-= C 7ne (4.,4). “here n is the number
of holes per cm3 (equal to the ferric ion concentration). The
calculated mobility is found to increase from 1.5 x 10—6 to
4,5 x 10-4 cme/volt sec as the total iron content increases from
5 to 20 mole per cent FeOi The corresponding hole mobility in
wustite phase is about 0,11 cma/volt sec. Such a low carrier
mobility clearly suggests hopping conduction in these solid
solutions. Additional evidénce in support of this conclusion is
provided byqthe theoretical analysis of the hopping model by
Jiro Yamashita6. He has suggested that the magnetude of the carrier
mobility can be used as one of the guides to understand the
conduction mechanism in the semi-conductors. If the carrier
mobility is smaller than 1 cma/volt sec. conduction mechanism
could be satisfactorily interpreted in terms of the hopping

model,

Despite the non-linear variztion of conductivity with
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nFe+4 n +++/O =
2

process in the MgO ~ FeC solid solutions containing Fe - Fe

Fe function, it appears that the conduction

pairs in the next nearest positions could be satisfactorily
explained in the light of the hopping model. Experimental
evidences in support of the above coneclusions are, low carrier
mobility ( 70-5 cmz/volt sec.) and the conductivity data appear
to fit well with the equation (4.2) derived by Mitoff for hopping
conduction.

In the solid solutions containing 1 to 5 mole per cent
FeO iron - iron neighbours are no longer présent in the next
nearest positions and hence conduction mechanism appears fo
be different. This is indicated by a small power deﬁendence of
conductivityrwith oxygen partial pressure ( 1/8) and a marked
influence of composition (i.e. total iron content) on the
conductivity (Fig. 27); Should the conduction process in these
dilute solutions involve a thermally activated hole transfe;
as mentioned above, not only the jump distance for the hole
would be large (at least 2x°A vhere x is the nearest anion - cation
distance), also the hole has to overcome the screening effect
due to magnesium ions in second co-ordination sphere.

However it is difficult to offer a satisfactory explanation
for the observed conduction behaviour in the dilute solid
solutions, It appears that the conduction mechanism in the
dilute solutions is quite complex and requires a systematic

theoretical approach.
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CONCLUSIONS

The presenf work has indicated that the non-stoichiometric
behaviour of FeO-MgO-02 system can be described fairly satis -
factorily in terms of the defect equilibria usually proposed for
the non-stoichiometric behaviour of the oxides. Since the partial
heat of solution of oxygen in the solid solutions remains
independent across the whole range of composition up to and
including Fe - O2 binary system, it appears that the thermodynamics
of this ternary system is determined by the entropy changes only.
The cation vacancies and ferric ions seem to form a variety of
defect complexes.,

The conductivity measurements have indicated a p-type
semi-conduction in these solid solutions (containing up to 20
mole per cent FeO), It is néted that the total iron content has a
marked influence on the dependence of conductivity with the
oxygen partial pressure and more so on the magnitude of the
conductivity., It appears that in the solid solutions containing
7.5 mole per cent and above, the change carriers are localized on
the iron cations and the hopping model seems to be valid.

It is difficult to offer any theoretical explanation for the
anomalos conductioﬁ behaviour exhibited by the so0lid solutions

contained less than 5 mole per cent FeO.
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AFPENDIX I

Comparisons of various notations of centers for the case of

¥
g0 containing vacancies.

IONIC ATOMIC SCHOI'TKY'S REES'S  EFFECTIVE
NOTATION NOTATION NOTATION  NOTATION CEARGE

MgO BT 6% Mgo B+ 02

Vigg v 2+ g * B/ g) 0
Vg (v+) ' gpy ! (7 3") -1
Vi (v )u Mg " o -2
vy V= o* (e,/[317) ©
Ve v,-> o@° (e/[7)) +1
v o omtt TOT o«

Ref, I',A. Krdger and H.,J. Vink, Solid State Physics, 3,

310 (1956).



128

AFPENDIX II

Calculation of the energy requirements for the various

electronic transitions in wustite.

An attempt has been made to propose an energy level
diagran for wustite, similar to that proposed by Ivlorin1 for
nickel oxide, The charge carriers in wustite are produced by the
following reactions, in which the electronic states represented,

are separated by large distances in the crystals:

Fet*(3a%) + 07(2p°) = Fe®(37) + 0" (2p7) 1)
Pett(38%) & Pett(38°) = Fet(3d7) + FetTH(3d7) (2)

L Pt (387) + FemT(380) = V - FeTT(3d0) + EeTT(387) (3)
Fe

re™(30%) + 07 (2p0) = Fe™(3a°) + 0™(2p°) (4)

These reactions represent:

1) The formation of a hole in the 2 p band and an electron
in 3 d levels,

2) The formation an electron~hole pair'in the 3 4 levels.

3) The trapping of an electron by the ferric ion situated
near the vacancy with the formation of a hole in the 3 d levels.

