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ABSTRACT

The previous work on the solid oxide-oxygen systems from the
thermodynamacists' and engineers' view point, has been reviewed. The
design considerations of high pressure equipment in general, and of

that used here in particular have been discussed.

The electrical conductivity studies of 'pure' thoria, thoria-yttria
solid solutions, specpure ceria and impure ceria have been carried out
at low as well as high oxygen pressures ranging from 107 to 500 atm.
Pure thoria and thoria-yttria solid solutions show a change in the
conductivity mechanism from ionic to p-type conductivity with increasing

oxygen pressures. At high oxygen pressure ( 500 atm.) a Py = ©
' 2
;
dependency of POé was observed. This has been explained by a bivacancy
2
mechanism (VoVo) as:

02(g) *+ (VoVo) & Oy (yqy,y *+ @

In the case of ceria the conductivity changes from n-type to p-type
with low to high oxygen pressures respectively. The n-type conduction
mechanism is considered due to the presence of Frenkel type disorder

where cation interstitial formation provides the following reaction
Ce0, &= Ce;** +0,(g) + 40O

—1‘
which gives the Pb - o dependency of Pb /%. At higher oxygen pressu-
2 2 '
res the filling of bivacancies (| Vy) gives a P0 - o dependency of
1
p_ /2, ‘
0,

Thermodynamic studies of dissociation of PdO and yMnOl 95 have

also been carried out and appropriate thermodynamic equations have been

derived for the temperature range studied.

Thermogravimetric studies were made to determine the region of thermal
stability of the oxides, so that conductivity studies could be made on
them. In both cases however, they exhibited extremely high conductivities

virtually short circuiting the measuring equipment.
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CHAPTER - 1

INTRODUGCTION




1.1 HIGH PRESSURE

(Development and Historical Background)

The earliest known approach to systematic studies at high pressure
was made at the Florentine Academy. It was early in the 18th century
when attempts were made to study the behaviour of water in connection
with compressibility. Due to the somewhat crude experimental techniques
used the incompressibility of water as demonstrated by the Florentine
Academy was, however, subjected to criticism. Cantons'(l) experiments
(1762 ~ 64) published in the transactions of the Royal Society elucidate
the behaviour of water under applied pressures. Water was found to be
compressible., During the same period many researchers took keen interest
in the study of volume changes of various liquids under high pressures.
Parkins'(z)- and Amagat's(B) works are particularly noteworthy as they

employed ingenious methods to attain pressures of the order 3000 Kg/cm?2.

Parrot and Lenz(h) (1833) showed that glass was compressible; - they
also checked Boyle's law for air.Natterers attemps to liquify gases gave
him an impetus to reach a pressure of 3,600 Kg/cm?., Jamin, Wartsmann
and Joule extended their high pressure studies to various fields such

as optical, electrical and thermal properties of materials.

The importaht discovery of the critical phenomena in gases made by
Amagat in 1861, attracted many investigators who started their activities
to study the behaviour of gases beyond critical pressures. Amagat's
study on the compressibility of gases and liquids over pressures up to
3000 Kg/cm? and temperature up to 200 °C are considered classical
even today.

For the people in the high pressure field synthesis of diamond was
as attractive as the transmutation of base metals into gold was to the
earlier alchemists. Parsons started his studies on carbon at high tem-
peratures and high pressures as early as 1888. Tammannafter Amagat made
extensive studies,particularly those of transition temperatures of solids
under pressure. These early workers also started to study properties
such as refractive index, viscosity, electrical resistance and thermoelec-

tric power of materials under pressure.

The above few examples are not extensive in any case; however,
these are the examples that endeavour to show that these zealous earlier

workers opened the gates of new activities in the field of high pressure.



Then approached a stage where the later workers were confronted with the
task of developing correspondingly diverse techniques for carrying out
more advanced investigations. Professor P.W. Bridgman with his persis-
tant work and vast understanding contributed to almost every branch of
the field and managed to become the founder of the modern high pressure
research. _His(s) book 'The Phjsics of High Pressure' first published
in 1931 (G. Bells and‘Sons Ltd., London) consists of an extensive histo-
rical survey of the earlier high pressure researches and discriptions
of the various aspects of the activities in the field. It deals with

many novel high pressure techniques.

Many of Bridgman's contemporaries carried out investigations in
different high pressure centres throughout the world. The year 1955 is
perhaps the most celebrated oneinmmﬁﬁ-&elong sought after synthesis of
diamond was achieved by Bundy, Hall, Strong and Wentorf(6). This was
the start of obtaining very high pressures vhen disciplines involving
mechanical, thermal, electrical and optical properties of solids were
investigated under pressures approaching millions of bars. Bradley's(7)
High Pressure Physics and Chemistry illuminates advanced studies in most
aspects of this field including theory and experimeﬁt under static and

dynamic pressures.

1.2 SQLID QXIDE/OXYGEN EQUILIBRIA AT HIGH PRESSURES AND TEMPERATURES

Equilibria involving oxides and oxygen are important in many
fields, e.g., extraction metallurgy, refractories technology, and
properties of metallic materials. Many oxidation processes, how-

ever, require high pressure oxygen for their formation.

For the study of oxide-oxygen equilibria at high oxygen pres-
sures, two most wvaluable types of measurements are electrical
conductivity and thermogravimetry. These two techniques have been

used predominently throughout the present work.

1.2.1 Solid Electrolytes

Solid electrolytes have potential use in the most efficient
device for energy conversion, namely the fuel cell. They are also
important in devices for measuring low oxygen potentials with a
good degree of accuracy. These devices take the form of cells by
which the oxygen content of molten metals such as copper and silver

can be measured.
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At present emphasis is laid on such investigations with a
view to clarifying many current theoretical problems such as those
involved with the defects in solids and their correlation with

electrical conductivity.

The electrical conduction in a system as a flux of charged

species is given by the expression

9 TP MY ;
where Oss Dys and 9 represent respectively the partial specific
conductivity (ohm—l. cm—l.),
3

due to the species i, the number of

., mobility cm?. sec—l. V—l. of the relevant

charged species cm
charge carrier and the charge (q) carried by the species. There-
fore, the total c¢onductivity through any material will be the
summation of the individual partial conductivities.

o= In; W 9

With regard to the conductivity in metals, the valence electrons
shift towards the conduction band under the influence of an ap-
plied electric field and the band model describes reasonably satis—
factorily the phenomena of electrical conduction. In this case,
the number of electrons participating in the conduction mechanism
is of the order of the number of atoms of the metal per unit volume,
i.e., :'_1022 per cm3, Where electron mobilities are given by the

following equation

_ 2 e lp
o =771
(2 wmkT)?

For symbols and detailed discussion, see Appendix 1.

The conduction in non-metals does not follow the same mechanism, and
in these systems, point defects such as the presence of vacancies,
interstitial atoms, or impurity atoms are essential to facilitate

ionic movement and mass transport.

The ionic transport responsible for the conduction of electricity

through a solid solution of zirconia and yttria has been reported

(8)

by Nernst ca. 1900 and electrochemical studies of oxygen concentra-

tion cells have been made since 1905. The era of the present exten-

sive study of the electrolyte behaviour of refractory oxide materials

(9)

was started by Kiukkola and Wagner who experimentally showed
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that high temperature galvanic cells (Zr 02/Ca0 solid solution)
could be used as an accurate technique for obtaining high tempera-
ture thermodynamic data.

(10)

Steele et al. have classified solid electrolytes as:

(1) Galvanic cells for measuring high temperature
thermodynamic data, oxygen meters, etec.

(2). High temperature fuel cells.

« - For high temperature oxygen meteré, s0lid electrolyte material
should have a relatively small total conductivity while in the case
of fuel cells generating power by the oxidation of a fossil fuel,
the material should be an oxygen ion conductor with the highest
possible ionic conductivity, but a small amount of electronic con-

ductivity may be accepted.

AN
It was Wagner and Schottky(ll)

who first demonstrated non-
stoichiometry associated with ionic compounds and other ordered
solid solutions, and also attempted to correlate thermodynamically -
these solid defects with the activity of the metal or non-metal

(12)

for the E.M.F. of a galvanic cell experiencing a mixed conduction

component of the compound under study. Wagner's expression
related to the sum of the ionic transference numbers and may be
written for an electrolyte utilising oxygen as the conducting species
as: '

0

1 2
E.M.F. = TF {(tion) duO2

HO,
where: E.M.F. represents the electromotive force (mV),
F is Faraday's Constant, and

1]
uO2 and qu are the chemical potentials of oxygen in

: the reversible cathode and anode, respectively.
Bes~ides ionic species in solid electrolytes, electronic

defects are also possible. These are quasi-free electrons in the

conduction band or electron holes formed as a result of removal

of electrons from the valence band. These are both ionic and

electronic charge carriers and arrange themselves in different

energy levels in the forbidden energy gap, and thus form a band

structure for non-metallic solids.
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A further consideration of binary oxide solid solutions differen-
tiates between intrinsic and extrinsic defects. These point and
electronic defects can be treated quasi—chemicélly when the concen-
tration is dilute. In such a system, Henry's law of dilute solu-
tions applies to activities of the solute components. Following

these lines, Wagner et al.(l3 -~ 15)

have explained the partial
electronic conductivity behaviour of a series of binary compounds.

In such systems, Boltzmann's statistical equation (see Appendix l)was
~ applied.

(9)

in Zr02 as oxygen ion conducting electrolyte and determined
standard free energies of formation for a number of binary oxides.
Peters et al.(l6’ 17)

lyte was Th02 doped with LaO

Kiukkola and Wagner employed a solid solution of 15m% CaO

made similar investigations, but their electro-

1.5 and ZrO2 doped with Yol.S' Results

obtained by the conductivity measurements were substantiated by

(18)

namely, that the oxygen ion

solid

those obtained by Kingery et al.
was the predominent 1onic species 1n ZrO.BS Ca0.15 01.85
solution. The limitations of such an electrolyte, demonstrated by

Schmalzried(lg) (20)

» Steele and Alcock for uses with oxygen pressures
"
lower than those of the iron/wustite equilibria (10

15 atm) at 1000°C
indicate that new electrolytes should be sought. The E.M.F. measure-
ments of thoria revealed that the ionic conductivity (tion::> 0.99)

was experienced by a lower P. range than for Zr02; on the other hand,

0
2
at higher oxygen pressures, the solid solution exhibited a consider-

able p-type conductivity. The fluorite structure of ThO2 is

particularly useful for accommodating the ions of different valences

and CaF,_ structure is retained to its melting point (3300°C). Hund

and D. Roy(el) (22)

, and R. Roy found and have shown,on the basis

of their experimental evidence,that on doping a fluorite type solvent
(Th02) with higher valent or aliovalent cations a significant
change in conductivity takes place. In such a solution, i.e. formed
by adding Lal or YO

3+ 3+ 1.5 + 1.5 .
La on Th  site takes place and the electrical neutrality is
maintained by the presence of oxygen vacancies.

to ThO2 substition of the trivalent cation

or Y

The relationship between the mobility of an ion moving under
the influence of an electric potential gradient and the self-
diffusion coefficient of the ion is given by the Nernst-Einstein

equation.
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where:. k/e = 8,618 x lO.-5 eV/QK . -

An idea of the magnitude of the D values can be obtained by
taking commonly expected values of u at 1000°K, i.e. u.=102 and

10“2 cm2 V“1 sec_l. With these u values, the respective values .of
D become 10 and 10—3 cm2 V—l sec_l. ' ~
Alcock(23), on the basis of theoretical considerations, has

shown that using lower values of mobility, diffusion coefficients
under an applied field are asbout 1oh to 106 times higher than the
self-diffusion coefficients of an ion in a highly conducting
electrolytic oxide at 1000°K.. Thus, the concentration of the
electrons and holes would be smaller than the concentration

of ioms (Cio = 1072 eu ) by about 10°. Therefore, any contri-

n
bution of extrinsic current carriers arising from departures from
stoichiometry would be significant only when the departures from

stoichiometry are more than 1 x 10-'5 for the value of x in the ex-

pression MO It can, thus, be assumed that any valuable

l+x
departure from stoichiometry involving the creation of electron

carriers will make a solid oxide become a semiconductor.

A detailed discussion and classical theory of electronic semi-

gonductors is given in Appendix L

(24)

basis of a dilute solution model, depicts different oxygen pres—

A theoretical consideration given by Lasker and Rapp ,» onthe

sure dependencies at various regioms of applied P, , the proportion-

0
. 2
ality of which changes from a purely ionic plateau through Pol/6 to
2
P /4 as P, approaches 1 atm.
02 02

The purpose of the present investigation has been to extend

1/h
0

2

the studies of 'pure' thoria and thoria/yttria solid solutions to
much higher oxygen pressures to see if the P relation is main-

tained.

Electrical conductivity studies of ceria have also been carried
out to much higher oxygen pressures to see if some changes in con-

ductivity behaviour occur as a function of applied oxygen pressure.
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1.2.2 Crystgl Growth and Stoichiometry as a Function of Vapour

Pressure of one of the Constituent Species

Stoichiometry does not preclude the presence of anion and
cation defects, nor does it include the minimum concentration of
defects. On the contrary, in a case where the free energy of
formation of a cation defect is less than that of an anion de-
fect the compound with the total minimum free energy will be
one having greater concentration of cation defects; the compound
with the minimum total free energy also has the minimum melting
point. Due to the difference in the cation and anion defect for-
mation energy, obtaining stoichicﬁetric crystals from the melt
is generally difficult. In semiconductor technology, the stoi-
chiometry is extremely important as an excess of anions_or cations
gives rise to excess current carriers. The perfect crystal must

be stoichicmetric and contain a minimum total number of defects.

Fig. 1.1 represents a
vhase diagram for crystal
growth from the melt as a
general case. The shaded
area shows the renge of
composition over which the
compound is stable. Here
the compound with the max- TEMP.

imum melting point, Sl’

contains an excess of B.

This compound experiences

the minimum total free

energy and minimum total

concentration of equilibri- .
Fig. 1.1 Equilibrium diagram for stoi-

um defeets. The stoichio- chiometric crystal growth.

metric compound, 83, has a

lower melting point and a from: Lawson and Nielson(25) Semiconductor

higher total concentration Monographs Preparation of single
crystals.

of equilibrium defects.
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If a melt of composition AB solidifies from one end, then under
equilibrium conditions, the first solid formed would have the compo-
sition 82. As the solid has an excess of B, therefore, the liquid
will be richer in A. Solid formed after this point will have a
higher concentration of A. When the liquid composition reaches Ll,
the stoichiometric compound S3 is formed. Any further solidifica-
tion indicates excess of A. The resulting ingot would show a variation
iq composition along its length defined by the solidus line 52—83—84.
This behaviour of crystal growth plays an important role in the case of
semiconducting materials, i.e., an excess of B makes it p-type, and an
excess of A makes it n-type. In such a case at some point ‘along the in-

got corresponding to the stoichiometric composition a p-n junction is formed.

The important feature of the equilibrium diagram is that the
stoichiometrie crystals can only be produced if the melt composi-—
tion is controlled by means of the vapour phase. The P-T-X equili-

(26)

plains this excellently where at the equilibrium composition of

brium diagram, due to Bloem and Kroger , for lead sulphide ex-

PbS under a pressure of sulphur vapour of 0.1 atm. at 1000°K the
crystal contains lO18 excess lead atoms. cm-3. Therefore, the
composition of the crystal forming from the melt may be controlling
the pressure of the sulphur vapour and the temperature at which they

are formed.

From the above, it would appear that in obtaining thoria in
a compact form, either by crystal growth or by vacuum sintering
of the powder, the same complication will be experienced, namely,
oxygen deficient materials will always be produced. However,

subsequent heating in air or oxygen will improve the stoichiometry.

A comparison of the conductivity values for single crystal
~ thoria and sintered specimens of compressed thoria powder pellets
would furnish wvaluable information concerning the defect structure

and the conductivity mechanism for such materials.

1,2.3 Thermograviretry on Oxide Systerns

In the words of Gordon(27)

, thermogravimetry is defined as
an experimental method for characterising a system (element, com~
pound and mixture) by measuring changes in physico-chemical
properties at elevated temperatures as a function of increasing

temperature.
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The technique is mostly employed in studying gas/solid
equilibria where different parémeéers such as changes in weight as
a function of time at & constant temperature, or as a function of
both temperature and time, are required. The terms, "isothermal"

and "dynamic" thermogravimetry are applied, respectively.

Thermogravimetry is not new in itself, but has been in use
since the early twentieth century where a reference is made to
the work of Honda(28), who made his thermobalance in 1915. Since
then, an immense development and a great refinement has enhanced
its applicability in the studie? o§ thermal reactions under varying
29

conditions. Coats and Redferns review on therﬁogravimetric
enalysis with & long list of references (332) is an excellent
example to illustrate its contribution to modern research. Al-
though the technique has been developed to & high degree of sophis-
tication for work under atmospheric and vacuum conditions, accurate

thermogravimetry under high pressure has not been commonly used.

Some of the first thermogravimetric work involving High pres-—
(30)

sure oxygen was carried out by Mackewan and Fassel who made &
study of the oxidation of copper in oxygen in the pressure and
temperature range of 14.7 to 400 psi and 600 to 9OOOC, respectively.
They found that under these conditions of temperature and pressure,
the oxidetion rate was independent 6f pressure. This pressure
independence of oxidation rate agrees well With Feitknecht's(3l)
conclusion concerning the pressure independence of copper from
atmospheric pressure to 400 psi. The oxide film under the tempera-
ture and pressure conditions mentioned above contained Cu20 and CuO.

Peterson, Fassel, and Wadsworth(32)

studied the Tantalum-Oxygen
system over the temperature range 500~1000°C and oxXygen pressure

10 mm Hg to 600 psi. At 500—60000, the rate of oxidation was found
to be essentially independent of oxygen pressure while at temperatures
in the range 600 to 800°C, the rate of oxidation increased rapidly

with an inecrease of P Typical parabolic rate versus time relation-

02'
ships were found.

(33)

Biermann and Henrich investigated the pyrolysis of chromium
(VI) oxide under an oxygen atmosphere of 200 psi, where they found

that oxygen diminished in three steps; ratios of weight losses 4.10:
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1.97: 9.00 indicate formation of Cr Cr O o and Cr The

5913> “F59 203
thermobalance employed by these authors was capable of being used

up to 6Q atm.