L} The trapping of an electron by the ferric ion and the
formation of a hole in 2 p bond,

Congider first, the energy required to remove an electron
from O° ion and place it on a distant Fe'" ion site in the lattice

as shown in the reaction (1). The total energy required for the
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transition O +e = O have been to be 9.7 eVQQQ. This energy is

5

plotted relative to the 2p” level plus an electron on the left of
the dimgram (7). The ionization potential of Fe® (3d') is 16.2
ev and is plotted relative to 3d6 level. “hen the ions are brought
together to form the lattice, the energy level of the negitive
ion is depressed and that of positive is raised, both by an amount
equal to the Madelung potential, which is 23.62 ev for wustite.
These levels are now moved to -13.92 ev (2p5) and +7.4 ev (3&7).
The difference in the energy between these two levels, 21 12 ev
is the energy required Ffor the reaction (1). Since the above
reaction (1) is carried out in a dielectric, the energy requiredv
is reduced by a factor, equal to the dielectric constant of the
lattice. Taking this value as 20 for wustite, the energy required
for the reaction (1) is found to be 1.05 ev. This energy is
shown (on the enlarged scale) on the right of the diagram (1)..
Similarly the calculations have been of the energy requirements
for the reactions (2) and (4) using the appropriate data. The co-
rresponding energies are shown on the right of the diagram.
Inergy required for the reaction (3) can be calculated as
follows, In wustite each wacant cation site is surrounded by
twelve Fe'” ions and two of ferrous ions (Fig. 3a) yield an
electron each to form Fe' ' ions to compensate for the absence
v

of the ferrous ion. From the Fig. 3a, it follows that each Fe'™

: : . R ++
ion is surrounded by a normal lattice minus one Fe ' ion at a
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distance equal to aVEE/%'plugﬂone positive charge (Fe' ')
situated at a distance a/F . where a is the lattice constant
of wustite (i.e. a = 4,2 %4), Hence the potential at one Fe' '™
site is the sum of the normal Madelung potential-plus 2 ea/éV757E
- ea/a\;’a"= 23482 + 9,78 = 2.41 = 31.2 ev. Thus the level of this
ion is raised to 7.4 ev above the normal 3(d6) ions. Dividing
this energj (7.4 ev) by the dielectric constant yields 0.35 ev
which is thé energy required for the reaction (3), All these
energies arévshown in the diagram (1). ¥rom these calculations

we can infer that the energy requirements for the reactions (3)

and (4) are nearly the same.

F.J. Morin, The Bell Syst. Tech. J. 37, 1037 (1958).

"Atomic energy leveds' N.B.S. Circular 467 vols. (1949)
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AFPENDIX III

Impurity Contents in the Gases Used.

Gas Purity Impurity Contents
Used % P.Pomm.
O2 602 Cco NZ
H, 99.9 10 10 10 0.0%%
N
C02 HZO N, O2 co
b 30 15 5 %
-
co 99,0 % 9%

0.15.1 0.2.1 0.6%
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A-FENDIX IV

Calculation of the oxygen partial pressure in the gas phase.

The oxygen partial pressﬁre'of the gas phase at equilibrium,
can be calculated from the composition of the ingoing gas (e.g.
COZi/HEi in the present case) and the standard free energies of
formation of the gaseous species, at known temperature., The
reaction between H_ and CO

2 2

H2 + 002 = HZO + CO (5)

can be represented

Thus it follows from stoichiometry,

Pcoz Pco + Peo,
PR T PnowFho )
H2 H2 * HZO
Where pCO'g:L arld pH21 represent the partial pressurs of the in-.
going C(")-2 and H2 respectiVely and pHéO; PCO, pH2 and PCO2 re-

present the corresponding partial pressures at equilibrium.

From the reaction (5)

pHao = Pco (7)

hence the eguation (6) can be written as

Prnl Prn AP
002 1. Coa/ CcOo
Pyl - Py P
H 1+ Ha/ H,0 (8)

The equilibrium constant for the reaction (5) is given by

the equation (9)
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Py P
ko= B0 co (9)
> P )

A, co,

from the above equation

Py Peo
p—-ﬁ = % — (10)
H,0 5 co,

Considering the reaction,

Cco + %02 = 002 (11)

and the corresponding equilibrium constant

Peo 1
kg = 2 — %
Pco po2
or
Pco ‘ %
P 2
2 _ k11 0, (12)

Poo

substituting equation (10) in the equation (8) we get

PrAnt P
1+ %
P 1 P
H2 CO .
(14 % 5ec )
5

i

o)
@]
O
Y
+
N

P
€O (13)
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From equations (12) and (13) it follows

Peot 1 ’
COZ k P Ve T+ k,, p %
T = 11 O2 11 O2
Py — (14)
2 1k Y2
+ ‘th02
5
The equilibrium constants k5 and k11 at various temperatures

*
were calculated using the following thermodynamic data.

o
Ae H,O

- 58900 + 13,1 T

2
(o]
TANE €O, = = 94200 + 0.2 T
and 1CLG°CO = = 26700 - 20.75 T

Thus the oxygen partial pressure at equilibrium, can be caloula -~
ted from known cold gas composition, using the equation (14)

and knowing apprepriate thermodynamic data.

*
Taken from C. Kubaschewski and E, Ii. Evans,

"Metallurgical Thermochemistry' Pergoman, 3rd. ed.(1962).
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APPENDIX V

Chemical analysis.

As mentioned earlier (see chapter 2, sec. 2.4 d) both
colorimetric and volumetric methods were used to determine the
relative amounts of ferrous and ferric iron in the equilibrated
and subsequently quenched samples.

a. Spectrophotometric method,

After dissolving the quenched and well ground sample in
conc, hydrochloric acid under oxygen-free nitrogen, the solution
was cooled and diluted to a known volume (250 or 500 ml.) Aliquot
portion containing 0.2 to 1.0 mg. of iron (5 or 10 ml.) was
transferred to 100 ml, flask. The required amount of buffer
(0.2 or 2 M sodium acetate) was added followed by 8 ml. of
hydroxylamine hydrochloride (as a reducing agent) and 10 ml. of
Os phenonthroline (prepared by dissolving 0.25 gms. of the reagent
in 100 ml, warm demineralized water and subsequently cooled).
After standing the solution for an hour the solution was made up
to 100 ml, and the optical density was then determined in the
Unicam spectrophotometer at 516f* wavelength using a blue filter.
The iron content in the solution was obtained from a previously
calibration chart. The total iron content was thus determined,

The ferrous iron content was determined as follows. A
suitable aliquot (5 or 10 ml., of the stock solution) was treated

with 10 ml. of C. phenonthroline reagent followed by az few drops
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of dilute sulphuric acid and finally buffered with potassium
hydrogen phthalate at pH 3.9 solution, was allowed to stand for
an hour and finally diluted to 100 ml. and the ferrous iron
content vas determined as explained above.

The ferric ion content was found by the difference between
the first and the second measurements., The analysis was repeated
for concordant values.

b. Volumetric method.

The solution obtained by dissolvingithe quenqhed sample
as explained above was acidified with 25.30 ml, of dilute sul-
phuric acid. 5ml, of ortho-phospharic acid was then added and
followed by a few drops of barium diphemyl amine as an internal
indicator. The solution was titrated agéinst standard potassium
dichromate of suitable strength.*

The total iron content was determined by reducing the above
solution with stannous chloride in bot condition. The excess
stannous chloride was destroyed by adding a requisite amount of
saturated solution of mercuric chloride to the well cooled solution,

The iron content was determined in the usual manner,

*
Potassium dichromate solution of 0.07 to 0.02 N strength

was used depending the composition of the sample.
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APPENDIX VI

Results of chemical analysis.

Standard solutions used.

1) 0,025 mg/ml of iron (Fe ).

2) 0,025 mg/ml of iron (Fe'™)

3) 0,01 and 0,02 N Kacr207 solution.

Symbols Used,

OD1 = optical density at 515}& to give total iron as ferrous -

iron using Hydroxylamine hydrochloride as a reducing agant.
OD2 = optical density to give ferrous iron onlyfat 515/1i
Vﬂ = Titre value of dichromate before reduction to give the
value for Fe't,

V2 = Titre vglue of dichromate after reduction with SnCl2
to give the value for total iron.

YW = weight of the sample taken.

Total and the mean total iron contents are expressed in
weight per cent, whereas the nominal composition of the sample is

expressed in mole % FeO.

Comp, Total iron content
Mole % ®eO, Wt, % Te.

3.2 4,32

5.00 6.68

750 9.79

10,00 12,71

20,00 24,05



TABLE VI.1.
EXPT.A

Vol, of Iron OD2
solution content

taken mgs.
mls,

10 0.25 0425
20 0,50 0,501
30 0.75 0.750
4o 1,00 0.98
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Calibration chart.

Vol,of
solution
taken
mls »

2
8
20
28

EXPT.B

Iron OD1
content

mgS.

0,05 0,051
0,20 0,201
0050 0.56
0.70 0.70

Vo% of
Fe "sol.
taken

19,00
16,00
12.00
8
L

Vol of
Fe+4+sol.

taken

1,00
4,00
8.00

12,00
16

20

EXPT.C_
Total OD1
iron
content
0,50 0.474
(95%) '
" 0.‘4'02
(80%)
" 0,301
(60%)
" 0,200
(LO%%)

1
(208FeY) 0,097

" 0,000

0D

0.497
0,501
0.500

0.501

0,500

0,500
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0.6

0.5
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TABLE UT .2,

Sample

Metallic
iron

Magnetite

Solid
solution of
FeO in MgO
(3,2m1.% FeO)

(20ml.% FeO).

* 25ml. was taken for each analysis.
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Experiments to test the method of analysis.

W v,
gMmSe mls,
»*
0.5122 18,30
Dissdved in
HCl/N2 18.30
diluted to 250ml.
0,568 * 12.35
12.30
12430
0, 2001 -
0.2708 2046
0.1015 -
0.1050 22.3

mls,

18,35
18,30

3649

36495
36.85
15430

20.8

21.8

22,5

nFe++

n

+++ n
Fe +

%

Fe++

100

3333

99.0

99.5"

N

K.Cr.0O

0.02
mg Fe

0,02

Iron
content
wt %

0.512
~-100.