The most recent high pressure thermogravimetric work is due
to Baker(Bh) and Beker and Talukdar(35), who measured weight
changes on‘systems at pressures up to 100 atm. The latter work

was devoted to a study of the silver/oxygen system.

1.3 EXAMPLES OF PHASE EQUILIBRIA INVOLVING HIGHER OXIDES

The behaviour of rare earths towards their oxide formation is
complex. These elements form sesquioxides where their ions are
presumed to exist in the trivalent state. In addition to this
state cerium, praseodymium and terbium react to form higher oxides.
MacChesney et al.(36) have explained the formation of higher oxides
on the basis of é tetravalent state. In addition to the sesqui-
oxide phase a dioxide phase and a number of intermediate phases

exist.

Terbium oxide exists in six different phases. Tb203 has two
polymorphs; the C-type is a low temperature polymorph with b.c.c.
structure of the bixbyite type and a slight distortion of this
structure produced at higher temperature gives the B-type polymorph
which has a monoclinic symmetry. The phase of highest oxygen content
approaches the dioxide with unit cell as f.c.c., isostructural with
that of fluorite. The intermediate phases are explained as containing

3+ L+

fractional amounts of Tb and Tb These phasés are believed to

form as a result of ordered removal of oxygen ions from the fluorite

structure. The structures of the other phases are reported(36)
below.

‘I'bOl.715 rhombohedral symmetry

Tb01.809 triclinic

TbO rhomboliedral exhibiting only a

1.823 slight distortion from the f.c.c.

symmetry of fluorite
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Gallagher et al.(37)

discovered 'Mossbauer effect' for iron (IV) in the systems Sr

during their studies of the most recently
3F8206;7
have reported Sr3Fe206'9, Sr3Fe206'6, and Sr3F8206.0 by equilibrating
strontium. ferrate at various temperatures and oxygen pressures and
have shown that the structure is related to one consisting of

pairs of the perovskite layers separated by & layer of strontium

and oxygen ions. The important feature of such coﬁpounds - barium
and strontium ferrates - is that they accommodate considerable oxygen
deficiency with appreciable distortions. This leads to an oxygen
deficient solid solution series whose properties are dependent upon

the defect concentration.

1.3.1 Synthesis of Chromium Oxide

One of the fascinating studies in the presence of oxygen at
elevated temperatures was carried out to establish the peculiar

nature of chromium oxides. .

Simon and Schmidt(38)

on the basis of weight changes observed
when chromium trioxide was heated in vacuum, showed that oxides

of the form Cr,0) . in the temperature range 260-280°C, Cr 0, ,, at 360-
366°C were formed. Ryss and Selyanskaya‘éBg) oxXygen pressure measure-
ments showed that %ﬁg)oxides Cr5013, Cr8018, Cr7012 were formed. It
was Cameron et al. » Who introduced the idea of non-stoichiometry
of chromium trioxide while measuring the oxygen liberated at constant
pressure at elevated temperatures. According to these authors, the

composition of chromium trioxide could be represented as:

Cr02'6 - 5,p and Cro0
(k1)

1.9 - 1.7

Robert et al.

trioxide and clarified the purity of phases by carrying out the reac-—

suggested a stepwise decomposition of chromium

tion at high pressure oxygen. The intermediates were determined by
interpreting the pressure measurements and the magnetic susceptibility
data. The oxygen pressure employed was 900 psi in the temperature
range 322 to 56300; the suggested intermediates between CrO_ and Cr,O

3 273

were Cr8021, Cr 3? Cr g° Cr5012, and Cr509.

501 701
Oxides having 0/Cr ratios higher than 3/2 had never been obtained

by méans of the calcination of metallic chromium at atmospheric
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pressure. However, Cr0, could be prepared when metallic chromium

2 A
or chromium anhydrate were heated under high pressure of oxygen,

the determination of the accurate dissociation pressures of oxygen

for these compounds at various temperatures is required.

(42)

Goto and Kitamura have reported the decomposition mechanism

as:

CrO—»Cr.0

3 3 8——>Cr20

——}Croé——}CrZO

5 3

These authors have demonstrated the non-stoichiometry of CrO2+X
on the basis of their weight loss measurements to Cr203, in relation
to equilibrium conditions. The deviation x increased from-0.10 to

0.02 with increasing pressure and decreasing temperature.

1.3.2 Platinum and Rhodlum Oxides

Studies of the structure and thermodynamic properties of
these oxides 1s useful, particularly since they are important
technologically as catalysts.

(43) (4k)

Alcock and Hooper and Alcock

have studied the oxidation
of platinum and rhodium in oxygen at pressures up to 1 atm. and

identified volatile oxides in the vapour. They claimed the formulae
of these oxides to be PO, and RnO '

(45)

of oxygen at temperatures in the range hOO—9OOOC and carried out X-

x
Muller and Roy oxidised these metals at 3,500 atm. pressure
ray examination of the oxides formed. They have shown the existence

of three phases in Pt-0 system, i.e.,

o PtO2 hexagonal
B PtO2 CaCl2 structure
and, Pt30h . Nath3Oh structure

and three phases in the Rh-0 system, as:

Rh20 at low temperature corundum

3 structure
Rh203 at high temperature orthorhombic
- and, RhO rutile structure

2
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1.3.3. Palladium Oxide

Palladium oxide/palladium acts as a couple to produce at
eleveted temperatures oxygen pressures suitable for the study
of thermodynamic for unstable sulphates such as CoSOh(h6).
Palladium sulphate, itself, does not form in the stable form.
To materialise this advantage thermodynamic properties, i.e.
free energy of the reaction

PA0—»Pd + } 0,

should be precisely known. In the literature, the free energy

(47)

of + 2 K-Cals./mole, which is rather high to use for the thermo-

for the above reaction reported by Coughlin shows an uncertainty

dynamic properties derived for sulphate decomposition in the presence

of a Pdo/Pa couple(h6).

A careful determination of the dissociation temperatures for
the above reaction as a function of oxygen pressure was considered
desirable to furnish more accurate thermodynamic information on the
system at high temperatures. This entails the . yse of elevated

pressures of oxygen.

1.3.4. Manganese Dioxide

Manganese dioxide is found in nature as such, and can

be synthesized chemically and electrolytically.

(18)

stoichiometric with the Mn:0 ratio ranging between 1.7 to 2.0

Gattow has shown that manganese dioxide ‘is non-

to glve compounds MnOl.7 to Mn02.

Nye, Levin, and Kedesdy(hg)have indicated that the crystal
structure affects significantly the sample behaviours in electric

batteries.

Malati(so)

has reported the crystallinity and unit cell
parameters for various forms of manganese dioxide these are shown

in the Table below:
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Table 1.1 STRUCTURE OF MANGANESE DIOXIDE

Compound Crystel System Unit Cell Parameters

(Angstroms)
Pyrolusite (anoe) tetragonal 4. Lo L. 40 2.87
Psilomelane monoclinic 9.56 13.85 2.88
Cryptomelane (aMnO2) tetragonal 9.84 9.84 2.86
Ramsdellite orthorhombié 9.27  L4.53 2.87
MnO ‘ orthorhombic 9.35 L. Ly 2.85

2

The most important use of manganese dioxide is in dry batteries.
The discharge performance depends on the kind of manganese dioxide
used. The term 'activity' (or depolarising capacity) is used to ex-
Press the property of this substance as an active material. The
amount of 'available oxygen' is used to evaluate the depolarising
capacity of manganese dioxide. The higher the oxygen content, the
better is the manganese dioxide sample.
Manganese dioxide which are suitable for Lanclanche Cells
are classified by Freeman, Pelter, Tye, and Wood(sl) and possess
properties such as:: .
(a) nigh MnO,,
(b) battery activity

content, and

The battery activity is assessed from actual battery discharges.

The thermogravimetric analysis provides valuable information
about the suitability of the material. The parameter used is
temperature, under standard condition at which the rate of decompo-
sition to Mn203 is a maximum (known as peak decomposition tempera-
ture).

A thermogravimetric study of the dissociation temperatures
of manganese dioxide as a function of oxygen pressure and tempera-
ture provides useful data concerning the thermodynamic properties

of the sample. In the literature - at present, no comprehensive



-16-

information is available ébout the thermodynamic quantities for
manganese dioxide, and it seems as if the field has been rather
neglected. Thus, the purpose of the pfesent investigation has
been to find out precisely the dissociation temperatures for a
given sample of manganese dioxide and to use this information for
the calculation of thermodynamic quantities such as free energy

end entropy of dissociation.

It would be of interest to see if heating Mh02 in high
pressure oxygen could produce material of high depolarisation
efficiency for batteries. The thermodynamic dissociation behaviour
thus gives the region in which MnO2 is stable, i.e., pressures
and temperature above those lying on the dissociation curves would

be suitable for the oxygen treatment.
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CHAPTER 2

- ENGINEERING ASPECTS OF HIGH PRESSURE

AND

VESSEL _ DESIGN
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2.1 HIGH PRESSURE EQUIPMENT

2.1.1 General Aspects

Applications of high pressure extend from the most advanced fields
such as nuclear power generation, supersonic transport and rocket engines,
etc., to almost every engineering manipulation and thus justify extensive
vwork being carried out (at various centres) in connection with developing
ways and means for testing and improving the equipment. An important
aspect attached to the field is that the early development was associated

with ordnance. Lame and Clapeyroﬂ(52) and Barlow(53) on the basis of

their systematic studies showed that a simple tube even with a thick
wall was incapable of withstanding high pressures; a suggestion was
made that a gun barrel should be used after prestressing. Armstrong(sh)
(1855) tried to shrink successive layers of wrought iron hoops on a
central tube. Methods of wire winding and autofrettage were used during
first world war. Information supplied by these and later experiments,
combined with the properties of the materials, provides a basis for
selecting the suitable materials of construction for high pressure vessels

of desired size, shape and strength.

2ele2 Materials of Construction

The operating conditions of the pressure equipment suggest the type
of fabrication materials required, for example, for very low temperatures
materials of good notch toughness are required; for high temperatures

materials of good creep strength are necessary.

Steel is the most widely used material. Plain carbon steels (both
low and high carbon) find high pressure applications at moderate tempera-
tures ~ 400 °C. A typical mild steel recommended to be used in the

" construction of gas cylinders for storage of liquefiable gases has the

following physical and chemical properties(ss)
Physical Properties
' Yield point Not less than 17 tf/in?
Ultimate strength 28-33 tf/in?

Elongation Not less than 15%
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Chemical Composition

Carbon 0.20 - 0.25 %
Manganese 0.45 - 0.75 %
-Silicon Upto 0.2 %
Sulphur Upto 0.045 %
Phosphorus Upto 0.045 %
Iron Balance

Higher carbon content increases tensile strength but at the cost of
ductility. Moreover unexpected‘variations'in plasticity and structural
changes are experienced by ready oxidation of carbon steels on heating
at 400 °C  for long periods. Thus, plaiﬁ carbon steels being unsatis-
factory for many applications, other alloy steels such as nickel, chromium

and molybdenum alloys, are frequently used.

The use of alloy steels is preferable due to the fact that more
uniform properties can be developed in them through heat treatment.
The properties can be controlled by adding different alloying elements
in varying proporfions. An alloy steel usually has a higher ratio of
yield to ultimate tensile strength than exhibited by ordinary steels.

2.1.3 Stresses Caused by Temperature Gradients in the Wall of a pressure

Vessel

A temperature gradient is set up when heat flows through the walls
of a vessel and this temperature gradient is responsible for stresses.
The magnitude of the thermal stress contributed to the total stress
(thermal and pressure stresses) depends on the method employed for heating,
i.e., whether heating takes place internally or externally. The external
system of heating and cooling establishes large temperature gradients.
When heat flows from theoutside to the inner layers of the vessel, the
~outer layers are influenced in a way that decreases the hoop stresses
while the inner layers undergo an increased hoop stress. Thus the
pressurized vessel being heated from the outside puts the inner layers of
the vessel under stresses additional to those caused by pressure. Conse-
quently a need for a heavier wall arises. On the other hand when heat

flows from theinside to the outside of the vessel the effect is opposite,



a less heavier walled vessel may serve the purpose.

Assuming a steady flow of heat through the walls, an expression may
be arrived at for the temperature as a function of radius. This expression
on combining with the stress strain relations and equations of equilibrium
gives expressions for the three principal stresses influenced by tempera-
turé. The expressions for the tangential stress at the outside and the

inside surfaces thus formulated by Newitt(56) are:

_ o EAT 2 1
% T Z0aw (L, T I (2.1
S . _ o EAT 2K? 1
t1 - 2 (1_m) (KZ_ 1 - 1nK ) (2'2)

where AT represents the temperature difference across the wall, o,
the linear coefficient of expansion, E, the efficiency of the weld or

other joints (usually taken as 1), m, the poissons ratio and K, the

diameter ratio.

A solution of equation (2.2) obtained by equating the tangential
stress at the inside with the yield strength, supplies information for the
maximum temperature gradient a vessel can sustain without yielding at

the bore and is given as

Aty = l"Em. oy e LR (2.3)

2
@ K2 -1 2 1nK

Taking a medium sized pressure vessel, for example of 4 in.bore,
with a wall thickness of 1 in., furnace temperature 1000 °c and
surrounded by refractory, the temperature gradient across the wall is
20 °c. Subjecting the vessel to a pressure of 1000 atm. The stress
acting on the inner wall of the pressurized vessel is about 530 atm.,
which doubles the safety factor. For a medium sized pressure vessel it

is undesirable to allow the maximum temperature gradient > 150 °c.
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2.1.4 Creep of Thick-Walled Cylinders Subjected to Internal Pressure

Information on creep - the slow continuous distortion under conti-
nuous load below that producing prompt fracture, at sufficiently high
temperatures - is important. At a constant internal pressure a thick

walled cylinder experiences three types of creep

(i) Primary creep experiences a high rate of creep in the
~ beginning.
(ii) Secondary creep - the rate gradually decreases to a low
and steady value.
(iid) Tertiary creep - the rate of creep increases again with

the passage of time until the cylinder finally ruptures.

For some practical purposes such as boilersand tubes the creep
strains occurring in the primary and secondary regions may be tolerated
but the tertiary one must not be allowed to lead to rupture. Bailey(57)
has analysed primary creep under complex stress and has given the following

equations for the respective creep rates

&4 = A Toctn S tP (2.4)
€2 = A Toctn 5,tP ' (2.5)
I L @6

where ¢4, €, and éj; are the corresponding strain rates,
is octahedral shear stress

t is time

Sq, S, and S3; are stress deviators

A, n and p are constants

and the subscripts refer to three orthogonal axes.

with p < O for primary creep
= 0 for secondary creep

> 0 for tertiary creep
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.y

A later evaluation(' 59 for the ©primary creep behaviour of the

thick walled cylinder under internal pressure with elastic and creep

strain of comparable order has been derived on the following assumptions,

(i)- total strain rates depend on the rate of change of
elastic strain .

(ii) axial creep strain is zero

(iii)axial elastic strain varies with time but not with
radius

(iv) material is isotropic.

The relations obtained are:

Me .
il

% F (‘;’2-) [Gr - % (0g # cTz.)] gt +—]f %T: (o-r-‘ m(qe+crz)] |

r
- (2.7)
2 = 2 a + +l‘.£ - +
ee - 3 F (}2) [Ge = 2 (cr UZ)] /Gt E dt [56 m(cr O-Z) ]
(2.8)
€, = 0 4(2.9)
where F C}é) is a function of the second stress invariant
and Pt is a function of time.
.GIJ ce,crz are radial, hoop and axial stresses
E is Youngs modulus
m 1is poissons ratio
ér’ ée and éZ are corresponding strain rates.
) (59) . N :
For secondary creep, Soderberg considering creep stain rates,
deduced that for a single tension, creep test at stress <Jt and
having a secondary creep rate € the relevant cylinder test should

.t’
be carried out at a pressure not higher than is given by the equation

5 i P o%h
V3 R (2.10)
S m
where h is the wall thickness

Rm 1s mean radius

and P is internal pressure
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Bailey(57’ and_Martin(6O’ have also given similar simple equations

for secondary creep, 1l.¢c.

1}

€1 f(r_,) 54

oct

A simple formula for tertiary creep or ruvture of various steels

(€1)

with cylinders of diameter ratio 1.1 to 2.06 1is given below
DP
_ m _ 2 (K +1)
°% = 3mn - T2 @&-D (2.11)

where Dh is mean diameter

K is D, / Dy diameter ratio

oL is creep stress in simple tension.
and f is the yield stress
2.1.5 Pressure Vessel and Yield Criteria

The analysis of the stresses exerted on the walls of the pressure
vessel furnish information about the endurance capabilities of the vessel.
Some formulae have been obtained where properties of the constructing
materials and stress strain distributions at the different parts of the
vessel for a given geometry have been related to the dimensions of the

(56, 62)°

vessel. These formulae are based on the following assumptions:

(i) the simple elastic cylinder is too long to introduce any

end effects _ :
(ii) in partially plastic thick walled cylinders the elastic-

plastic boundary is cylindrical and concentric with the
bore of the cylinder

(iii)there is no temperature gradient in the walls of the
cylinder '

(iv) the applied pressure is static and non-fluctuating

(v) there are no initial stresses in the materizl before
applying the pressure

(vi) temperatures are below the creep limit.

Proposed formulae for the strength of cylinders under these conditions
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are tabulated below:

2.1.5.1. TABLE 2.1

Formulae of the Strength of Cylinders(63)

Theory Yield Pressure, P Yield Pressure Py
X “ as Ry/Ry = g

1. Thin cylinders (K< 1.20) (K-1) f ©
Thick cylinders K > 2.0

2. Maximum principal K2 _ 1 £ £
Stress K2 + 1

. 2

3. M:x12um shear Ke - 1 £ 0.5 f

stress 5> g2
K> - 1

L., Maximum strain f 0.8 f
- 1.25 K2 + 0.75

5. Maximum strain 2 (K2~ 1)
enerey (10K* + 6)

0.63 f

Besides these formulae,yield criteria for different theories applied

(6h)

are given comparatively recently as shown in Table 2.2 below.