72.2%

431

2h.1

23495



atm.

10-18

10’17

10—16

10-12

1014

v
grs.

00971

0.1225
0, 1340

0.1041

0,1141

00842
0,1265

0.1370
0.1145

0.1090
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Results of chemical analysis

Dilution
ml,

100

10

Vol, taken OD
nl,

2

0.420

0.530
0,580

0. 445
0.500

0.370
0.550

0,59
0,490

0.470

OD1

0,409

0.515
0,565

0.433
0.485

0.510

0.545
0.380

0.371

Temp. 1173%K

B T

nfb+++nFe

i

2.6

2.8

2.69
2.7k
2.8k
2.70
7.30

7.6
22-5

21.2

Total
+++ iron

content

wt.%

k.32

4,32
4,31

4.27
4,39

4.40
ke35

4.31
4,28

4,31

Hean Mean
iron n., +++
Fe
content o b
wte® Nt 05
‘ %
2,720, 1
2.7120.02
L3k )
to.08  2.77%0,07
7.45%0,15
21,85%.65



TABLE VI.h,

Jonps -
role % FeO

10717

10-16

10°P

10

10~13

gms.

0.2041

' 0.2081

0.2250

| 0.1565

0,1845

0.2578
0.2221
0.2580
0.2210
0.2511
0.2001

0.2240
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Results of chemical analysis,

mls.

15,40
15.65

17.30

11.70

13,90

19.50
15.60
18.50
13.40
15,60
11.50

13.70

mls.

15.80
16.10

17.80
12,00

14,30

20,00
16,90
20.00
17,10
20,00
15.20
17.80

n_, +++
Fe

%

2,60
2.80

2.80
2,50
2.80

2.50
7.70
7.50
21,75
22,00
23.00

25,00

Dichro-~
n_, ++ n_+++ mate
Te T+ strength content
wt .

0.01

Total
iron

"".32

4,30

b 4O
4,28
b4

4,3k
b.25
4.30
4,31
b, 45
4,20

4,40

Temp. 1173°K

Mean
total
iron
content
wt.%

4,33
¥0.07

Mean
n. +++
Fe

n_ 4+ n._ +++
e’ "+ Fe

2.65%0.15

2.65%0.15

22.87%0,12

23,00



UUOTE VILG,

LU
_ulet%‘FeO

.00

10~V
10‘16

10"

10~

gms.,

0.1195
0. 1415
01530
0.1380
0.1230
0, 1501
0.1395
0. 1405
0.1420

0.1401
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Results of chemical analysis

Dilution
ml.

500

Vol,taken OD

ml,

25

2

0., 400
0.475
0.500
0.465
0. 410
0.500
0. 460
0.470
0.475
0,467

1))

Temp. 1193°K

nFe+++

n

++ N+t
Fe "+ Te

F
p
4,0
4,20
4,00
3.9
k40
4,00
21.75
22,25
22,80

22.90 .

Total
iron
content
wt.%
6.67
6471
6.65
6.74
6,64
6.65
6.59
6.67
6.68
6470

FMean Mean
total  n_ 4+t
content nFe+++an+
wte% %
4,1%0.1
6,675 3,9520,05
Zo.04 -
4;2“0- 2
22%0.25
22,75%0.150
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TABLE VIL6, Results of chemical analysis Temp. 11?3°K
Comp. po2 W v, v, Tpettt Dichro- Total Mean Mean
mole % FeO atm. SHE . ols. ols. no t+ npttt mate iron i.:otal ng
% strehgth content iron A T T
N wt.$% content Fe + Fe
wt.% %
18 0.1385 16.20 16.90 4,20 6.81 .
10 h,1-0.1
0.1250 14,40 15,00 4,00 6.71
-17 0.1500 17.30 18,00 3,90 6.656 +
5,00 10 . 3 .95-0,05
0.1669 19,20 20.80 4,00 0,0 IN 65,69
16 0.1530  17.55 18.30 4.10 6465 .
10 B 4 ,00=0,1
0.1610 18.75 19,30 3.90 6.70 6.70
*o0.08
15 0.1530 13415 18.10 22,90 6.61 ) '
10 23,00
0.1690 15.40 20,0 23.00 6.60 '
1k 0.1610  14.80 19.50 24,00 6.76
10 ' 24,0
0.1360 12.15 16.00 24,00 6,60
13 0.1580 14,00 19,20 27,00 T 6,68 N
10~ 27.00-0.1

0.1410 12,70 17.20 26,90 6,81



TU3LE VIL7.
’.‘I’)mpo poa
role % FeO o
~.50 10-18
i 10"17
10’16
10’15
10~

'i"‘}
gms.

0.1121
0.1429
0.1220
0.1550
0.1321

0,1161

0.1106

0.1003

0,1120

0.1205
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Results of chemical analysis' -

Dilution
mls.