2.1.5.2 TABLE 2.2

(a) Simple elastic
Elastic

Elastic

Elastic

(b) Partially plastic thick walled
cylinders

(¢) Ideal elastic plastic

Yield Criteria for Cylinders

Yield Pressure | Theory_Applied
o K2 . 1 shear strain o©_ = yield stress in
p =—i 2 energy yield y simple tension
¥ e 3 -K
K2 - 1 '
P =7 —_— ' axial stress T = yield stress in
y y K? theory y simple tension
K'Z - 1 .
P = 21 ( ) ~maximum shear o _ = yield stress
J K? stress ¥
Pc =wT_1InkK radial yield T_ = shear yield
y ¥ strength
K2 - 1
P =27 K2 maximum K = overall diameter
¥ overstrain ratio

pressure

A
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~
The information supplied by the above given equations does not help
to predict the behaviour of the vessel when the pressure is applied and
released a great many times. This could, therefore be estimated by

Fatigue criteria.

2.1.5.3  Fatigue Criteria

Two fatigue criteria are possible in a sense that both relatively low
strength 'ductile' materials and high strength ‘'brittle' materials may
be used in one design. High strength steels are used for the inner and
the lower strength steels are employed for the outer cylinders in order

to prevent any catastrophic brittle failure.

(65)

For ductile concentric cylinders, a relation proposed to estimate

fatigue is given as

35, + 28 = o ' (2.12)

 vhere Sr is semi range in shear stress for a cycle of bore pressure
1bf/in?  and

“max__ ~ “min
Sp = 2
rax + s .
S = min
m 2
with
Spex = Maximum shear stress for a bore pressure 1bf/in2
nin = Minimum shear stress for a cycle of bore
pressure 1bf/in?
Sm = Mean shear stress for a cycle of bore press.

1bf/in?
Design tensile stress of ductile steel 1bf/in?

nA

oy 'ultimate tensile strength'

<
The above applies to a conservative design (¢ = GLQ where the

factor of safety Uu/r predicts a life time of 106 cycles or more.
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Here again stress intensifiers such as machining marks or material flaws,

will reduce the expected life time.

A thick walled cylinder is taken as oﬁe with a ratio of outside dia-
meter to inside diameter K> 2.0. On increasing pressure 'P' inside
a vessel a certain value is reached when the hoop stress produced in the
cross;section of the wall approaches the maximum 1limit, and a small increa-
se in the internal pressure fractures the wall. The limiting values of
the stresses produced can be estimated experimentally by a tensile test.
Equating thé elastic 1limit value to the yield pressure, the wall thickness
of the vessel capable of withstanding any desired pressure can be deter-
mined. The value of stress 'S' is a fraction of either the elastic
limit or the ultimate strength and the reciprocal of this fraction is

termed the safety factor.

Relation (section 2.1.5.1) gives:

. 2..-. - '-- ..
s = K=l
K2+ 1

where f is the fraction of ultimate strength,

K2~ 1

S P/ =
K2+ 1
or
- RELL
1/f SFT - K g
K2+ 1 P
substituting X = 2
S - g
Fp = 0.6 5 (2.13)
where S stands for the safety factor for a thick walled cylinder.
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(2) Thin Walled Cylinder

In this case K < 1.20, 'S' is assumed to be uniformly
distributed throughout the cross-section of the wall, and the hoop stresses

are double the longitudinal stresses in value.

P/S (2.14)

In order to use the vessel at any pressure the safety factor can be
determined by a similar treatment to that shown in (1), the numerical
value is 2 - 2.5 based on elastic limit and &4 - 5 based on the
ultimate strength.

2.1.6 Methods for Improving the Strength of Cylinders

A thick walled vessel maintained at a constant temperature and sub-
Jected to a pressure does not suffer equal stresses through the wall,
i.e., the inner layers are under higher stresses while the material in
the outer layers is not utilized fully. The ideology behind the mecha-
nism of strengthening of the vessel, in a way, is that the material in
all the successive layers contributes towards the strength. To achieve

this purpose the following different techniques are employed.

Compound Vessels

. Here two or more component cylinders are pressed or shrunk one
inside the other with considerable interference. The object is to
produce residual hoop compressive stresses in the inner members and

hoop tensile stresses in the outer members.

(66

According to Manning ) design of a compound cylinder with n
components of the same material achieves optimum conditions when all the

component cylinders have the same diameter ratio.

The maximum elastic pressure is g%Ven by the smaller of

g /%1 N
P = Ty n ( ——K—%- ) (2.15
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and

) (2.16)

Equation (2.15) gives the condition for yielding under internal
pressure while equation (2.16) gives the condition for reverse yiel-

ding of the inner member under the action of the interference stress.

To get the maximum advantage the material used in the inner member
should work between yield point in hoop compression and yield point in
hoop tension. It has been shown that the efficiency of the vessel

increases invariably when three or more cylinders are used.

The main advantage of using a compound vessel over that of an
autofrettage monoblock cylinder is that in the former, very high strength
materials such as tool steels with inherent brittleness and low ductility

are suitable while in the latter case they would be extremely dangerous.

Wire and Strip Wound Vessels

A strip or wire may be used for winding the pressure vessel in a way
that a number of layers formed one over the other thickens the wall.The
objective of this technique is to distribute uniformally the circumferen-~
tial stress throughout the wall when the vessel is subjected to an internal
pressure. The layers are formed under a permanent tensile stress which
varies from the inner to the outer one. Such a vessel before being
pressurized experiences compression in the inner and tension in the outer
layers. On raising the internal pressure the compression in the inner
layers is first relieved and then these layers undergo a tension with
further increase in the pressure. At a Specified internal pressure each

layer in the vessel is put to the same tension.

6
Comings (67) shows the range of stresses in the cylinder.at several

radii during the winding operation and also in the completed cylinder as:

the specific internal pressure = 15,000 psi,

the allowable tensile stress at inside of tube = 10,000 psi,
allowable compressibe stress inside of tube = 20,000 psi,
tension in the wire under full load = 40,000 psi
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Ty

. rq
. _ _1;2 _ . .
K, = 1.732

. (68)
A thick walled vessel

formed by wrapping steel sheets Im
about 1/4 in. thick, around :

a central core when the sheets

are applied wunder tension is

reported to have the following

specifications.
Fig. 2.1 Wire and Strip wound vessel.
Internal pressure applied = 5,150 psi
Wall thickness = 8.5 in.
Inside diameter = L8 in.
Length = L5 . Tt.

Only the inner corrosion resistant layer is made gas tight while
each successive iayer has small holes drilled through it and the function
of this layer is to support the inner layer. If the inner layer is
penetrated the pressure in the vessel subsides gradually. On pressuri-
zing the vessel even to the destruction point failure is not accompanied by
bursting or fragmentation. A solid-wall vessel of the similar dimensions

shatters and thus involves increased cdingers.

{69)

ssing and a multilayer vessel, with X = 2 can be realized from the

A compariso of a solid wall vessel constructed without prestre-
stress distribution:in the former the metal on the outside is stressed
only 40 per cent as much as on the inside while in the latter, where
stress distributes uniformally, the operating pressure can be 66 per cent

greater at the same value of the maximum stress in the wall.

Autofrettage Vessels

The philosophy of autofrettage design is to cause residual bore

stresses by pressurising the vessel hydraulically (or alternatively by
(70)

forcing an oversize mandrel down to the vessel bore) to an extent
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that the vessel is overstrained n the plastic region to a certain limit,
so that on subsequent pressurising the stress distribution across the
cylinder wall is more uniform. In this technique, the operation may not
affect all the layers in the vessel, as the outer layers remain in the
plastic region. On release of the autofrettage pressure, the degree
of contraction of the layers in the vessel wall increases towards the
outside. The outerlayers largely return to their normal position while

the inner layers remain in a semi-plastic state, overstrained.

Knowing the stress-strain relationship for a given material the
residual stresses set up by the autofrettage can be calculated. As the
elastic limit is reduced and yield improves by overstrain autofrettage
may be carried out in stages. Temperaturesin the range 200 - 400 °c
" are mainly used. This heat treatment helps to stabalize the residual

stresses and to restore the elasticity of the overstrained metal.

There is a lower limit to the 'K' value for which autofrettage
can be satisfactorily used. If K is less than 2.24 all the layers

remain overstrained and do not revert.

The autofrettage method is mostly employed in high pressure vessel
construction for example, in gun barrels. It is worth quoting here that
two of the pressure vessels used during the present work were made from

autofrettaged gun barrels, (see pageél ).

Laminated Vessels

This is a relatively simple technique of constructing pressure vessels
where a thin walled cylinder is wrapped with successive layers of steel
around it in such a way that each layer is tight. The longitudinal ends
being welded together. The pressure vessel thus consists essentially

of & large number of thin cylindrical layers.

The advantage gained by this technique on the other methods is that
it provides the practical solution for the handling and construection of
large vessels on the site. This has advantages where large chemical

plant is required.

Titanium and Tungsten Lined Vessels

A1l steel designs experience limitations of high residual compressive
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bore stresses. Recent investigations have shown that a steel outer
cylinder in conjunction with a thick liner of material has advantages.
The liner material should have a high tensile strength, but have

an elastic modulus lower than that of the main body. The cylinders
can be autofrettaged. Such vessels are expensive and their main

use is for laboratory equipment. Tungsten carbide has an ultimate
strength of 60,000 atm., and when supported by outer steel cylinders,
this vessel can withstand three times higher pressure as compared to
elastic monoblock cylinder. For diameter ratios under 2.24, there

is not much difference, but for the ratios 2.24 to 6, this method

shows an enormous increase.

'2.1.7. Hazards Involved in High Pressure Work and Safety Measures

(i) Splitting of Connecting Pipes or Bourdgn Gauge Tubes

A compressed inflammable gas when it rushes into a
Bourden gauge tube containing air, may cause an explosion and the
Bourdpn gauge tube may split; metallic and glass particles from
the case can cause serious injuries. Danger from flying particles
may be avoided by removing the glass cover from the gauge and leaving
the face open or by replacing the glass with Perspex - this practice
was adopted during the present work. Beurdon gauges should be placed
above the eye level and properly screened. in the 1000 atm. set-
up, the Bourdon gauge was carefully shielded by a thick transparent
Perspex well. To permit the escape of gas in the event of tube
bursting, the case of the Bourdan gauge is provided with a large

opening with paper for dust protection.

Runnlng a plant under constant pressure for long perlods some-
tlmes carries small partlcles and fragments into the tube which can
choke the valves, and under a sudden gush of high pressure gas, may

cause spllttlng or serious explosion. Gas should always be released

slowly and under control.
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(ii) High Pressure Work Involving Oxygen

' Where oxygen is used, oil and grease must be re-
‘moved as they can burn explosively in the high pressure gas.
~For this reason, valves are lubricated with graphite or

Fluorolube (non—-inflammable) grease.

Since any fractured effects in a steel valve
might cause a spark and start the metal burning, non-ferrous

valves are preferred.

(iii) Release of Excess Pressure

This is done by spring loaded safety valves, or a

bursting disc which ruptures at a higher pressure.

2.1.8. Furnaces For Use in High Pressure Systems

To study equilibria at high temperatures ( 1000°¢C)
and under high gas pressures a resistance furnace must be in-
corporated inside the pressure vessel. The element must be
surrounded by refractory material to maintain the high tempera-
ture in the furnace tube and to prevent heating up of the ves-

‘sel wall.

Powdered refractories are most convenient, alumina pow-
der being generally used. Heat loss occurs by convective
diffusion of the gas, and by conduction through the refractory

powder. These effects can be minimised in several ways:

(1) By using a furnace tube of high thermal conductivity
or a tubular metal heater. The latter, however,
introduce difficulties due to the high amperage

required,

'(ii) At moderate pressure, i.e. up to 100 atm. by arranging
that thermal loss is higher at the top end of the
tube, and controlling this loss by a subsidiary

winding at the top end.
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(iii) At much higher pressures 100 - 600 atmf_ty
incorporating a subsidiary winding at the ‘
bottom, in addition to the top of the furnace

tube.

In some cases baffles can be used to reduce the convective diffusion
through the refractory powder. '

Quantitative interpretations of the thermal losses by refractories

(71)

in high pressure gases have been made by Bett and Saville .

The above applies to vertical furnaces. With horizontal high pressu-
re furnaces, convection problems and gas turbulence are much less trouble-
some. At A.W.R.E. (Atomic Wapons Research Establishment ) Aldermasten,

(72)

Berks, England, a horizontal furnace has been constructed which
will operate in gas yp to 1000 atm. at 1250 °C  and which has a
constant temperature zone of 120 cm, even though the bore of the

furnace tube is 15 cm.

2.1.8.1 Some Effects of High Pressure Oxygen on the Furnace Windings

Corrosion

Materials in high pressure oxygen at elevated temperatures are

affected by corrosion. Mechanism of corrosion is based on the following

factors.

(1) Transport of reactants through the scaling layer which is
formed on the metal.

(ii) . Deviation from stoichiometry causes the inorganic compounds
conétituting the scaling layer to exhibit different kinds
of lattice defects.

(iii) Lattice defects are responsible for the difference in

transport rates of the several reactants in the scaling

layer - where reactants are present as ions and electrons.
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The kinetic laws of film growth based-on the above considerations

are classified as:
(1) Linear
W = k1t
In this case an incoherent film forms which bresks away and the

rate is mainly a surface reaction on the metal, Sr, Na, Ca and ' K

exhibit linear oxidation.
(2)  Parabolic
: 1
Vv = ktﬁv + constant -
This is a very common rate determining equation where diffusion of

ions through film takes place. Oxidation of Cu, Zn etc., follow this
law above 40O °C.

(3) Logarithmic
W = klog t + constant
It is probably a type of parabolic mechanism in which pore blocking

occurs. Zn and Ta at low temperatures follow this type of

oxidation.

Constants in the second and third expressions characterise the

rapid initial rate prior to complete coverage.

(4) Protective
This is the most desirable type and common at low temperatures.

Oxidation of Cr, Ag, Sn, Co etc. is characterised as protective.

The Nichralloy used for furnace windings was found to resist
oxidation even at high oxygen pressures and deserves a detailed treat-

ment (given in section 2.3.5)
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2.2 EFFECT OF ALLOYING ELEMENTS IN STEEL >

An addition of nickel increases the strength of steel without
varying brittleness. It increases sub-zero impact toughness
and greatly lessens notch sensitivity at atmospheric pressure and
low temperatures. It increases hardness slightly and decreases
rusting. It helps to make a smaller grain size especially that

of ferrite.

An addition of nickel and chromium together with ratio of Ni:Cr
2.5: 1 toughens the structural steel. A steel of 1.25 per cent nickel
and 0.06 per cent chromium has more strength and sbout as much ductility

as a steel of 3.5 per cent nickel.

Adding vanadium, in small proportions to steel forms a hard
carbide that dissolves in austenite only at high temperatures; more
than ‘about 0.15 per cent of vanadium makes steel brittle because
plates of vanadium carbide (probably Vh 03) are formed. As vanadium
is a great scavanger of nitrogen and oxygen)if about 0.30 per cent
of vanadium is added to liquid steel after other oxidisers have
done their work only about 0.15-0.20 per cent of vanadium will be
left as such in the solid metal. It is generally added to the
other alloys to increase strength (especially endurance limit and
creep) and perhaps the outstanding role is to control fine grain

size.

For high creep strength and resistance to oxidation at high
temperatures, steels up to 28 per cent chromium, 37 per cent nickel
are employed. The addition of silicon decreases oxidation at high

temperatures.

2.2.1 Special Structural Alloys

Several nickel based alloys containing little irpn are ex-
tensively used for very high pressure equipment. A cylindrical cavity
with 1 in diameter in a carboloy block has been used by Bridgeman, up
to 50,000 atm. Other alloys such as Nimonic 75, Nimonic 80A,
Nimonic 90, Inconel X<type 550, Inconel M, etc., can be used to
fabricate pressure vessels operating at pressures > 50,000 atm.

(73)

Chemical composition and physical properties of these alloys

are given in Appendix 2.
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2.2.2 Effect of Temperature on the Properties of Carbon and Alloy

Steels

Generally, a temperature rise increases plasticity as it
decreases elasticity. Tensile strength and auctility of mild steel,
for example, is quite high at room temperature, but on heating to
temperatures higher than SOOOC, it loses most of its elastic
strength and gains plasticity. Stainless steels resist rusting
at ordinary temperatures, but in the temperature range 500~850°C,
oxidation occurs and is accompanied by flaking of the oxide. This
is to be expected as oxidation rates which are diffusion controlled

are accelerated by higher temperatures.

2.3 HIGH PRESSURE EQUIPMENT USED IN THE PRESENT STUDY

Three high pressure set-ups were used for the present investi-
gations; one for the conductivity studies of pure Thoria and Thoria/
Yttria solid solutions at pressures up to 500 atm., the second for
conductivity studies of ceria up to 40O atm., the third for thermo-
gravimetric studies of palladium oxide and y-manganese dioxide. The
second and third set-ups are most specifically described in their

respective section, while description of the first one follows.

The pressure circuit (for set-up used up to 500 atm.) is

essentially the same as used for previous studies of the silver-
(35)
at

showvn on page 38. -

oxygen system elevated pressures and temperatures and is

For pressures up to 250 atm., the gas was obtained directly from
a cylinder; the compression was used only for pressures greater than

this.

‘The gas from the cylinder 'C' passes through the filter F.,
passed the safety valve, V_, to the compressor P. Compressed gas
enters the pressure vessel Pv, passing through a second filter F2.
Two pressure gauges, Gl and G read respectively the gas pressure

. 2
before and after compression.

A photograph of the set-up is shown in plate 1, and the

sectional view of the apparatus is presented in Fig. 2.3.
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2.3.1. Ancilliary Equipment

2.35.1.1 Gas Compressor

The compressor consisted of a single stage intensifier operated
hydraulically by a Vicker's pumping unit. The hydraulic fluid was a
mixture of water and ethylene glycol. A magnetically operated directional
valve was used to regulate the suction and discharge of the fluid in the

drive cylinder of the intensifier.

The intensifier head (% in., I.D.) was constructed of K-monel and
was maintained at room temperature by water circulation. The piston
was of bronze and a Teflon washer fixed to the top of the piston
successfully sealed the piston against leskage. The valve chamber above
the head was also made of K-monel and incorporated poppet valves of the
"Duo-Seal" type; the Teflon '0Of rings on the poppets insured pressure
tight seals.

The piston movement was 2.5 in. and the stroke rate was 20
per minute. It took about 7 minutes to compress the gas from 250 to
500 atm.

2e3%.1.2 Filters

Solid particles in the gas stream can cause severe abrasive damage
to valve seals. The installation of filters in the set up was therefore
essential to prevent such damages. The first filter, F,;, was employed
in the low pressure region of the circuit and prevented dust particles
from entering the compressor. This filter supplied by I.V. Pressure
Controllers Ltd., (Model 433/1) was made of high tensile brass having
a filter element of sintered bronze with a bore size of 5 microns.

The filter element could be detached for cleaning or for replacement.

The low pressure filter was capable of withstanding pressures up to
6000 psi.

The second filter, ¥, used in line just after the alumina packed

furnace prevented the powder from the pressure vessel entering into the
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pipe line. The filter was supplied by Pressure Products Ltd., (Type

F-112-30) and was made of Poroloy with a pore size of 20 microns,

2.3.1.3 Safety Valve

Any'gas leeking from the high pressure side of the set up via the
compressor inlet valve, would flow back into low pressure copper piping
and inlet pressure gauge. If the cylinder valve was closed, the copper
piping, having small volume, would be subjected to pressures increased
by the back flow of the gas and thus would be under great strain which
might lead to an explosion; damage of the inlet pressure gauge might
also occur. A safety valve incorporated in the low pressure piping
eliminated this hazard. The valve was a spring loaded type supplied by
Hale Hamilton Ltd., (Model R.V.3.), and was adjusted to relieve the

pressure to the atmosphere at a pressure of 250 atm.

2e3.1.h Connecting Pipes, Control Valves and Pressure Gauges

In 211 the three set ups cold drawn seamless piping was used. For
pressure up to 250 atm. copper piping with 1/4 in. O.D. and 1/8 in.
bore was used, the bursting pressure of which, taking ultimate tensile
strength-of annealed copper as 15 tons per sq. in. could be calculated
from the formula

K2 - 1
K2 +1

where K = 2

and ultimate tensile strength
as 1,200 atm. This gives a safety factor of 4 at a working pressure
of 300 atm,

For pressures wp to 500 atm., 'Monel' piping 3/8 in. 0.D., and
1/8 in., bore was employed. Taking ultimate tensile strength as 30
tons per sq. in. the piping has a bursting pressure of 3,200 atm. and

this allows a working pressure up to 800 atm. with a safety factor of 4.
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A safety factor of 4 is considered adequate.

Four different gauges were available ranging up to 4 atm., 20
atm., 300 atm. and 1000 atm. The appropriate gauge was selected
to get the best accuracy at the required pressure. All these gauges were

25 cm. in diameter and were calibrated to within + 0.25%.

Two captured-needle-type valves were employed for inlet and outlet
control (vi and VE on page 38 ); they were supplied by Charles S.
Madan and Co. Ltd., and were of high tensile bronze. The standard

working pressure of these valves is 25,000 psi.

2e3e2 Pressure Vessel

In Plate 1 the pressure vessel is shown mounted horizontally on
a movable stand. The vessel was made from a cylindrical section cut
from an autofrettaged gun barrel. The section was 13.3 in. in length
and had outer and inner diameters 4.3 in. and 1.9 in. respectively
having both ends threaded outside over a length of 2in. (8 t.p.i.) to
enable two flanges of 7.5 in. outer diameter to be fitted. Nine 3/4 in.
B.S.F. bolts of the 'Unbrako' type having an ultimate tensile strength
of approximately 90 tons per sqg. in. were used to bolt each lid to the
body of the vessel. '0O' rings in the grooves of the lids were succesfully
employed to achieve pressure tight seals. A water jacket, fitted to the
flanges with water tight seals by '0' rings was used to prevent the

body of the vessel becoming excessively hot.

The bursting pressure for autofrettaged steel having an ultimate
tensile strength of 60 tf/in? can be estimated by the maximum principal

stress formula

2
oy = o —L - (2.17)
u 2
K41
and substituting the value of K = 2.26. The value of op = 5,280

atm. This value follows a satifactory working pressure of 1000 atm.
with a safety factor greater than 5. The pressure vessel assembly was

checked by pressurising up to 800 atm.
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Legends of Figure 2.3

Unbrako' bolt 3/4" B.S.F. (9 per 1id)
Phosphor-bronze assembly for power input (2)

Metal ceramic seal (hydrodynamics type)

‘Phosphor-bronz assembly for thermocouple wires and electrical leads

Bakelite block

Araldite resin

Alumina sleeves

Alumina powder (100 mesh)
Asbestos wool

Alumina thermocouple sheath
Platinum connecting leads
Thoria-yttria pellet
Platinum contacts

Nichrome furnace element



~45=

2ole2el Introduction of Furnace Leads

Introduction of insulated leads into high pressure equipment
containing oxygen requires special precautions. Methods have been

described by various workers (5,.74, 75)

which though different in
detail have the same basic idea. Namely, a steel or some other alloy
steel plug is screwed on to the vessel wall and an insulated electrode
passes through this plug. Materials such as plastics, glass or ceramics

have been used for insulation purposes.

In the case of the present study, some additional precautions were
essential, as ferrous materials in contact with high pressure oxygen at

elevated temperature catch  fire readily.

To eliminate such hazards all power input terminals in the vessel
were isolated electrically from the vessel?ﬂformer being obtained from the

secondaries of isolation transformers.

. L For the present work, two separate electrode assem-
blies weré emfio&e&. A phosphor bronze plug in conjunction with a
standard high temperature hermetically slated ''meader'" (Type No. 41 -
901 - 006, supplied by Bell and Howell Ltd.,) were used. Both the body of the
header and the electrode pin were made of Inconel x. A special glass
material separated the electrode from the body thus insuring complete _
insulation. The device can stand a pressure greater than 1500 atm.
and can be used continuously up to a temperature of 300 °c. an ‘o' ring
acted as a seal between the plug and the header. Copper rods of appro-
priate 1ength‘were silver soldered on to the electrode pins so that the
ends protruded outside the plugs. The rods were insulated with alumina

tubing.

203.2.2 Connections of Thermocouples Leads

The essential requirement of thermocouple leads entering the
pressure vessel is to have complete pressure tight sealing, and complete

insulation from the other wires and the body of the vessel. The material
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used for electrical sealing was Araldite. It is quoted that this material
has been successfully used in pressures up to 5000 atm.(76).

Another resin 'StyCas?‘ %s reported possessing still better properties
[

at higher temperatures

In the present work,cylindrical blocks of different materials such
as brass and Bakelite were prepared by drilling four holes of
O.é mm dia. The bored ceramic blocks of the same size were bought from
Anderman Ltd.

Four wires, two platinum and two platinum-rhodium 87:13 (wt. basis)
having ©0.3 mm. dia. were passed through the holes and were sealed by
allowing Araldite Epoxy resin AY 103 + Araldite hardener HY 951
mixed in the ratio 9:1, to trickle down through the holes while heat was
supplied by an infra-red lamp. The liquid material after becoming viscous
solidified at about 150 °C, and the temperature was maintained for a
period of 1 hour. Any excessive heating was avoided to eliminate any
risk of developing microcracks in the seal. In the case of ceramic blocks
solid araldite was used without any hardener and was melted directly. The
finished block was clamped in the phosphor bronze housing and sealed by

an '0' ring. . .

The platinum and platinum-rhodium wires were used to measure tempe-

ratures inside the furnace and electrical conductance of the sample.

2.3.2.3 '0' Rings and Gaskets

The "O' ring seals used in fhe pressure vessel were of acrylic
rubber (Type P90 supplied by George Angus and Co. Ltd., Oil Seal
Division) and the gasket materials were Klingerite 661 and hard Neoprene

rubber. At a few places in the line pressure Dowty seals were employed.

2.3.3 Temperature Control Gear

The electrical circuit devised to control the furnace temperature

is shown in Fig.2.5. A manually operated Variac V4 'is employed to
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control the temperature, the véltage being fed into the isolation
transformer T having a step down ratio 2:1. The temperature controller
'C' and the Ballast resistance 'BR' are incorporated for automatic

control of the temperature.

The temperature measurements were made using a platinum ; platinum
rhodium (87:13 wt¥%) thermocouple; the e.m.f. produced in the
thermocouple junction was fed into the two-channel Honeywell recorder.
The range of the recorder was O - 1 m V which necessitated introduc-
tion of a Yiasing unit, capable of accepting the higher e.m.f. generated
at elevated temperature. The recorder in conjunction with the biasing
unit could also be employed to measure differential e.m.f.'s when gold

point calibration was necessary.

The calibration of the recorder scale temperature measurements was
made by means of a thermocouple potentiometer (Croydon Precision Instru-
ment . Co.). The maximum accuracy limit for temperature measurements was
+ 0.5 °c.

2+.3.4 TFurnace Construction

A design of the Thermal Aluminous Porcelain 525 Tube was sent to
the Thermal Syndicate Ltd. with the following specification together with
the diagram. '

Mullite tube externally grooved with one end closed

Length 200 mm
0.D. 17.5 mm
I.D. 12.5 mm
Grooves per in. 10

Depth of the grooves 1 mm
Width of the grooves 1 mm

Nichrome (80-20 Ni-Cr) wire 20 S.W.G. dia. 0.036 in. was care-
fully oxidised in air at 1000 % for 2 hours so that a thin layer of

oxide adhered to the wirej; this material was used for winding the grooved
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tube. The length of the winding was 25 cm and the resistance at room

temperature was 6.5 ohms.

Previbusly the furnace tube was connected to the lead wires one on
each end,an arrangement which required dismantling of the whole pressure
vessel assembly. A technique was developed by which the furnace connec-
tions were brought up to the outer end of the furnace using copper
connectors.‘ The further end of the Nichralloy windings was extended by

.welding a plece of nickel wire of sufficient length to reach the open
end; this being of low resistance did not introduce any variations

in the furnace temperature.

. The free space between the furnace and the wall of the vessel was

filled with dry alumina powder of 100 mesh size. This packing was
(78)

similar to that used as early as 1925 by Smyth and Adams and was

also used by Baker(79) in studies involving high pressure carbon dioxide.

Furnace Characteristics

The present series of experiments showed that the current requirements
to maintain the furnace (used in the present work) at 1000 °C in oxygen

at various pressures was as shown in Table 2.3.

TABLE 2.3

Current requirements to maintain the furnace at 1000 °c in
oxygen at different pressures
Po ' Amperes Volts
2
1 atm 7.9 L9
100 atm 8.5 63
500 atm 9.1 72

A similér observation by Smyth. and Adams shows that a vertical
furnace which requires 10 amperes at 22 volts to attain a tempera-
ture of 1400 °C at 1 atm. required 30 amperes at 75 volts

for the same temperature at 1200 atm.
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Temperature Profile

The temperature profile inside the furnace was measured at atmospheric
pressure.' One thermocouple was fixed in the hottest zone while the other
was moved at 0.5 in. intervals, temperature measurements being taken
when equilibrium had been attained. The hottest zone was maintained at
a constant temperature by overcoming any variation, by manually adjusting

the Variac or the small resistance incorporated in the electric circuit.

A representative temperature profile is shown in TFig.2.6 .

Pede5 Self Protection Against High Temperzture Oxidation of Ni-Cr
Alloys

,@Fig;2.7a based on the studies of Wagner, Zimens, Horn,
Motsunaga, Smithells, William and Aver§88% nickel-chromium alloys at
temperatures 800 - 1100 °C  shows that small amounts of Cr < 8%
enhance the oxidation rate of nickel while higher Cr contents diminish
the rates considerably. The mechanism of these two rates may be explained

as follows.

In general NiO is cation deficient and Ni3®+ and Ni2* are
present, Cr oxidises more readily than Ni and diffuses into the

NiO 1layers.

(i) Small amounts of Cr

With small amounts of Cr (< 10%) the Cr3* in the Ni - Cr - O
layer makes it .more defective by introducing more cation vacancies. The
cation vacancies assist ionic movement and the oxidation rate is increased
as compared to Pure Ni. Fig. 2.7b depicts the tentative oxidation mechanism
of the alloy.

(ii) With large amounts of Cr

When chromium is present in amounts > 10%, the dense layer of

Cr,05; accumulates at the metal surface and tends also to diffuse in the
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Ni0 forming NiCr,0, (spinel) which is a very stoichiometric compound.

The Cr,05 is a protective oxide and diffusion of cr3t through
the spinel is slow,hence oxidation is inhibited. Fig. 2.7Tc shows schemati-
cally the oxidation mechanism of nickel - chromium alloys with higher

content of chromium.

. Nichrome is unsuitable in atmospheres obtained from organic combustions

because cracked carbon on the oxide layer breaks it up.

It is usable in oxygen at 500 atm. for at least 100 hours;
this is a very long life and suggests that the oxidation rate is not

very pressure dependent.

The e]]o'y' is of considerable significance in the pressure work which

entails the use of high pressure oxygen.
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CHAPTER 3

CONDUCTIVITY STUDIES OF PURE THORTIUM

OXIDE AND THORIA-YTTRIA SOLID SOLUTIONS
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CONDUCTIVITY STUDIES OF PURE THORIUM OXIDE

AND

THORIA -~ YTTRIA SOLID SOLUTIONS

3.1 MATERTALS

Thorium oxide used during the present investigations was prepared from
thorium-nitrate (crystalline) supplied by Thorium Limited, and having

the maximum level of impurities as quoted by the manufacturers, i.e.,

Fe, 05 5 ppm Max.
S05 300 ppm  Max.
and Thorium content L 5% Min.

Yttrium oxide has a purity of 99.99%, and was bought from

Thorium Limited.

3.1.1 Preparation of Oxide Samples

Thorium oxide and thorium-yttrium oxide samples were prepared by using
thorium nitrate (composition given above) and yttrium nitrate. Thorium
nitrate was heated to 300 °C for L4 hours to eliminate moisture and
water of crystallization. The sample was heated at 1000°C  in a
muffle furnace for 8 hours; the crisp scales formed were ground to a
fine powder. The final heating was accomplished by heating the contents |
again at 1000OC for about 8 hours. The heat treated sample was
ground to a fine powder. Thermodynamic considerations show complete conver-
sion from nitrate to oxide and further tests to establish this were thought
unnecessary. For the thorium-yttrium oxide solid solutions, the appropri-
ate quantities of the two oxides were dissolved completely in dilute nitric

acide The nitrate solution was evaporated to dryness with constant
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N
stirring to ensure a homogeneous mixture. The same heat treatment as
adopted for thorium nitrate was carried out to obtain a fine powder

of mixed thorium and yttrium oxides.

%.1.2 Preparation of the Pellets

The method used for the thoria based electrolyte was an improved
version of the procedure described by Kiukkola and Wagner(g) « The
method used by Kiukkola and Wagner was to press the moistened powders
in a hardened steel die at 20 tf/in?, but this method was susceptible
to contamination from the metallic die. A modification of this techni-

81)

que developed by Prince( appears to be very suitable for small

scale laboratory production of ceramics, and his method has been adopted
here. In this method, pressufe is applied isostatically to the ceramic
powder by means of a compressible polyvinyl chloride (P.V.C.) gel which
behaves as a liquid at high pressures. The material used was Vinamold
1028 supplied by Vinatex Ltd., Surrey, U.K. Moulds of this soft

rubber type material were prepared so that the pellets of the required
size, i.e., 5mm. diameter and 3-4 mm. thick and of cylindrical shape
were obtained. The initial experiments showed that the dimensional
changes associated with the pressure and sintering operations were of
the order of 40O per cent. The moulds were prepared by carefully
heating the (Vinamold - 1028) material to 120 °C and pouring the
molten mass into brass containers of appropriate shape and size. On
cooling, the solidified moulds were taken out of the containers and were
" placed in the metal die (cylinder and piston tyﬁe arrangement*®) and

the oxide powder introduced into the bottom half of the mould. The top
half of the mould was next placed in a position so that a small extruded
portion fitted into the space left above the oxide powder. Fig. 3.1
shows the mould assembly for prefabricating the oxide pellet. The whole

*Prepared from EN 24 steel (nickel-chromium-molybdenum steel)
cylinder internal diameter 2 in. Both components suitably heat treated

and capable of withstanding a pressure of 50 tf/inZ.
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assembly was subjected to a pressure of 33 tf/in?. The hard rubber
discs (neoprene) on either side of the mould were employed to prevent
the flow of any plastic material down the sides of the ram. It was found
that the quali%y of the pellet formed deteriorated after successive use
of the same mould; thus a different mould was employed for each prepa-

ration.

The first few experiments showed that the oxide pellets prepared by
‘the above procedure were not sufficiently hard to handle and sometimes
crumbled when pressure was released. This problem was solved by using
a poly methyl methacrylate temporary binder supplied by Imperial Chemical -
Industries Ltd., (propriety name Bedacryl 144 TL having an ash
content < 0.01%). One wt% of the binder was mixed with the powder
using a minimum amount of toluene, and grinding the mixture thoroughly in an
agate mortar. After drying under an infra red lamp,the mixture was agéin
ground to a fine powder ~ 250 mesh. Although the organic binder
used could be eliminated in vacuum, it was considered more satisfactory
to remove this material along with any possible traces of Vinamold - 1028

left during pellet preparation by firing the pellet at 1000 °C in air.

3.1.2.1 Sintering

In order to obtain hard pellets of high density, it was necessary
to sinter them at high temperatures. For this purpose a high vacuum
furnace'at the B.I.S.R.A. laboratories was employed. This furnace
had a tungsten element, operated in a vacuum of about 107° mm., and was
made by Spembley Technical Products Ltd. N

The pellets were placed in a thoria crucible which was hung inside a
helical tungsten element which was surrounded by tantalum radiation
shields. The furnace was provided with silica observation ports through
vhich the temperature was measured using an optical pyrometer. The
optical pyrometer used was supplied by Leeds and Northrup Co. Philadel-
phia, Pennsylvania, U.S.A., A voltage control system attached to the
unit was capable of providing a temperature rise of 2 O/min. The
furnace was water-cooled to prevent excessive heating of the outer parts.