250

11

Volume
taken
mls.,

10

OD2

0,435
0.553
0.475
0.605

0.516

© 0.450
" 0.431

0,400
0.435

0.470

OD1

0,428

0,543
0.465 .
0591
- 0.501
- 0,436
- 0.371

0.345

0,360

0.395

nFe+++ Total - Mean
n. ++ n.+++ iron total
Fe% + Fe content diron -
wt.% content
Wto‘%
1.61 971
1.81 © 9,69
2.10 - 9.75 A
' . 9.73
2.31 9.74 ip.oa
. 2.90 S 9,7k
. 3,10 9.71
14,00 | 9.72
16.00 L9477

Temp. 1173°%K

~Mean

R
nFe

++ Ittt
nFe + Te

%

1,720,170

2.2%0.1

3.0050.1

+

13920.1

16.1%0,1
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T4BLE VILG, Results of chemical analysis Temp. 1173°K
Comp. pO2 W V1 V2 nFe+++ Dichro~ Total iron Mean total I;lfea§++
Mole % FeO gms, n,, ++ n, +++ mate content iron Fe
atm, mls, mls. Fe ,+ Fe ] o e
% strength wt.i% content Nt D
5 wt . % e, TF
7~
g 041371 23,50 2k ,00 1.90 9.80 .
10 ' 2.,0-0,1
0,1640 28,00 28,60 2.10 9.70
17 0.1411 23495 24,50 2.10 9.70 +
7.50 10 0.01 2-2"‘0-1
0.1116 19.350 19.80 2,30 9.90
10 0.1151 19440 20400 3,00 971 * 0.07 3=
0.1290 . 2G50 21.20 3,00 9.80 *
10 14.00-0.10
0.1520 22,7 26.50 14,10 9.71
10 16.10-0,1
0.1594 . 23.60 28,10 16,10 9.81
13 0.1470 . 20,10 25,60 21,40 9.75 : +
10 21.55-0.15

0.1580 21,40 27.50 21,70
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LB VI,9, : Results of chemical analysis Temp, 1 1’73°K
JoD. poa‘ W Dilution Volume oD, oD, Tpe Total iron Mean Mean
_le %Fe0 £nsS. mls. taken mls, n_. ++ n_+++ content totzl n, ++%
atm. Fe "+ Te ’ . e
o wt.f iron  WETT MR+
” content %
wt o%
18 041600 0,405 0.395 2,42 12,65 +
10 500 10 2.41-0.1
17 0,1875 " " 0,455 O, 440 3.3 12,71 .
10.00 10 L 3e5-0.2
0.1785 . 0.410 . 0.395 3.7 12.69 1247~
0.040
16 01870 0,455 0.435 4.4 12.80 N
it 1 O L" L] 5"'0 L) "
0. 1956 n L 04500 0,477 4.6 12.81
15 0,1871 0. 475 0,275 41,7 S 12469 .
" O- L|‘1 - 9"0 ® 20
0.1771 0.450 0.260 42,1 12,71
14 0.1971 " i 0. 500 0,280 43.8 12.69

10 _ | 44,0%0.20
0.1694 0,430 0.240 Lh.2 12.69 :
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TABLE VI.10. Results of chemical analysis Temp. 1173°K
Comp. Po, W v, v, Dyttt Dichro~  Total HMean Yiean
mole % FeO gms . nls uls g tt Bp tHt mate iron total Npgttt
. * * % strength  content iron et
N wt.% content "Fe' +'Fe
‘ ‘ wte% %
18 0,191 16,45 16,90 2462 12,70 .
10 0.02 2.50=0,12
041901 20,50 21,00 2.38 12450 :
17 0.1571 17.45 18,10 3.6 , 12,71 N
10,00 10 ' 3.5~0.10
0.1551 17.10 17470 3ok 12,61
10710 0,131 1485 15.50 42 12,64 12,71 \
. M r ey
0.,1265  13.9 14,60 4.8 12,89 10-05  H.5°0.30
107~ 41,0=0.20
0,177 11.75 20,00 41,2 12,61
1l 0.1600 9.80 18.20 46,00 12,70
10 46,00
0, 1510 9.35 17.10 L6,16 12,61
13 0,1810 10,80 20,50 48,1 12,70 N
10 47.9-0,2