A speedivac High Vacuum Valve in conjunction with an Edward Pirani --
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Penning Type vacuum gauge was used to monitor the low pressure ~ 107
mm. Hg. The pressure inside the vessel was not allowed to increase
above this value, particular care being taken at high temperatures.

The highest temperature 2000 °C was reached in 17 hrs. and the
furnace was maintained at this temperature for 4 hours after which the

temperature was decreased slowly.

The high temperature vacuum sintering process produced very dense,
grey oxygen deficient pellets which were converted to the stoichiometric
composition by further heat treatment in oxygen at 1100 °C for 8 hrs.
The density of the fired and sintered pellets were found by weight loss
using the liquid displacement method and was 95 i 2% of the theore-
tical density for the different samples.

The pellet surfaces were polished with appropriate grades of amery
paper. Traces of organic material were removed by washing the pellet

with acetone or alcohol.

3,1.2.2 Dimensional Measurements of the Pellet

A travelling microscope was employed to measure the dimensions of
the finished thorium oxide pellet. The area of cross-section of this
pellet was based on the mean value of a number of readings taken on

each face and a similar observation gave the length of the pellet.

N

31243 Attachment of FElectrodes

" A layer of the platinum paste(bought from Englehard Industries Ltd.,
‘Hanovia Ceramic Division) was applied to both faces of the pellet and
was allowed to dry under an infra red lamp. After a sufficient layer of
platinum paste had been applied, a further layer, together with the
platinum electrodes (0.3 mm. thick platinum discs cut according to the
size of the electrolyte) with platinum wires attached, were pressed
against both faces of the pellet. After initial slow heating, the final

'firing was completed at 1000 °C in air. Using this method the electrodes
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adhered firmly to the pellet surfaces.

3.1.2.4. Summary of the Procedure

The sample prepared by the mixed nitrate process is

summarised in the following scheme:

Th(NO,), Pyr°llze > Tho,
- 1000°C
ThO,, + YO >Th(NO..), + Y(NO.)
2 ¥ 03 o, - 304 T 703,

Evaporate and Pyrolise

at 1000°C

Y
Mixed Oxides

grind

4 .
Fine Powder + 1% Bedacry (+
Toluene minimum amount)

" Drying and Grinding

4 .

250 Mesh Powder

Pressing isostatically
33 tf/in’

Y
ThOZIYOL5 pellet

ignite at 1000°C

Y
Pellets sintered at 2000°C

and PO, 1077 atm. 4 hrs.

Heated in air at 1100°C for 8 hrs.
to get stoichiometric composition

Pellet ready to be used ————Platinised at 1000°C & -
for conductivity measure- supplied electrodes.
ments :
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3.2 ASSEMELY

The érrangements of the sample holding assembly are shown in Fig.3,2,

"Here '"A' is a recrystallized alumina tube
closed smoothly at one end with alumina cement. A section of

the tube 7 mm. wide is cut perpendicular to the tube axis near to the
closed end to accommodate the pellet 'C' as shown in Fig.3.p
On both sides of the pellet are two alumina discs, shown by J in the fig-
ure’ held by spring loading. A thermocouple (Pt/Pt -13% Rh) passes
through the inner tube 'B' and its tip touches the alumina disc'd’
Platinum wires 'G' attached to the platinum electrodes are protected
from any leak or short circuit by means of thin alumina sheathing.
The earthed platinum foil used for wrapping the whole assembly is in-

corporated to eliminate any a.c. pick up.

33 PROCEDURE OF MEASUREMENTS

A Universal Wayne Kerr Bridge (B221) operating at 1592 Hz per

second was employed to measure the conductances.

Conductivity readings were taken at various temperatures while the
oXygen pressure was kept constant. During these readings the tempera-
tures were controlled by careful manual adjustment of the Variac and
variable resistance as the conductivity was sensitive to small variations
in temperature. A Honeywell two channel electronic recorder was employed
to display the temperatures. The recorder had an accuracy of printing of

+ 3 ° which was about the limit of accuracy of the normal control.

The respective readings were taken by putting the potentiometer in
the circuit and positioning the pointer of the second channel on the
trace from the thermocouple. The potentiometer used during these
readings was standardised each time. Any decrease in pressure due to
lezkage during the experiment was made up by carefully supplying the

necessary amount of gas.
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CAPTIONS:

A. Recrystallised alumina tube 0.D. 10 mm

B. Recrystallised alumina tube 0.D. 5 mm

C. Thorium oxide pellet

D. Pt/Pt-13%Rh thermocouple

E. Steel Spring

F. Platinum electrodes

G. Platinum wires connected to platinum electrodes
H. Thin alumina sheating

J. Alumina discs to support pellet with electrodes against the spring loading

Fig-3-2 SAMPLE HOLDING ASSEMBLY FOR THE CONDUCTIVITY STUDIES.
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CONDUCTIVITY MEASUREMENTS AS A FUNCTION OF TIME

Table 3.1 shows a representative set for conductance readings

for ThO,
50 atm.

TABLE 3,1

pressure and temperatures

+ Y04.5 (98.5/1.5 mole %) solid solution in oxygen at
800 - 1100 °C as a function of time.

CONDUCTANCES OF ThO, + ¥04.5 (98.5/1.5 mole¥% ) AT 50 atm. OXYGEN

PRESSURE AS A FUNCTION OF TIME

Time/Minutes | Conductance | Conductance | Conductance | Conductance
(Zit:§ning m MhO m MhO m MhO m MhO
zza;ziziure) at 800°C at 900°C at 1000°C at 1100°¢C
0 0117 1.133 2.369 AT
10 O.4hh 1.148 2.375 4.3296
20 0.444 1.143 2.363 4 405
30 0.445 1.142 2.371 4.393
45 0.443 1.143 2.353 4.386
55 0.443 1.147 2,354 b1l
70 0.443 1.147 - 2.363 4,413
. 85 0.443 1.142 2.368 L.4310
100 0.443 1.145 2.363 4410
115 O.h4hly 1.144 2.3%63 b.h12
125 0.444 1.144 2.%63 L.413
135 0. Lty 1.144 2.360 4. 409
© 150 0.443 1.144 2.363 4412
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TABLE 3.1 /Continued
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Time (Minutes) | Conductance Conductance Conductance Conductance
after
attaining m MhO m MhO m MhO - m MhO
constant o o o ' o
temperature at 800°C at 900°C at 1000°C at 1100°C
165 0.4k 1.144 2.362 L.410
185 0. bl 1,144 2.36% 412
210 0.4kl 1.144 2.360 b 412
230 O0.444 1.144 2.363% L .4l
250 0. il 1.144 2.363 L.hip
270 0. 44k 1.144 2.363 L. 412
295 O.hhh 1.144 2.363 )
TABLE 3.2 '
CONDUCTANCE FOR PURE THORIA IN OXYGEN AT 124.7 1bs/sqg. in. PRESSURE

AS A FUNCTION OF TIME.

Time Minutes Conductance Conductance Conductance
after attaining 1 MhO n MhO m MhO
constant o o o
temperature at 800°C at 900°C at 1000°C
0 0.112 0.300 0.650
10 0.112 0.298 0.647
20 0.112 0.298 0.647
30 0.112 - 0.298 0.650
45 0.113% 0.299 0.650
60 0.113 0.298 0.650
72 0.115 0.299 0.650
90 0.114 0.299 0.650
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TABLE 3.2 ° /Continued oo

Time, Minutes Conductance Conductance | Conductance

Zitzzning m MhO m MhO m MhO

constant at 800°C at 900°C | at 1000°C

temperature
105 0.115 0.299 0.649

120 0.113 0.299 0.649

135 0.114 | 0.298 0.651
155 0.114 0.298 0.651
165 0.114 0.298 0.649
180 0.1k 0.298 0.649
195 0.114 0.298 0.649
210 0.114 0.298 0.649
225 : 0.114 0.298 0.649
235 0.114 0.298 0.650
250 0.114 0.298 0.649
265 0.114 0.298 0.649
285 : 0.114 0.298 0.649
300 0.114 0.298 0.649

As is seen from the above given tables the conductance became
invariably constant within two hours. In some experiments time periods
up to 6 hours were tested, but no significant change in conductanée
was found after 3 hours. The subsequent runs were normally carried

out for 2-3 hours.
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3.5 1OW PRESSURE MEASUREMENTS

To demonstrate the continuity of the high. pressure isotherms for

conductivities of thoria and thoria-yttria solid solutions, the studies

were extended to much lower oxygen pressures, i.e., down to 10_9 atm.

Figure 3.3 shows a low pressure set-up.

A silica tube passed through

a nichrome resistance furnace and was fitted with copper connectors with

'0' rings on both sides. Through one of these connecting devices

passed a yttria-zirconia tube for oxygen metering. The sample holding

assembly emerged at the other end.

Moisture free gas was introduced into

the furnace tube where the oxygen content was measured by the oxygen

meter. This is a sort of galvanic cell and can be used for determining

the Gibbs free energy or chemical potential associated with the

difference in oxygen pressure on both sides of the cell. In this case,

the reference pressure was 0.2 atm. (air) but Ni/NiO reference electrodes

can be used if greater accuracy is required.

The thermodynamic relation:

a 02
Au02 = =RT 1n
a o'
2
or,
-nEF = RT 1In

where, n is the number of electrons introduced in the reaction,

E is the electromotive force (EmF),

F is Faraday,

and, a stands for activity,

S for oxygen

_ _RT
EMF = = ZF
' o
P02 and P 02 are the partial pressures of oxygen on each side

of the oxygen meter. In the oxygen meter used here the yttria

stabilised zirconia tube with a eclosed end was surrounded by a platinum



_Lg_

' FIG.33 SET UP FOR LOW PRESSURE OXYGEN.
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Legends of Figure 3.3

Argon gas cylinder

thnesiﬁm perchlorate

Silica gel

Titanium chips

Silica Tube

Nichrome would resistance furnace

Thoria sample pellet

Oxygen meter

Platinum wires connected to two electrodes on oxygen meter.
Vibron electrometer |

Platinum wires connected to two terminals on Wayne Kerr Universal
Bridge B221(M),
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gauze cemented on with platinum paste, and the inner bottom portion

was covered with another platinum gauze.

A Vibron electrometer was incorporated to measure the exact EMF
developed due to the difference in the oxygen chemical potential on
both sides of the oxygen meter. The Vibron electrometer is used
here because it can memsure EMF from devices having very high in-

ternal resistances.

Oxygen meters also have technological applications for measuring
oxygen potentials of liquid metals, e.g., copper, silver, and
sodium. The purity of the last element is important when it is

used in & nuclear reactor.



3.6.1 Conductivity Results for Thoria and Thoria-Yttria Solid Solutions

TARLE 3.3
CONDUCTIVITY OF 'PURE' THORIA AS A FUNCTION OF P, AND TEMPERATURE
2
Pb . Temperature 800°¢c Temperature 9OOOC Temperature 1000°C
2 Fugacity
(atm.) log POZ <7) 108:} Conductivity log o Conductivity log o Conductivity log o
(atm.) Mhos ¢! Mhos c:,m" Mhos con!
1077 ~9.000 2.004 x 107° -5.6982 |7.940 x 1078 -5.1002 { 2.376 x 10~ |-L.6242
107 -6.000 3.258 x 107%- ~5.4870 |1.256 x 10| -4.9011| 4.211 x 107 |-4.375
107 -3.000 1.045 x 107 ~4.9809 |3.980 x 107| -4.400l| 1.262 x 107 | -3.899
0.2 -0.699 3.530 x 107 ~b.4750 | 2.0363 x 107" -3.6912| 3.634% x 107 | -3.439%4
1.0 0.000 5.358 x 107 ~4.2710 | 2.2744 x 107 -3.6432] 4.8529 x 107" | -3.3141
8.48 0.9284 8.185 x 107 ~4.0879 | 3.9405 x 107" ~3.4045| 8.5819 x 107 -3.0664

_OL_



TABLE 5.3 /Continued
Po Fugacity Temperature 8000(; Temperature 900°C Temperature 1000°C
2
log P02 (:7) log:f Conductivity Conductivity Conductivity
(atm.) (
atm.) Mios e logo Mhos ewi! logo Mhos eosi! logo
50 1.699 1.614 x 107 -3.7921 |6.1819 x 10~ | -3.2089 | 1.3408 x107%| -2.8729
100 2.000 102.5 |2.0107 |2.018 x 107 -3.6951 [7.5042 x 107" | -3.1247 | 1.6079 x1073| -2.7677
250 3.3979 | 266 2.4247 |2.723 x 10~ -3.5649 [9.4374 x 107* | -3.0252 | 2.1239 x107%| -2.6731
500 2.699 568 2.7543 |3.532 x 10~ -3.4520 |1.2333 x 107 | -2.909 2.5946 %10~ -2.586

-1 L..



3.6.2 TARLE 3.4 ‘
CONDUCTIVITY OF THORIA YTTRIA SOLID SOLUTIONS 99.16/0.8L m%-
(0] (0] (o]
o Fugacilcy Tog 800°C 900°C 1000°C
02 108 PO
2 Fugaci-| Conductivity Conductivity Conductivity
ty Mhos cni' loga Mhos ¢’ loga Mhos ¢»7! logo
107 ~5.000 2.236 x 107 | -3.6505 | 4.314 x 107'|-3.365 | 2.228 x 10~ | -3.045
0.2 -0.699 3.6376 x 107 -3.4%93 | 1.0094 x 107°|-2.9962
1 0.000 4,117 x 10° -3.3855 | 1.1877 x 107?|-2.9255] 2.5809 x 107> | -2.588k
8.99 0.9538 5.9294 x 10~ -3.227 | 1.3623 x 107|-2.8658| 3.3266 x 107 | -2.4781
50 1.699 6.8024 x 107" | -3.1674 | 1.5678 x 107 [-2.805 | 3.7613 x 107 | -2.4247
100 2.000 102.5| 2.0107|9.388 x 10°° -3.0293 | 2.0934 x 107 |-2.6793 | 4.5252 x 107 | -2.3444
250 2.3979 | 266 2.4247 | 1.2550 x 107 ~2.9014 | 3.4067 x 107 |-2.4677 | 6.8981 x 107 | -2.1613
500 2.699 568 2.7543 | 1.5336 x 107 | -2.8144 | h.k2ok x 107%|-2.3537 | 8.695 x 107> | -2.0607




3.6.3

TABLE

222 CONDUCTTIVITY OF THORIA-YTTRIA SOLID SOLUTION (98.5/1.5 m %)
B, 800 °c 900 °c 1000 °¢ 1100°C
o log Po2 Condu;ﬂi;iwsri;::f log o Condﬁﬁziij;:g log o Condumfzzivci)?r log o Condﬁﬁziwﬁ;y log o
107 -6.000 | 1.845 x 107 | -3.734 4.571 x 10| -3.34 1.202 x 107 ~2.9201 2.510 x 10~ |-2.6003
107 -3.000 | 2.631 x 107" | -3.5798 | 6.312 x 107" | -3.1999 | 1.585 x 107 | -2.7999 | 3.091 x 107 |-2.5099
0.2 | -0.699 | 4.0105 x 10" -3.3969 2.330 x 107 | -2.6326 4361 x 107 [-2.3604
1 0.000 | 4.765 x 16°| -3.3219 2.621 x 107 | -2.5815 | 4.852 x 1077 |-2.31m
10 | 1.000 |6.605 x 107 -3,1802 3.498 x 107 | -2.4562 | 6.468 x 1077 |-2.1893
50 | 1.699 |8.145 x 107 ~3.0891 .2.098 x 107 | -2.6782 | 4.330 x 107 | -2.3635 | 8.100 x 107 |-2.0915
100 | 2.000 | 9.845 x 10~ -3.0668 , 2.470 x 107 -2.607’3 5.210 x 1072 | -2.28%2 9.415 x 107 |-2.0262
250 | 2.3979 | 1.314 x 107 | -2.8814 | 3.280 x 1073 -2.4841 | 7.205 x 107 | -2.142h4 | 1.242 x 1072 {-1.9059
500 | 2.699 | 2.481 x 1072 | -2.6053 5.55 x 107 | -2.2557 9.010 x 107 | -2.0453 1.995 x 107 [-1.700

.'_EL—



3.6.4 TABLE 3.6
CONDUCTIVITY OF THORIA-YTTRIA SOLID SOLUTION (96.3/3.7 m%)
800°C 900°C 1000°C

Po2 log Poz Conductivity Conductivity Conductivity

Mhos ¢’ logo Mhos ¢’ logo Mhos ¢ni’ log o
1078 _6.000 3.311 x 10 -3.4801 9.333 x 107 -3.030 2.051 x 107 -2.688
10~ -3.000 2.8%2 x 107 -3.14166 1.001 x 10 -2.9995 | 2.239 x 107 -2.650
0.2 -0.699 5.1415 x 10 | -3.2889 1.2519 x 107 | -2.9025 | 2.6248 x 10~ -2.5810
1.0 0.000 5.9572 x 107" -3.225 1.3866 x 10~ -2.8582 2.8155 x 10~ -2.5505
8.99 0.9538 2.570% x 10 | -3.1204 1.8815 x 1072 | -2.7256 | 3.980%3 x 10~ -2.4001
501 1.699 1.229 x 107 -2.9105 2.8503 x 10~ -2.5452 5.5668 x 10 -2.254,
100 2.000 1.6487 x 107 -2.7830 32,5679 x 10 -2.4477 7.0415 x 107 -2.1523

..i;L..



3.6.5

TABLE 3.7 '
CONDUCTIVITY OF THORIA-YTTRIA SOLID SOLUTION (85/15 m%)
"800°%¢C 900°C 1000°¢C

P log P Conductivity Conductivity Conductivity

02 ¢ 70, Mhos Cw' log o Mhos ¢ log @ Mhos ¢! log o
107 ~6.000 1.587 x 107 ~2.7994 4.075 x 107 | -2.3899 | 8.913 x 107 -2.050
1077 -3.000 1.779 x 107 -2.775 4.597 x 107 -2.3375 1.000 x 1072 -2.000
0.2 -0.699 1.976 x 107 -2.7042 5.408 x 10~ -2.267 1.1599 x 1072 -1.9355
1.0 0.000 2.2275 x 10°? -2.6522 5.7509 x 1072 -2.2403 1.2665 x 10° -1.8976
8.99 0.9538 2.69%9 x 10’ -2.5697 6.9109 x 107 -2.1605 | 1.441 x 107 -1.8413
50 1.699 3.3136 x 107 ~2.4798 8.284 x 107 | -2.0818 | 1.6959 x 107 ~1.7708
100 2.00 ' 3.6408 x 107 -2.4389 9.0341 x 10~ -2.0441 | 1.8557 x 107 -1.7317
500 2.699 4.992 x 10 -2.3017 1.3016 x 1072 -1.8858 | 2.1577 x 107 -1.6662

_gL_
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CHAPTER . 4

CONDUCTIVITY STUDIES OF CERIUM OXIDE
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L, - MATERTATLS

Two samples of cerium oxide were studied during the present work.

The chemical composition of the samples are given below:

(1) Cerium oxide sample, spectrographically pure standard

(specpure) bought from Johnson and Matthey Co. Ltd., had maximum limit of

impurities reported by the manufacturers

Mn 8 ppm
Fe 7 ppm
Mg <1 ppm

A1l rare earths and yttria

each less than 100 ppm.

According to the catalogue specifications the ceria sample contained

not more than 100 ppm other rare earths and less than 20 ppm other
metals.

(2) Cerium oxide sample, comparatively impure, had impurities
~ 1000 ppm. '

4.2 PREPARATION OF CERTA PELLETS

The pure ceria sample was heated in an oven at 200°C for about
four hours and ground to a fine powder. The powder was sifted through
a 350 mesh (45 micron) sieve. The powder, without mixing any binding
material, was pressed isostatically in a hydraulic press. The method
employed was a similar one to that described in section (3.1.2). The
pressure applied was 110 tons on the 2 inch diameter ram,.ﬁhich gave
a pressure of 35 tons per square inch. The pellet formed was pre-
fired at 1200°C in a molybdenum furnace for eight hours. The pellet
at room temperature was slightly yellow in colour and was subjected
to final sintering in a thoria crucible at U.K.A.E.A. (United Kingdom
Atomic Energy Authority) Establishment, Harwell, where facilities for
heating a material up to 2400°C in air were available, the sintering

temperature for the pellet was 2000°C in air for eight hours.
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The impure ceria pellet used was prepared from ceria powder obtained
from 99.97 ﬁure ceric ammonium nitrate by oxalate preéipitation from a
solution of pH 8.4. The powder with grain size approximately 100 was
mixed with a binder, pressed into discs and prefired at 1000°C. The
final sintering was completed at 1700°C for twenty-four hours. The

density of the pellet was 6.40 ¥ 0,03 g/cm3.

The circular pellet was cut into quarters using a silicon carbide
cutting blade with a thickness of 1/1000th of an inch. One of the
segments obtained in this way was polished on a diamond wheel and
appropriate grades of silicon carbide paper. The pellet was washed
thoroughly first with water, then with carbon tetrachloride to remove
any materials such as coolant used during cutting, and any grease or

dust particles.

4.2.1. Dimensional Measurements of the Pellet T~

The sample pellet was mounted on a Projectina, an optical device, and
a ten times magnified image was observed on the screen. When the sur-
. face boundaries of the image were fairly clear, the surface area
was traced on a paper. The angles and dimensions were read with a
provided mechanism. In this way, areas of both faces of the pellet and the

thickness were measured graphically.

A similar treatment was given to the impure sample.

4,2.2, Attachment of Platinum Electrodes

The method employed for attaching the platinum electrodes to
the faces of the ceria pellets was similar to that used for thoria

and thoria-yttria solid solutions mentioned in section (3.1.2.3).

4.2.3. Use of Gold Electrodes

A gold solution 'Matthey Bright Gold 15%ZY' bought from Johnson
and Matthey Chemicals, Ltd., was applied to attach the gold electrodes
to the pellet faces. Gold solution being unsatisfactory, a thick
layer of gold was evaporated on both faces of the pellet. The apparatus
used for vapour deposition of gold was KLEINBEDAMPFUNGSANLAGE MICRO
BA-3, which was operated at a pressure of 10—5 torr. Gold strips with gold

wires were used to make the contacts.
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4.3. PRESSURE VESSEL

One internally heated pressure vessel employed during the present
work was cast in Tungum, a complex a-brass (composition given in

Appendix IV).

The pressure vessel as shown in Figure 4.1 was mounted horizontally.
It was open at both ends with a bore of 3 inches and an 0.D. of
7.5 inches. It had flanges of 10.25 inches diameter. Each flange was
2.25 inches in length on its 0.D. which increased to 2.5 inches near the

main body of the vessel.

The vessel was provided with 2 inches thick brass lids on both
sides having 9 holes 2.25 inches deep and 1 inch diameter. Bolts of
the 'Unbrako' type having an ultimate tensile strength of approximately
90 tons per square inch were used to bolt each 1id to the body of the
vessel. A water jacket was fitted on to the flanges and water tight

seals were accomplished with O rings.

4.4 FURNACE

A recrystallized alumina tube supplied by the Thermal Syndicate
was employed for the furnace windings. The tube was 33 cm. in length
with external and internal diameters of‘22.5 mm, and 15 mm., respec-—
tively. The element made of 20 S.W.G. Nichralloy (80 Ni/20Cr) was wound
linearly on a lathe at 7 turns per inch giving a total length of 30.5
~cm. A thin layer of alumina cement was applied to the windings to
keep them in position. The resistance of the furnace at room tempera-

ture was 7.5 ohms.

The free space between the furnace tube and the wall of the

pressure vessel was filled with dry alumina powder of 100 mesh size.

4.4.1. Determination of Hot Zone in the Furnace

The temperature profile of the furnace at atmospheric pressure
is shown in Figure 4.3 where hot zone extends from 7 inches to 8
inches measured from the outer edge of the furnace. The furnace
being in horizontal position the hot zone wuld not be affected by
convection currents. The pellet holder assembly was constructed
in such a way that the sample pellet always remained in the hot zone

during the experimental work.
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L.5 CONDUCTANCE MEASUREMENTS

L.5.1 Conductance Measurements at Low Oxygen Pressures

funs at low oxygen pressure were carried out in the same high
pressure vessel. The procedure was to use a special mixture of gases
(nitrogen and oxygen) with known oxygen content. The vessel along
with the connecting metallic pipes was evacuated usinga SPEEDIVAC
high vacuum pump which reduced the pressure to 1.5 mm Hg, The
apparatus was flushed several times with nitrogen and the gas mixture
of required composition. After attaining constant conditions of
pressure and temperature for 4 hours the actual conductance readings
were started. As there was very little variation in the measurements
after several successive readings, equilibrium was assumed to have

been reached.

L.5.2 Conductance Measurements at High Oxygen Pressures

Conductance measurements of both samples of ceria were carried out
at high pressures of oxygen essentially in a similar way to that men-

tioned for thoria and thoria-yttria solid solutions (section 3.3).

L.6 RESULTS OF THE MEASUREMENTS

The results for pure ceria are given in Table 4.1 . Table 4.3
shows the results obtained by using gold electrodes. The conductivities

of impure ceria are given in Table 4,2 .



TABLE 4.1 CONDUCTIVITY OF PURE CERIA AS A FUNCTION OF Po, AND TEMPERATURE
700°C 800°¢c 900°¢C 1000°¢C 1100°¢C

P02 o8 POZ ing:;- log o i:gi:;- logo 333333;' logo 5‘1’3{‘?' logo igﬁgltm- logo
atm. Mhoss&kx 10° Mhossk 10 Mhoso& 103 Mhossx 103 Mhosek 107

0.0133 -1.8761 3.4157 - 4664 2.4414 -3.6124 1.6912 -2.7718 8.8993 -2.0507 31.403 . |-1.5031
0.06 -1.2218 3.0911 -4.5099 1.8864 ~3. 7244 1.1580 -2.9363 | 5.9467 -2.2258 | 21.679 |-1.6639
0.2 -0.699 3.1284 -4.5057 1.7794 -3.7498 1.0441 -2.8913 5.3915 -2.2683 19.799 -1.7013
1.0 0.000 2.8833% -4.5401 1.5218 -3.8176 8.23%63 -3.0843 3.9935 -2.2987 15.008 -1.8236
10.0 1.000 3.0204 | -4.5200 | 1.3109 | -3.8827 | 5.7106  |-3.2434 | 2.5880  |-2.5870 | 10.097 |-1.9960
100 2.000 3.2804 -4, 4841 1.3846 -3.8588 5.4163 ~-3.2663 2.0543 -2.6874 7.880 ~-2.1035
200 2.301 4,3135 -L.3652 1.6823 -3.7744 5.6932v -3.2447 1.8462 -2.7038 9.292 -2.0319
400 2.6021 5.793%6 -4,2371 2.3731 -3.6247 | 7.99C4 -3.0975 3.8164 -2.3592 11.747 -1.9303




4.6.2

TABLE 4.2 . |
CONDUCTIVITIES OF IMPURE CERIA AS A FUNCTION OF F, AND TEMPERATURE
Logo at temperature

tog Fo, 2t 700°C 800°C 900°C 1000°C 1100°C
-1.75 ~2.3161 -2.0241 -1.6548 -1.2331 | ~0.8498
-1.2775 ~2.3225 -2.0510 -1.'7.059 -1.3289 -0.9552
-0.675 -2.3321 -2.0733 -1.7953 -1.4280 -1.0798
0.000 ~2.3321 -2.0701 -1.7890 =1.4823 ~1.1469
1.00 ~-2.2906 -2.0382 -1.8114 -1.5430 -1.2523
2.00 ~2.2266 ~1.9935 ~1.7986 ~1.5685 _1.303%

These measurements were taken by Mr. B.E. Knox.

-8~



L.6.%8  TABLE

4.3

CONDUCTIVITIES OF CERIA USING GOLD ELECTRODES

P, atm.

Temperature '70000

Temperature 800°C

0, log Fy, Conductivity Conductivity

(Mho-'efﬁ') logo (Mho,bﬁ') logo
8.4829 0.9285 2.8391 x 107 ~4.5468 1.3537 x 107 ~3.8677
100.0 2.0000 3.3230 x 107 -4, 4785 1.3971 x 10™* ~3.8548"
400.0 2.6021 5.64%2 x 107 ~4, 2485 2.1354 x 107 -3.6706

...g8_.
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CHAPTER 5

THERMOGRAVIMETRIC AND ELECTRICAL  STUDIES

OF

Pd0/0, and y MnO,/0, SYSTEMS
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5.1 DESIGN OF THE HIGH PRESSURE THERMOGRAVIMETRIC SET-UP

In the literature a modern type of high pressure thermogravimetric

balance is reported by Rabatin and Card(82)

who employed a modified
torsion balance as a mass sensitive element, with a photoelectric
transducer system to develop a voltage proportional to the mass for

automatic recording.

The design was an excellent one but owing to the complications invol-
ved in construction and handling, it did not gain popularity.

A comparatively simple thermobalance was constructed by Biermann and
Henrichs(332 here the mass sensitive element was a tool;steel centilever
rod, rigidly fixed on one end and undergoing varying di5placements on
the free end as the sample, supported on the free end,changed mass. Thé
amount of displacement was determined by a linear variable differential
transformer (LVDT) whose output was demodulated and fed to a recording
potentiometer. The main advantage in the use of this design was in
easy zero adjustment of the transducer after closing and pressurizing

the system.

A still simpler and more reliable method was employed by Baker(Bé)

where a
Pyrex glass spring was employed as a mass sensitive element. The weight
changes were measured by the extension of the spring and were proportio-

nal to the total load. The extension of the spring was measured optically
using a cathetometer. The sensitivity of such a spring balance is a func-
tion of the diameter of the fibre and the coil, and of course the number

of coils per unit length. Some limitations on the thermobalance are placed
by the temperature at which the spring operates, and the maximum load

which may be allowed to be used. The following points help sensitivity.

The design of a spring balance should be such that the spring opera-

tes in a constant temperature houéing.

The sample-holding crucible should always be located in the same
horizontal and vertical positions i.e., in the previously determined hot
zone of the furnace at the centre of the furnace tube. In this region

gas turbulance is at a minimum.
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5.2 THERMOGRAVIMETRIC SET-UP USED DURING THE PRESENT WORK

The thermogravimetric set up used during the present study was
essentially the same as employed by Baké?%gnd Talukdé§53ith a few
modifications. As the apparatus was to be used at much higher tempera-
tures in high pressure oXyge., a platinum alloy resista.ce furnace was
employed. The furnace was enclosed in a pressure vessel fitted with a
water cooled housing for. the spring. The equipment used for measuring
and controlling temperature and.gas pressure etc. was the same as

mentioned in section (2.3%.3).

Fig, 5.1. shows a photographic view of the thermogravimetric set

up, and Fig. 5.2 sectional view of the apparatus.

5.2.1 Furnace

A recrystallized alumina tube (28 mm O.D. and 25 mm I.D.) bought
from the Thermal Syndicate Ltd., U.K. was wound with Pt/10% Rh wire
of two different gauges. 20 S.W.G. was used for the main winding 21.5
cm. in length, while 22 S.W.G. was used for the booster winding,
9.3 cm in length. The leﬁgth of the furnace tube was 48 cm,
the end portions ( 8 cm) were left unwound. The main winding had 7

turns per inch and the booster winding &  turns per inch.
Pure alumina cement was used to keep the windings in position.

The furnace was packed inside the pressure vessel and insulated
by 100 mesh alumina powder, the process of packing being the same

as given in section (2.3.4).

To decrease the convection currents at high pressure a 15cm.
long solid alumina cylihder was positioned in the lower half of the

furnace tube.

The resistances of the furnace elements were as given below

Main winding 3.6 ohms
Booster winding 2.8  ohms.
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The temperature profile at normal.pressure was carefully determined

_ and is shown in Figure 5.3.

5.2.2 Springs

Fused quartz springs type 1/A9s5/72 No. 40  from Thermal Syndicate
Ltd., U.K. were used to measure weight changes; The maximum permissible
weight on the springs was 10 gm. The sensitivity of the springs
was determined accurately in the laboratory; a load-extension linear
relationship gave sensitivity of 1.92 cm/g  which agreed well with

that provided by the manufacturers.

To facilitate setting up, the spring assembly and baffle were

fixed in a thin walled tube which slid into the main housing.

The baffle below the spring reduced the convection currents rising
up from the furnace. To ensure the accuracy of the measurements the
o
spring was maintained at constant temperature 20 + 1°C by

circulating water around the spring housing.

5.2.3 Windows

The spring housing assembly was provided with two Perspex windows
each 1 cm thick and 1 cm wide clamped against gaskets fitted to
slots 5 mm wide. The spring positions were observed optically through

these windows by a cathetometer.

5.2.4 Thermocouples

Two Pt - Pt 13%Rh thermocouples were used for temperature
sensing, one was placed near the top and other near the bottom of the
suspended crucible. The thermocouples were 2.5 cm apart. The e.m.f.s
of these thermocouples were fed by a biasing unit to a two channel Honeywell

recorder.
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5.3  GENERAL OPERATIONAL PROCEDURE

The vessel after being flushed a few times was pressurized with
oxygen to the required pressure and the furnace temperature was raised
slowly. ©Since heating resulted in an increase of pressure of the gas
owing to expansion, some of the gas was released periodically to maintain
é constant pressure. After heating to about 15 °c below the expected
decomposition temperature, further heating was carefully controlled so
that the rate of temperature rise was 1 °c per minute and a strict
watch was maintained on the position of the spring. The reference point
for the spring position, was also noted. Further modifications of the

technique depended on the particular oxide under study.

5.3,1  Dissociation of Palladium Oxide

In the case of palladium oxide, initiation of decomposition at
a particular temperature was indicated by the movement of the spring, the
further rise in temperature was stopped and a constant temperature was
maintained. At this temperature the major part of the decomposition
took place. To obtain complete removal of oxygen it was necessary to rai-
se the temperature very slowly a further 2 - 3 °c . The mean of the
temperatures of initial decomposition and complete decomposition was ta-
ken as the dissociation temperature. Thus the average accuracy of the

temperature is + 1.5%C.

It 4s likely that the initial decomposition takes place from crys-
tallites containing many lattice defects. More perfect crystallites
tend to be more stable,thus require slight increase in temperature to
obtain decomposition. A good example of this phenomenon is met with in
the decomposition of calcium carbgnate. Natural calcite fragments
which contain many defects dissociate more readily and reproducibly than

,(83)

high purity precipitated calcium carbonate (monocrystals

After complete decomposition, an attempt was made to achieve
recombination of the metal and the oxygen by lowering the temperature.
Any weight gain, indicating reversibility of the reaction was seldom

observed. This was probably due to the sintering up of the sample into
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a hard metallic cylinder.

5.3.1.1 Dissociation of Palladium Oxide at Low Pressures

The dissociation temperature for the reaction:
PA0 = Pa + 3 0O,

were measured. About 5 gm of the palladium oxide sample were taken in
a silica boat. The boat was placed inside a silica tube, over which
a sliding resistance furnace could be moved freely. The silica tube
was connected through Quick Fit joints to a high precision mercury
manometer: The free space inside the silica tube was reduced by filling
it with alumina beads. To diminish any possible air leaks through the
Quick Fit joints the following greases were applied at the respective

points.

(1) APIEZON Regd. Grease manuféctured by Associated Electrical
industries Ltd., for taps.

(ii) APIEZON (M Grease) supplied by A.W. Wood (London) Ltd., for
joints,and

(iii) SILICA EHIGH VACUUM GREASE for silica parts recommended for
vacuum down to 10°® mm Hg, supplied by Edward High Vacuum

Limited.

After setting up the apparatus it was evacuated by rﬁﬁning the
vacuum pump for about 7 minutes. For about 15 minutes, after
evacuation, there was not any significant drop in the mercury level in
the manometer. The furnace temperature was raised to 500 °C when
again the vacuum pump was run for about 7 minutes. Noting the exact
temperature and the mercury level in the manometer, further heating
was maintained at a rate of 1 °C per minute and readings of tempera-
ture and mercury level in the manometer were recorded simultaneously.