0.1550 9.50 18,00 L7.7 12.90
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TABLE VI, 11, Results of chemical analysis Temp. 1173°K
Comp po‘2 Y Dil, Vol. oD, oD, Dttt Total Mean Mean
mole % FeO gms. mls, taken n_ ++ n_t+++ iron iron n. ++
atm. Fe 4 Te T
mls., o content conte syt
# wto% % “Fe '+ Fe
%
_18 0.2091 0.400 0,390 2,50 23.90 .
10 500 104 00,, 2, 44-0,06
0.2401 9= 0,462 0.451 2.38 24,00 '
- :
n o
o 0.2321 § s 0,448 0.435 3.42 24,10 N
20.00 10 0.2155 " 38 0.2 0. 400 3.45 24,05 3.5-0,1
0,2201 b 05 0,425 0.411 3.6 23.95 2k.01 '
+ ﬁ 2 +
[1}] -O:D
888 ¢
6 6.1972 H ey 0.377 0.360 b b 24,12 N
L 10 " A= 4,5-0,10
0.2260 e i%;g 0.435 0,415 b6 2,10
(@] g =0
15 0.2132 Q°8* o0.410 0,203 50,3 24,10 R
it 10 . " 08 of 5064041
0,22%2 *;{3‘ 5% 0.420 0.211 50.5 23,80 ‘
Sk « 0
1L 0.2093 " g c4g+  o,b02 0,202 49,7 . 2410 N
10 g on 49.65=1,10
0.2075 = 0T N 0,39 0,200 49.6 23,90 , '
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- o
TABLE VI, 12. . Results of chemical analysis Temp, 1175°K
Comp. po2 u v, v, Ppettt  Dichro-  Total iron lMean Mean
of T T - .
mole % FeQ ... gus. nls. nls, Dyt Dot mate contg’nt total iron  np +++
% strength wt 5o cont elnt TR R
N wt.% O™ fre
%
13 0.0865  18.10 18.60 2441 24,10 . .
10 2-5—001
0,1160 24,45 25.10 2.59 24,2
17 041350 28,15 29,20 3,60 0.02 2k, o
20.0 10 3.7-0.1
0.1321 27,75 28,50 3.80 24.05
16 0.1271  26.25 27,40 4,20 24,10 24.1%0,05 .
10° - » 4.5-0.3
0.1131 23,80 25.00 4,80 2k, 20
15 0.1250 14,00 27.00 48.10 24,10 N
10" "7 48,020, 10
0.1260 14,00 26.90 47,91 23,95
1k 0.1170  12.55 25.10 50.0 23.9 +
10 ' ' 50~
©0.1210  13.00 26.00 50,0 2k, 10
% 0,1250 13.4 27,00 50,40 24,10 -
10" 50~

0.1141 1241 2k b 50,60 23,95



“’ABLE VI,13.

aComp. pO2
mole % FeO atme
f1o-16

3,2 5x10~ 17
sx10” 14

5x10™ 10

5x10™ 12

5x10~ 11

5x10™ 10

]

) gr?ls.

0,2481
0,2001
0.2320
0.2160
0.2L00

0.2710

- 042200

0.1750
0.2010
0.2290
01941
0.2191

0, 2474
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Results of chemical analysis,

18.7
15.4
17,1
16.30
17.95

20,30

16.20
14,00
16‘00
15.7
141
14,50

1660

mls,

1941
19.8
1750
16470
18.40

20,80

1730
14,30
17.00
17,70
16,00
16,60

19,10

n., +++
e

n., 4+ n_4++
Fe + Fe

ol

yd

247

. 2.00

2,40
2.2

2.4

Dichro~

mate

strength
N

KaCrEO7

0.01

Total
iron
content
%

4,32

b, by
4,20
4,30
4,28

4,31

L,bo
4,70
4,30
4.30
4,48
4,21

4,34

Temp. 1323°K

iean
total iton
content

ol

70

lMean

n., +++
Fe

N_ ++ D4+
Fe + Fe -

%
2.4%0.3

2.2%0,2

24¢3~041

5.5550.25

11.6%0,30

12.9%0,20



TABLE VI,1h

Contp,
mole % Fe0

10

5 . 00 5X10—

55107

5x1o'1

5x10-1

5x10

5::’10-"l

Po

2

atm,

15

3

2

0

L

0.1590
041550

0,1270

0.1420

0,1265
0,1208
0.1495

0,1430
0, 1440
0.1515
0.1530
0.1510
00,1371

041391

0.1601
0. 1496
0, 1501

mls.

18,50
1795
15,10
16,40
14,40

4,15
17.25

16.85
16,40
16,85

17.65
16,30

15.05

16,00

16,00
15.00
15.60

mls.

1941

18,70
15.70
17,10
15.00
14,80
18,00
17 .50
17.10
16.20
19,00
18,00
16,20

17.30

19.30
19.20
19.00
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n,, 4+

En
Se

n_, ++ 1
e '+

4+
Fe

/
%

3.60
4,00
%.80
4,10
4,00
4, ko
3.90
3,70
4,10
7ok
762
7e
71

7.h

17.1
17.6
179

Results of chemical analysis

Dichro-

mate

strength
N

0,01

Temp. 1323°K

Total
iron-
content
wt %
6.68
6.75
6.92

6.60°

rean

total iron_

content
wt o %ou

6.7120.11

Mean
n_, +++
Te

n,. ++ n_+++
Te + Fe

70

3,95%0,15

:4.1fo.2
j;.9io.a
%7.21‘0..1
t?.2519.1§:

17.5%0,3



TABLE VI.15

Comp,
mole % FeO

7.50

P
O2
atm,

10-16

5x10_15

sxq0” T

5x10"13

5x10-12

5x10—11

5x10™10

guS.

10,1440

0,1596
0.1355
0.1570

0.1480

0.1560

0.1140
0.1254
0.1473
0.1501
0.1216

0.1179
0.1105

0.1240

mls.