The barometric pressures were recorded.

Bryans Aviation Limited, accuracy ~ 0.1 mm.
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5¢3%.2 Dissociation of y — Manganese Dioxide

After the initial decomposition indicated at a particular temperature
further rise in temperature was maintained at a rate of 1 % per
minute and the spring readings continuously recorded. The decomposition
was allowed to go to completion while the temperature rise was strictly
maintained at the rate of 1 °C per minute by independent regulation
of the currents in the main and booster windings. The spring position

was noted at two minute intervals.

The decomposition of this material was a more complex process than
PdO because the equilibrium entails a non-stoichiometric phase, Viz.

2.22Mn0; 95 = 1.11 Mn, 0; + 0.50;
It was expected that the stoichiometry would not alter very much on

heating until the region of the dissociation temperature was reached.

A distinct decrease in oxygen content would be expected in this region,

followed by a rapid decomposition as the non-stoichiometric lattice

reached its maximum degree of instability and collapsed.

Thus these measurements required observations of weight changes with
a continuous slow rise in temperature. The complete breakdown of the
Mn Op-x lattice when its oxygen content reached a minimum being

shown by the peaks in the thermograms.
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RESULTS OF MEASUREMENTS OF

EQUILIBRIA OF

P30/0, SYSTEM

Py, (atm) | Bourdon Gauge Po,(atm) |Dissociation

Observed Correction | Corrected Temp. °C
0.00713 0.00713 649
0;01949 0.01949 679
0.04126 0.04126 707
0.13580 0113580 764
0.13310 0.1331 766
0.30880 0.3088 805
0.3 917 013917 813
0.7949 0.7949 849
1.000 1..000 864
2.065 ~0.005 2.0600 909
4,000 0.000 L. 0000 949
5.000 -0.0034 L.9966 964
10.000 -0.019 9.9810 1022
19.300 -0.025 19.2750 1059
43.00 -0.034 42.9660 1128
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Soll'cl ’ -
TABLE -2

DISSOCIATION TEMPERATURES (°K) AND % log P,
. i 2

FOR THE REACTION P30 & Pa *V

2 __0;

-T°K I/T x 103 1 log P02
922 1.084 -1.0734
952 1.050 -0.8551
980 1.020 ~0.6922
1037 0.96k . =0.4335
1039 0.962 -0.4379
1078 ’ 0.927 -0.2551
1086 0.920 : -0.2035
1122 | . 0.891 -0.0499
1137 0.879 0.0000
1182 - 0.846 0.1569
1222 0.818 0.3010
1237 0.8085 0.3495
1995 0.772 0.4996
1347 of7423 0.6428
1401 0.7137 0.8165




5.4,2 RESULTS

TAELE 5.3 .
RESULTS OF MnO,/0, _ EQUILIBRIA

Py (atm.) Bourdon Gauge Py (atm.) Dissociation T°K i/'I‘ x 1000 log Py | 2 log Fy

2 2 2 2

Correction corrected Temperatures

1.0 0.000 1.000 617 890 1.1236 0.000 0.000
10.0 - 0.019 10.081 637 910 1.0989 1.003%5 0.5017
20.0 -0.121 19.879 o 6u 914 1.094 1.2984 0.6492
40.0 -0.035 29.965 649 922 1.0846 1.6018 0.8009

-66—
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5.5 CONDUCTIVITY STUDIES ON PALLADIUM OXIDE

Preparation of the Sample

Palladium oxide was prepared from the spectrographically pure standard
palladium sponge bought from Johnson Matthey Chemicals Ltd. The
palladium sample had the following impurities (given in parts per million)

as quoted by the manufacturers.

éilicon 5
iron 3
'coppef
magnesium
Sodium each element less than 1
calcium

The palladium metal was converted to the oxide form by dissolving
about 10 gm of the metal in agua regia, evaporating to dryness with
successive additions of conc. HNO3; to ensure complete removal of
chloride ions. The nitrate, thus obtained, after bsking at about
600 °C  was ground to a fine powder. The powder was heated at 800 °C

in a stream of oxygen when a grey or black palladium oxide was obtained.

Preparation of Pellets

To the palladium oxide sample 1% Bedacryl (an organic binder) was
added with a minimum amount of toluene. After drying the contents completely
under aﬁ infra red lamp,cylindrical pellets (5 mm dia. and L mm
thick) were made under a pressure of 33 tons per sq. in. similar to

the pellets of thoria and thoria-yttria solid solutions.
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5.5. 1 PROCEDURE OF MEASUREMENTS

The palladium oxide pellet was positioned on the sample-holding
assembly and was placed in the furnace. After pressurizing the furnace
with oxygen, the temperature was raised slowly. The readings of
conductances were noted at any given oxygen pressure and temperaturef
Care in each case was taken not to exceed the Pda0/02 equilibrium
temperature (from the thermogravimetric studiés) at any given oxygen

pressure.

As the conductances were too high to be measured directly with the
Wayne Kerr Conductivity bridge a low impedance adaptor was incorporated
in the circuit. The bridge range was set at '3' where the conductances
observed on the instrument gave the same values for resistance in units
of ohms.

- 5.6 CONDUCTIVITY STUDIES OF y—FMANGANESE DIOXIDE

After preparing y-manganese dioxide pellets, the conductances
were measured in a similar manner to that used for palladium oxide.
Here again the low impedance adaptor was employed in conjunction with

the Wayne Kerr B 221 conductivity bridge.



-102-

5.6.1.
TABLE 5.4

ELECTRICAL RESISTIVITY OF y - MnO, IN OXYGEN

. Température Resiétance Resistivity
Py, (atm.) o
2 ("C) ohm (ohm - cm)
0 550 3.37 2.61
50 550 3.9 2.89
100 550 3.84 2.97
50 600 3.49 2.70
100 600 ' 3.67 | 2.84
100 650 10.99 8.51

The resistance measurements for the palldium oxide pellet showed
invariably constant results (~ 5.04ohms) at a temperature of 500 °C and
PO range 1 to 100 atm.

2

Conductances were so high that they virtually short circuited the

measﬁring devices. It appears to be metallic type conductivity.
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CHAPTER 6

DISCUSSION
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6.1 THERMODYNAMIC CONSIDERATIONS OF HIGH PRESSURE WORK

In high pressure research where pressure is applied by introducing
a gas into a closed system, as employed during the present study, two

types of problems are encountered.

(1) The effect of the mechanical pressure on the vapour pressure
of the substance under study and

(2) In cases where the gas also behaves as a reactant, the acti-
vity. of the gas cannot be représented accurately by the applied

pressure.

(1) The relationship

8p _ Ve 5p
P RT

where 6P 1is the change in applied pressure
Ve is the molar volume of the condensed phase
p the initial vapour pressure of the substance and

§p is the change in vapour pressure due to &P

describes satisfactorily the situation (1)

As variation of Ve with P is very small, therefore, the above

eugation on integration gives

2 2
_Sp__ = Ve
p RT °p
1 P1
P :
. _ Ve
o in o = T (P1 - Py

This relationship shows an increase of only 6% of the original

vapour pressure of water at 1 atm. (26.739 mm Hg) when the applied
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~o

pressure is increased from 1 to 500 atm. at 300 OK. The frac-

tional increase in the vapour pressure is 1ess?the higher the temperature.

The increase of vapour pressure of solids is usually very small, for
example, for A1,05 at 1500 °C  and Us05 at 1000 °C it is
~ 1.302 x 107 and ~ 1.59 x 107" atm. respectively, when

the external pressure is increased from 1 to 50C° atm.

Since the thermodynamic activity of any solid or liquid is proportio-
nal to the vapour pressure; if the vapour pressure shows very little
variation for the applied pressure, then the thermodynamic activity will
be likewise affectedonly slightly.

Support for this conclusion is illustrated by the affect of mechanical
pressure on the e.m.f. of a solid state cell. The e.m.f. is determi-
ned by the activities of the ioms. Bradley(84) has studied the effect
of mechanical pressure on the e.m.f. of the Pb/PbCl,/Agll/Ag
Galvanic Solid State Cell at high pressures and his experiments show
that for an increase in a pressure of 15 Kb the e.m.f. changes only by
0.06%. , ' '

The effects of mechanical pressure on the equilibria are consequently

ignored in the present'work.

As regards (2), the activity deviation from the applied gas pressure,
as a matter of fact, increases with the elevation of pressure and is
dependent upon the thermal and ﬁressure conditions of the system. The
term employed for sﬁch cases is fugacity, ‘ :? ', the relation for which

derived by free energy considerations is

din :7 _ o .
-3 = - R apP (6.1)

_ (see Appendix 3)

Here o shows the departure from the ideal gas law. Using this
relationship the oxygen fugacities at different pressures and tempera-
tures have been determined graphically. Thermodynamic data by Vaserman
Kuvavchinchii and Robinovich(85) have been used and the plots are
shown in Figs. 6,1 to 6.3. Table 6.1 shows the calculated fugacities

corresponding to oxygen pressures.
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TABLE 6.1
OXYGEN FUGACITIES AT DIFFERENT PRESSURES
PO 2 Fugacity Fugacity Fugacity Fugacity
atm at 800°C at 900°C at 1000°C | at 1100°C
100 102.5 102.4 102.2 101.5
250 266.0 263.25 263.25 262.0
500 568 560.5 555 551.5
Units of fugacity atm.
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6.2 THORIA AND THORIA-YTTRIA SOLID SOLUTIONS

The structural studies of thoria and thoria-yttria solid solutions
are significant from the standpoint of understanding the conduction
mechanism in such materials. Thoria itself, and thoria-yttria solid
solutions have CaF, or CaF, - related structures. Here the
cations occupy positions on the f.c.c. lattice and the anions are
rlaced at the centres of the eight cubes inte which the unit cell may be
divided. The anions are housed in a way that they themselves form a
simple cubic sub-lattice where one half of the available interstitial
sites are filled alternately by cations. An arrangement of anions and
cations on the lattice is shown in Fig.g.4 . A large vacancy left at
the centre of the unit cell (3, Z, 3) is very important in the conduction
mechanism. The coordination number of such an arrangement is 8 : 4
and the large space left unfilled at the centre is capable of being
filled by anions.

The neutron diffraction si:udies@6 ) on U0, and ThO, have

indicated that an increase in temperature affects the oxygen ion which

tends to be displaced from the fluorite structure at ( %—, %—, i%)
towards the larger intestitial hole at (%, %, ).
Dissolving Y3?* into Tho, creates a charge defect. The

essential condition of the crystal, i.e. neutrality suggest the

following structural mechanisms:

(1) The cations occupy all their actual positions in the cations
sub-lattice while an appropriate number of anion vacancies

are formed.

(2) The anions occupy all their actual positions in the anion

sub-lattice while excess cations take interstitial positions.

The selection of the appropriate models is assisted by determining
the theoretical densities calculated from lattice parameters derived from

87), (88}

X-ray measurements comparison of these densities with those
determined experimentally for the sintered pellets define the quality of
the pellet. The pellets used during the present work had 95 + 2%

of the theoretical densities.

The high solubility of yttria in thoria is expected from the
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structural similarity of the two materials. TYttrium oxide crystallizes
with the c-type rare earth oxide structure (M4 O¢). This structure

is closely related to that of the fluorite structure, M,Xg, from which
it may be derived by an ordered omission of 25 per cent of the anions
followed 3y a slight rearrangement of the remaining ions. On these

88
(%) have reported that a maximum solubility

conditions Hund and Muzger
of 30 mole per cent YO1.5. in ThO, is possible at 1200 °c. But
a latter work(89) reports the maximum solubility of YO in ThO

1.5 2

21.4 mole per cent at 1600 °C.

The fired samples used during the present studies were sintered well
to produce very dense impermeable pellets. These pellets were translucent

and often contained transparent regions.

Fig. 6.5 shows the associated theoretical densities for the two
structural models mentioned above as a function of composition together
with measured densities of the sintered pellets. This data substantiates
the fluorite structure with a filled cation sub;lattice and anion
vacancies. TFormula coined to represent such a solid solution may be
given as Th1 _ 6Y 5 O2 e it shows that with a simple defect

model the percentage of vacant anion sites fixed by composition is 25§ %.

The total a.c. conductivity isotherms for 'pure' thoria at P, i
in the range 107 to 500 atm., are given in Fig. 6.6. For ‘
pressures > 100 atm. the corresponding fugacities are shown by '®'
points. These curves exhibit three distinct regions; the plateau shows
the predominantly ionic conductivity; the left hand side region

> 107 atm., represents the predominantly electronic conductivity and
the curved portion between these two parts exhibits mixed conduction

i.e., ionic and electronic of comparable magnitude.

Figs.6.7 to 6.10 show conductivity isotherms for the thoria-yttria
solid solutions with Y01.5\ contents ranging from O0.84 mole per cent

to 15 mole per cent.

6.2.1 Tonic Conductivity

In the region where conductivity is independent of the oxygen pressures,
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the conductivity is regarded as ionic. Observation of Figs. 6.7 to 6.10
within this region, show a common feature of namely, conductivity values
increasing rapidly with small additions of Y04.5. The effect is seen to
be nearly linear ﬁpto a YO1:5- content of 2 mole per cent. For this
concentration, the ionic conductivity is increased by a factor ~ 100
times that of the pure thoria. With further increase in the YO1.5.

content the conductivity increases but at a lower rate.

The ionic conductivity at 1000 °C as a function of YO1.5- content
has been drawn in Fig. 6.11. Here the values obtained by Steele and
Alcock(go), and later by Lasker and Rapp(gl), are also shown for compa-
rison. The Values.obtained in the present investigation show slightly
higher conductivities than the values obtained by Steele and Alcock

but agree quite well with those of Lasker and Rapp. -

It is reported that for a ¥04.5 content of > 16 mole per cent,
(92) (93) 4, (9%

the conductivity subsequently decreases similar results were

found for Z1:02-4Y0l 5 sqlid solutions.

Activation energies for ‘'pure' thoria and thoria-yttria solid
solutions have been determined and values obtained for different samples
in the jonic and electronic regions are tabulated below. These are

obtained from the slopes of the linear plots of log o against lOﬁ/T.

As is seen from the table the activation energy of oxygen diffusion
i.e., 2 eV, 1is higher than the value observed during the present
series of experiments i1.e., 1.5 + 0.1 eV. The lower value could

be attributed to somewhat less purity of the thoria sample used here.

By ‘analogy with a classical semiconductor, the presence of impurity
ions of valency higher or lower than that of thorium could be expected
to lower the activation energy (cf Appendix l). Hence this problem

(93)

higher purity single crystal thoria, an activation energy of 0.9 eV.

is complicated by the fact that Bransky and Tallan found for

Using the determined values of the activation energies (U) from
the best lines drawn, the exponential factors for the conductivity

equation

- U/kT

have been calculated and are shown in Table 6.2,
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ACTIVATION ENERGIES AND PRE-EXPONENTIAL

FACTORS FOR 'PURE' THORIA

Activation FEnergy (eV)

Source of Data (ionic Region)
Bransky and Tallan(95) 0.9
Edwards et al. 00 2
Present work 1.5
Seebeck Coefficient(gs) 1.18
, atm.
1077 1078 107 1 100 500
Activation Energy (eV)
1.5 i.s 1.5 1.4 1.4 1.4
Pre-Exponential Factors  (Mhos cm ')
18 24 105 170 654 1247
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TABLE 6.3

ACTIVATION ENERGIES AND PRE EXPONENTIAL FACTORS FOR ThO, + Y04.5 SOLID SOLUTION

Sourget of Po2 (atm) Mole per cent YOi.s
ata )
0.84 1.5 3.7 15
Activation Energies (eV)
1076 0.99 0.94 0.97 1.09
10~ 0.99 0.94 0.97 1.09
1 0.99 0.94 0.97 1.07
100 0.99 0.94 0.97 0.99
& 0
9 500 0.99 0.94 .99
% Pre Exponential Factors (Mhos cm
@ 107t 7.3 5 13.9 213
A -3
10 9.k 7.6 16.7 256
1 17.9 13%.5 2k 264
100 4i.2 29.4 56.8 178
500 2.2 53.5 234

-9¢1-



TABLE 6,3/Continued

Source of P (atm) '
data 02 Mole per cent  YOq.s
1 4 10 15 25
Activation Energy (eV)
' 1.1
107'° 1.35 1.25 1.08 1.0 2
- 1.0 1.09
R 107 1.3 1.24 1.08
N
) 1.07
g 1 1.08 1.07 1.03 1.06 .
-1
% Pre Exponential Factors (Mhos cm
1077 21 51 38 22 L2
1078 19 53 38 22 %2
L 11 23 35 55 b2

Accuracy of these data is reported as Y0.1lev

A



~-128-"

6.2,2 p-type Conductivity T~

An increase in conductivity of the sample with increasing PO
' 2
indicates p-type conductivity. The incorporation of oxygen into

the sample pellet creates positive (cahrge carrier) mobile holes which

in a state of equilibrium are responsible for conductivity.

The conductivity of the sample employed is, of course, independent
6f the method of measurement, i.e. two probe method or four probe method.
Lasker and Rapp used a two probe method for conductivity measurements,

(98}

while Bauerle employed a four—probe method. The conductivities from
these two investigations agree reasonably well for the lower yttria
contents, but for the higher yttria content, Bauerle's values are

significantly higher than those of Lasker and Rapp.

Although the pellets used by Lasker and Rapp (10 mm. diameter
and 3 mm. thickness) are dimensionally different from the pellets use&
in the present work, these authors' conductivity values for the same
compositions are very similar to the results obtained in the low

pressure regions.

The activation energies and pre—exponential factors in the p-type -
region for 'pure' thoria and thoria-yttria solid solution have been

calculated and are given in Tables 6.2 and 6.3.

Figures 6.7 to 6.10 show that the increasing Ydl 5 content

imparts increasing ionic contribution to the total conductivity.

The higher the YO contenf, the higher the oxXygen pressure required

to bring out the ;;Zssure variant electronic conduction. In

Figure 6.7, the slope of log conductivity versus log PO is seen
approaching 1/2 in the vicinity of 100 atm. but in the 2case of 15
mole? Y01.5 (Figure 6.10), the slope value of 1/2 does not seem to be
reached unless P

0

approaches 500 atm,
2 .