23.9

26.9

22,60
26,15
25,00
25,90
19,15
21,20
23,50
24.35
19,20

18,20
16,10

18.30
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Results of chemical analysis

mls.,

25.00
28.00
23.50
27430
26.20
27.00
20.00
22.10
25,50
26.50
21.50

20,60
19.20

22,00

n_, +++
Fe

g ++ N+t
e + Fe

%

4,10
3,90
3.8
4,2
b6
4,20
4,10
4,10
7.90
8,10

10,70

10.70
16,20

16.80

Dichro-
mate

strength
N

0.01

Temp. 132%°K

Total
iron
content
wt %

9¢71
2.78
9.69
9.70
9.87
9.70
9.78
9.71
9,72
9.86
9.82
9.75
9.71
9.67

Mean
total
iron
content
Wto%

Hean

n., +++
Fe

n_, ++ n_++
Fe + Fe

o/

4.00%0,1

4,00%0,2

4, 4%0,2

4,10

2.00%0:1

10,7

16.5%0.3



CiBLE VIL16,

SOMP e

nole %

10400

i

eQ

5x10_15

5x1o"14

5%10™ 12

5x10™ 12

5x10™ 11

5x10-1o

vy

vl
gms.e

0.1631
0,1621
0.1540

0.1381

0.1845

0.2170

042056
0.,2070
041878
0.2101
0.2050
0.2070
02220

0.2291

mls,

18,40
36445
34,65
31455
29,70
20445

24,40

22,45
22,70
19.55
22.25
20,30
20,60
21425

21:50
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Results of chemical analysis

V2

mls,

18.70
36480
35,00

32,00

30.00 |

21400

25,00

23,20
23,80
21.10
24,00
23,10
23,60
25,00

26450

N

n., ++ n_+++
Fe "+ Fe

%

1.40
0,96
1.00
1.1"0
1,00
2.50

2,40

3,20
3k
7.40
7.30
12410
12470
15.00

15,00

Dichro-
mate

strength
N

0.02
0'01

 Temp. 1323°K

Total
iron
content
wt o %
12.80
12460
12465
12.85
12.55
12.70

12,90

12,61
12.70
12,58
12,80
12,60
12.70
12,60

12490

Mean
total
iron

content

wt o5

12.72
*0.10

Mean
n., +++
Fe
++ 4+
Ope ™ pd

%
%

1.12%0,12

1.2%0.2

2.45%0,05

3,320, 1

7.35%0,05

15,05%0,05
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TABLE VI.17 Results of chemical analysis Temp. 1323°K
Comp. Po W v v -t
nole % Feo 2 1 2 Tpe Dichro-  Total Mean Mean
atm, gns. gms. gms. N ot Dpttt mate iron total np
% - strength content iron ——f:f——: +
N wte$ content “re ‘ﬁpFe+
wt.% %
16 0.1117 24,25 24,50 1.02 b b .
10 1:2"0.2
0.1001 21.10 21440 1.40 24,1
: 15 0,1259 26.55 26,90 1430 23.9 .
20 5}(10 24.10 1‘2"0.1
041220 25.90 26.20 1410 0.02 24.10 .15
1l 0.1067 22,40 23,10 3.20 24,20 .
5x10 ' 3,00-0.20
0.1081 22,75 23.40 2.80 24,10
13 0.1161 23.70 25.00 5.20 24,10 .
5x10 5.10~0.10
0.1087 21.90 23.10 5.00 23.9
o 0.119% 20,80 2k, 40 14.80 23,9 +
5x10 , 15.00-0420
0.1022 18440 21.70 15420 23.8
qq 01171 18,1 25410 28.00 23.90 .
5x10 28.05-0.05
0.1231 19,40 2700 28,10 23.7
_qo 0s1001  8.65 21,10 58410 23.70 .
5x10 58,2-0.10

0.1179 10,45 25,10 58.30 23.9.
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Compa Run
Jole % FeO No.

52
53
54
56
57
58
59
€0

62
63
6k
65
66

it

atm.

10—14

5x1o’13
10

10™10
10"

10

5x10

Results of chemical analysis

W
gnsS.

0427141
01960
0.2120
0.1960
041930
0.2131
0.2480
0.221

0.235

0.2091
0.1971
042120

0.2031

mls,

16.80
14.55
16.35
15.05

15,60

1 16.45

18,60
16,80
16.75
14430
13¢5
a4

1342

156

mls.

1742

15,00
16,70
15,50
16,00
16,90
19,10
17.9

17.8

16.30
15.40
1740

16.10

Dichro-
mate
strength
NKECr27

0.01

0.01

0.01

Temp. 1473°K

Ipet™  motal
re R et
% p
2,9 4,49
A
2.9 bl
2,5 4,61
2.4 L4
2.9 4,29
6.10 4,51
5490 Le21
1243 L34
12.8 he31
1743 431
17.9 i1

HMean
total
iron

content

%

4,40
*0.07

Mean

nFe+++

n., ++ +++
Fe +nFe

%

2.56%0.34

2.7%0.2

2.65%0.25

6.00=0.10

12,5540,25

17.6%0.30



TAGIE VI.49
Corpe. pO2
mole 9% FeO atm.
0~
5,00 5x10~ 12
11
10~ 10
10”9
10“5.
Q
5x10""

grs.,

0.1581
0. 1545
0,1601
0,1245

01251

0. 1471

0. 1t16

0.1455
0,1545

061470
001330

0o 145k
0.1635
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: Results of chemical analysis

mls.

18.30
17.75
14,40
14,85

17.35
16425

16,00

17.00

15.20
13.75

14.50
16.30

mls,

1770
16,00

1750

19.00

n, +++
e

iy Dichro-
nFe+++an++ mate
% strength

14,10
14,10

17,10

173

Temp. 1473°K

Total
iron
content
wt .5

6.84
6.71

6.72
6,71

6.68
6.71

6.71

6.52

Mean
total
iron
content
wt.%

6.70
iO.1O

Mean
n., k44
e

N

4,320,1

8.520.2

14,10

17.2%0.1



TABLE VI.20
Comp. po2
o/

mole % Fel atm.
10-14

7.5 5¢10™ 17
10~11
q0~10
107
10“8
5x10"8

grm,

0. 1494
0.1282
041150
0,2022
0.1280
061175
0.1341
041185
0.1201
0,1175
041295
0.1245

0.1261

mls.

25.25
21,80
19.40
3k, 50
21475
19.75
22,60
19.60
20,20
17.20
19.10
15.65

1575
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Results of chemical analysis

mls.

26,00
22,50
20,00
35.6

22,40
20,40
23430
21.00
21,70
20,20
22,40
21.60

22.10

Ope Tt Dichro-
Nt Np it mate
of strength
” N

2.90
3410 "
3.00

3.10 "
2.90

3410

3.00

6.70

6.90

14,90

15..10

27,70

28,30

Temp, 1473°K

Total Mean Mean
iron total np A4+
. Fe
content iron T TTi+
wt.% content “Fe' '+ Fe
wteS %
9.71
3,020, 1
9.79
9.75 +
9.85 300"011
9,71 2.?4
~0,09
9.71 +
3.05-0,05
9.78
9.%0
6.8%0,1
9.80
9.65
1510.1
9.71
9.62
28%0.3
G.79



TABLE VI.21

somp,
nole % FeO

10,00

atme.

1O~1O

1077

10"8

5x10"

W

gms.

0.1791
0.1561
0,1871
041725
0,2115

0.1811

0.1870
041960

0.1740
0.1970
0.1891

0.2141

i

mls,.

1950
17215
20450
18,45
23440
19485

18.55
19.60

14,60
15420
11.35

12,90
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Results of chemical analysis .

nls.

20,10
17,70
21.20
19.10
24,20

20,60

21.20
22,4

20410
22.40
21,00

23.90

ot R
nFe Dichro-

n., ++ n g++ mate

Fe 0+ F strength

34,00
0,02
3410
33
3.k
343

349

12,4
12,6

305
31.5
45,9
46,1

Temp. 1473°K

Total
iron
content
W oG

12,50
12,70
12,61
12,48
12,76

12471

12,68
12,78

12.96
12461
12481

1259

Mean Mean
total n_, +++
iron ._F.;e.}__—__-—-..
content nFe+++nF€++
wt.% %
+
3.05-0,05

12,72 3.3550,05
+0,12 A

3,6%0.30

- ~

12,520,
21,020,5

46,0%0,10



ABLE VIL22

Lomp.
nole % FeO

20.00

5%10"

T
]

gns.

0.0963
6.1075
040991

0.1016

0,102
0.1080
0.1110
0. 1041
0,094k
0.1120
0.0627
0, 1141
0, 1062

0.1041

mls.

19,85
22,20
20,50

20. 95

21.10
22,2
21.80
19,20
14.50
176
13.3
16,60
11.55

11.30
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Results of chemical analysis

mls,

20,70
23,20
21.4

21.80

22,0
23.20
23.80
21.00
20.20
24,40
20,00
24,60
23.10

22.60

4,10
L|'¢30
4,20

4,10

4,10
4430
8.40
8.60
28,10
28,00
33.30
32,70
50,10

50.00

Dichro-
mate
strength

N

0,02

Temp. 1473°K

Total
iron
content
wt . %
24,10
24,20
24,10

24,00

2k,10
23,95
24,00
23,80
24.10
24,20
24,20
24,09
24,20

24,10

Mean
total
iron

content

wt %

Mean

ng b

‘e

n. ++ n. +++
T'e +?Fe

%

4.250.1

4,15%0,05

4,1620,05
8.5%0.1
28,0520.05
33,0=0.30

50
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APPENDIX VII

Cglculation of the activation energies

Using the relation S AH

1 f
G = ¢ P, exp. { &7 4

The activation enthalpy for motion of the positive holes has
been calculated from the slope of the plot log (© “/po 1/m)
2

as a function 1/TOK. The following table summarize the results

thus obtained.,

_ - AHA A
Comp.y slppex4576_ 4&%,.AH1/262 m Ljﬂm o
mole % FeO  ~/aHf + aHm @) k.cals

o/, ’
% cals.
+

20.00 +14,70 705240 6 8.7-1.67
10,00 +14.10 -720%5,0 10%2.00

7450 +17.60 -68%0.5 A 16.452,5
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