-
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6.2.3 Conductiﬁity Mechanisms

Several conductivity mechanisms'have been proposed by various authors
(91’96’98’2%'?f for the conductivities of pure oxide, and binary solid
oxide solutions, e.g. ThO, . YOq.s, Zr0, . ¥04.5, ThO, . Ca0 and
Ce0, in equilibrium with oxygen pressures approaching 1 atm. Some
of these are given below. None of these have provided information for
elevated oxygen pressures. A brief consideration of these mechanisms

however, is worthwhile as a pointer here.

Lasker and Rapp(gl) consider that at moderately high PO values,
2

a semiconductivity process involving positive hole ® takes
place. They suggest an equilibrium between gaseous oxygen, interstitial

oxygen (Oi"> and positive holes occurs.Viz -

1

3 0, (g) @ 0." + 2@® (6.2)

For a dilute solution model, the equilibrium constant K can be

written as

=
1t

o] [® 17/ %}

Since [o"]= 3 [@®]

and the positive hole mobility is assumed independent of defect concentra-

tion, then

149 .
qt) o [ C) J o Pb; (6.3)

92
A similar treatment has been proposed by Rudolph( ).

At very low oxygen partial pressures ( < 10-10) metal excess
thoria results from oxygen vacancies. These vacancies being positively
charged, the neutrality condition gives rise to the compensatory excess
electrons. At sufficiently high temperatures dissociation of vacancy-

electron pairs occurs, and the reaction may be represented by the following
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T
equation
0, == 20,(8 + Vo + 20 6.4)
where
0y is an oxygen ion on oxygen site,
~V; is a doubly ionized oxygen vacancy
&) is an excess electron

Equation 6.4 gives, by previous types of reasoning:

o. « [ O] « POZIIG

© 6.5)

_ This relation does in fact describe the n-type electronic conduc~
tivity shown by pure thoria at 1600 °c at pressures of < 107"° atm.

95
as shown by Bransky and Tallan( ).

Bauerle's (98)

“interpretation of the electrical conduction in
thoria and thoria-yttria as a function of oxygen pressure down to

1074 "6 atm. at 1@(.;000 is given as:

At

o = oq + o, P02

6.6)
where o4 accounts for the ionic defect (Vo) conductivity, the

amount of which is fixed by the cation composition of the sample.

R

The second term on the right hand side (o ,) interprets the po-
- sitive hole conductivity that arises owing to the incorporation of
excess oxygen into lattice vacancies (Vo). At equilibrium the reaction

is

ol

0, + Vo = 0 o+ 2@ , 6.7)

In the case of pure thoria the Pb; - conductivity relation is
exhibited at oxygen pressure ~ 1 atm.

For the p-type conductivity the above mechanisms are not of generai
. . 1/6
application because as seen from the plots in Figs. 6.6 to 6.10 the PO2 /
relation is greatly exceeded. At oxygen pressures of around 500 atm.

a PO ! relation is exhibited.
2
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~

6.2.4 Mechanisms Suggested Here for Conductivity in Thoria and

Thoria-Yttria Systems

The following mechanisms explain partially, or as a whole, the

p-type conductivity behaviour up to oxygen pressures of 500 atm.

Mechanism 1

Rudolph(gg) has explained the positive hole semiconduction at
high Pb in non-stoichiometric pure thoria in terms of an equilibrium
2
between gaseous oxygen and interstitial oxygen ions (Oi") in the

lattice.

Viz, .
’;gl‘ 0, (g) = Oi" + 2 @
2 O.“
K (the equilibrium constant) = [ ® ] <L = ]
}
Poé

Hence for electrical neutrality
[0/ = 3[ O]

o o « [@] o Pll6

Mechanism 2

The formation and ionization of oxygen interstitials (Oi") as
mentioned in mechanism 1 can be taken as constant when the composition
is near stoichiometric 1i.e., vacancies result from Frenkel and
Schottky defects.

. [@]f

‘ee K - ———————

p 3
02

Hence o o [ ® ] o Pb£
2
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Mechanism 3

In the region where the oxygen pressures are higher than 107"

atm. the formation of positive holes (®) could result from

an equilibrium between oxygen gas, oxygen vacancies (Vo) and oxygen

lattice sites (Oo). Such an equilibrium follows the equation
10,(g) + Vo == 0o + 2 @
2
A K = (0] [ ©]
5 o
Py2 [vo ]

Assuming [Vé ] is still large as 'a result of the yttria content
and [Oo ] is equal to the total number of oxygen lattice sites,

these two entities can be considered constant, thus

oo [ @] « P,

N Slee

This would explain the results at oxygen ﬁressures up to ca. 100
atm., for higher powers of Pb additional mechanisms must be coming
2
into operation.

Mechanism 4

As ThO, and Zr0, exhibit the same fluorite type structure
" a similar analytical treatment for POZ“G dependéncy coﬁld

be expected to apply. A possible explanation for the higher powers of
P can consequently be developed from the suggestion given by Vest,

0.
00
Tallan and Trip a )for Zr0,, as follows.

Positive holes may arise from the formation and ionization of

thorium vacancies according to the equation

0, (g = 2 0o o+ VT 4 k@
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which gives
-k

[T [v, 10 @

This equation explains two situations:

i) Near stoichiometry

G = [ ® ] « P 1/k
. 0,

and ii) at compositions far removed from stoichiometry

. . 1/k+1
o [ ® ] POz

Therefore for pure thoria, a PO - o  dependency of 1, 1/2, 1/3
. .Y

or 1/4 would be exhibited when a thorium vacancy is ionized from

1 to 4.

For thoria solid solution (far removed from stoichiometry) a

Py, = O© dependency of 1, 1/2, 1/3, 1/4, or 1/5 would be obtained.
2 .

Mechanism- 5

In a complex situation like thoria and thoria-yttria solid solution,
occurrence of bivacancy (VoVo)} is possible. Occupation of these’
vacancy pairs by the singly charged "oxygen ion molecule" can take

place. The reaction can be shown as follows:

0, (g) + (VoVo) ==> OZ“_(VoVo) + @
which gives
K = [ozzvévé] C® ]/[(VcVo) ] PQ2
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Since for electrical neutrality
[ 02 (VoVo) ]

f. o= [ @] e P

[ ® ]
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6.2.5 Discussion of Mechanisms

Mechanism 1 originally proposed by Rudolph(gg) and adopted by

Lasker & Rapp has 2lso been considered here. 'This interstitial
phenomenon explains reasonably well the conductivity . PO

2
for pure thoria and thoria-yttria solid solutions, but within a very

limited range of pressure (Po ~ 107
2

relationship

-1
to 10 - atm.) as observed

during the present series of experiments.

Mechanism 2 is an extension of mechanism 1. Although a

Po - 0 dependency of 1/L is obtained for pure thoria, a difficulty
2

1"
encountered here, is that [Oi‘ ] cannot be taken constant for solid

solutions far removed from stoichiometry.

Mechanism 3, where positive holes (® are produced by filling

Yo vacancies gives a Pb -0  dependency of 1/4. Thoria and

2
thoria-yttria solid solutions have anion vacancies due to Frenkel and
Schottky disorder. Mixing of aliovalent cations also produces anion

defects. Thus by filling a small fraction of these vacancies a’ Po -0
2

dependency of 1/4 1is exhibited.

In the case of pure thoria the (logo  versus 1log PO ' plots
1 2
OA dependency for quite a long
2

. range of oxygen pressures. At pressures in the vicinity of 500 atm.

shown in Fig. 6.6 exhibit this P

. some increase in slope may be a result of impurities.

This explanation seem acceptable for pure thoria but for thoria-

yttria solid solutions high powers of Po cannot be explained by this
2

mechanism.

Mechanism 4 gives a series of By -
2
different valency thorium vacancies are assumed to occur as a result of

a dependencies where

incorporating gaseous oxygen into .the Jattice. Here values 1/5 to 1

are obtained but values higher than % have never been attained for

thoria-yttria solid solutions up to 15 m% Y04.5, even at 500 atm.

Explanation of the PO -0 dependency of 1 seems rather
2

unlikely on any n, p or ionic mechanism.
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Mechanism 5 requires the existance of bivacancy which can be

expected from the defective nature of thoria and thoria-yttria solid
solutions. In the case of thoria-yttria solid solutions, the vacancy
pair formation (VoVo) is more likely as a result of higher defect

concentration due to Y?* ions.

The evidence for the existance of the ion molecule 0, is cited
b 15
in the literature. Andersorglol" and Haven.(Luz . have also mentioned

the species.

(103)
Dumbgen and Hall - have studied diffusion coefficients for oxygen

in quartz crystals as well as in quartz glass. Diffusion constants for
thg latter were found to be proportional to the applied oxygen pressure
over the glass. Interpretation of this result is made on the assumptioh
that the oxygen gas dissolves in the glass as the molecule, 0, . It is
mentioned that the solubility of species 0, y 0" as well as molecule
0, is vefy low, though on the other hand the species 0, and O

have a considerable mobility, and thus determine the conductivity,

The conductivity even in the lower PO range is not simple ionic

in the classical sense. The physical and structural studies of calcia

(104)

stabalized zirconia carried out by Carter and Roth suggest that

coalescence of defects controls the ionic and electrical transport

-«

properties.

Exisi€nce of bivacancy in fluorite lattices has also been pointed out

(105)

by Greener, Wimmer and Hirthe in the case of ceria.

In the light of the above information the conclusions can be summa-

rised, thus:

.

For Thoria~-Yttria Solid Solutilons

‘Mechanisms 1, 3, 4 and 5 explain P, - 0 dependencies of
: 2
1/6 to 1/2. The first two mechanisms give PO - O dependencies
2

of 1/6 and 1/4 while L4 and 5 explain dependencies up to 1/2.

Mechanism L4, assumes variation in the degree of ionization of tho-

rium vacancies with increasing oxygen pressures. On this mechanism
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singly ionized thorium vacancies give a P, O dependency of 1/2, but

2
the interpretation of increasing pressure after this limit seems doubtful

as neutral vacancies, if formed, would lead to a P, -0 dependency to =,

%

which is rather unlikely even at pressures above those used here.
Mechanism 5 in which double vacancies (VoVo) are present seems more
satisfactory. It explains the P0 -0 dependency of 1/2 at high pressures,

whilst at lower pressures, the in%ermediate powers of P, can be explained

0
. . — s 2, .
as a combination of ionic and p-type conductivities; the“ionic

conductivity gradually diminishes as the p-type conductivity increases.

On balance although mechanisms 1, 3, and 4 can explain the ob-
served Py -0 dependencies it is felt that mechanism 5 is the most
. 2
likely.

Conductance in Pure Thoria

The three best mechanisms are 1, 2, and 5, In mechanism 1,
i.e., positive hole production as a result of occcupation of the inter-

stitial positions, a P_ -0 dependency of 1/6 is obtained for thoria

0
far removel from stoich%ometry while mechanism 2 gives a P0 -0 dependency

of 1/4. 2

- The concentration of ' bivacancies (VoVo) in pure thoria would be
expected to be small as vacancies here result from thermal effects, i.e.
only Schottky-Wagner and Frenkel defects will be present. The slight
increase of the slope value above 1/4 (Figure 6.6) could be accounted

" for by the existance of only a small concentration of bivacancies.
The latter. could result from small amounts of impurities of different

valency present in the “'pure' thoria.

i

PPN PO N U
e W e kd . Bl e T e
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6.3 CERIA

The electrical conductivities of sintered specimens of spectro-
graphically pure ceria (Specpure) and impure ceria containing impurities
~ 1000 ppm, measured isothermally at temperatures in the range 107

to 500 atm. are shown in Figs. 6.16 and 6.18,

The activation ene}gies and pre-exponential factors for these two
samples have been calculated by Arrhenius type( logo against lOﬁ/T)

plots and the results are shown in Tables 6.4 and 6.5.

TABLE 6.4 . -

ACTIVATION ENERGIES AND PRE-EXPONENTIATL

FACTORS FOR SPECPURE CERIA FROM THE RELATION o = doe-u/kT

sz (atm.)

10°? 1 100 400

Activation Energy (eV)

1.98 1.98 ‘ 1.98 1.98

Pre Exponential Factors (Mhos cm )

6.025 x 10° |2.818 x 10° 1.659 x 10% 2.570 x 10°%

The conductivity isotherms for pure ceria in the p-type region at
700 and 800 °C also include points obtained by using gold electrodes
( by vapour deposition). The absence of any significant difference in the
conductivities shows that.the electrode material used does not affect

the conductivity values.

The plots in Fig. 6.16 show that the electrical conductivity
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changes slope (logo versus log PO ) from negative to positive
. 2
values. These different PO -0 - dependencies observed, therefore
2 . -
confirm that more than one mechanism operates over the oxygen pressure

range of 107 to 40O atm.

An analytical examination of these plots reveals more interesting
information as the slope in the negative region has a value - 1/5 and
on the positive region it attains a value of 1/2. It will be seen that
the conductivity decreases and then increases above a minimum value at
a certain pressure. From this minimum of conductivity, it may be inferred
that the stoichiometric composition of ceria occurs at that particular
oxygen pressure, at a given temperature. The higher the temperature
the greater the pressure required to attain this stoichiometry; as‘a
consequence, the minimum shifts towards the left with increasing

temperature.

Fig. 6.17 (0 - T plots for Specpure ceria) show that at elevated
pressures the 0 - T plots change slope at a given pressure. Activation
energies experiméntally determined are shown by the solid lines, whilst
deviations from these so0lid lines are shown by the dotted lines. It
is seen that linearity of the o - T relation occurs after a certain
temperature. Owing to the high activation energies (1.98 eV) the

pre-exponential factors calculated, have very high values ~ 105,

Fig. 6.18shows log 0 versus log PO
2

The impurity content of this sample is quite high. The total impurity

plots for impure ceria.

content is ~ 1000ppm. The main impurity elements are Y3*} Na3*t and
Ca?+.

A comparison of the conductivity isotherms for impure and pure
ceria samples show that at lower temperatures the conductiﬁities of the
former are higher by a factor ~ 10 ovér those of the latter. Incor-
voration of the aliovalent impurities, by analogy with classical semi-

conductors, increases the conductivity.

At higher temperatures ~ 1100 °C  the difference in conductivity
between impure and pure samples is less pronounced. This could be
accounted for by the conductivity being mainly intrinsic at the higher

temperatures.

7



-144-

6.3.1 Activation Energies

The ¢ - T plots in Figs.6.17&6.19 for various constant pressures
show changes in the slope for both pure and impure ceria at ca. 920 °c.
At temperatures above this value the plots both types of ceria have similar
slopes of ~ O.44t, This is in accordance with an intrinsic type of

conduction.

At temperatures below ca. 920 °C  the slopes of the plots differ,
those for the impure ceria being markedly lower than those for the pure
ceria. This is in accordance with an extrinsic type of conduction,
because the greater the content of impurity the greater the effect on

the conductivity plots.

Activation energies for the extrinsic regions are 1.4 e.V. and
0.76 e.V. respectively for the pure and impure ceria. Since the
impurity content of the latter is about 20 times the former it is not

unreasonable to expect differences in activation energy of this order.

Obviously this is an oversimplification because the gross effect
of the main impurities (¥3*, Na** and Ca??® is considered. To
obtain more conclusive information the effects of the impurity ions

separately would need ‘to be studied.

6.3.2
TABLE 6.5
ACTIVATION ENFRGIES AND PRE-EXPONENTIAL FACTORS FOR
IMPURE CERTIA
sz atm.
. 107° 1 100

Activation Energy (eV)

1.82 ‘ - 1.82 1.82

Pre Exponential Factors ( Mhos cm ')

2.599 x 10° 2.425 x 10° 4.8%9 x 10*
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6.3.3 Conductivity Mechanisms in Ceria

6.3.3.1 n - type Conductivity

The conductivity mechanisms within the region of lower pressufe may
be due. to oxygen deficiency or cerium excess non-stoichiometry. Two

types of defects are possible.

(i) formation of oxygen vacancies

(ii) cerium metal ions going into the interstitial positions.

In the former case, the equilibrium between oxygen vacancies, oxygen

lattice points and applied low oxygen pressure may be written as

0o & 10, (g) + Vo2t + 2 O (6.20)

which gives

< IRV

[Oo] also includes all the oxygen lattice sites and may be taken

as constant.

Electrical neutrality condition gives

[v02'+] =

[l o]
. .
Hence K - Poi 3 [() ]
s ca [ O] « PO;1/6 (6.21)

The singly ionized oxygen vacancy consideration leads to a Pb - O

: 2
dependency of Pbé
2

In the case of (ii) the entities at equilibrium may be written
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“Ce 0, = ce;+ + 0,(g) + 4 O (6.22)
. 'Q+ “! '. N ]
.. K = «[Cei ] [ ©) ]. Poz//tCeOZ
Taking the activity of Ce0, as unity

K = [e*] (0] g,

Since » [ Ceih+] = —%— [ © ]
1/5

then o« [ O] « sz" - (6.23)

" The conductivity mechanism cannot be rationalized on the basis of
excitation of trapped electrons from an oxygen vacancy because such a
P. -0 dependency of P -1/6 p ~L/h « On
0, 0, 0

2
the other hand, the Pb - 0 dependency obtained from (ii) has
2

model yields a

‘a very good agreement with the experimental data. Therefore the cerium
interstitial mechanism seems more likely to be responsible for the
conduction process in oxygen deficient ceria.

T
Greener, Wimmer and Hirtie(los)

1
have shown that by plotting P, ~/s
: _ 2
versus conductivity a zero intercept is obtained. This indicates that

the conductivity mechanism is completely defect controlled.

. As shown by Egs., (6.22) and (6.23) P02 - o dependency of
POZ"/5 .is a function of quadrivalent cerium interstitial mechanism.
The most probable interstitial site in the fluorite lattice is the body
centred position at (3, 2, 2).

(106)

An alternative mechanism has been suggested by BaVen on the

basis of vacancy-pairs instead of single Schottky-Wagner vacancies, viz.

200 & (V_oVo)xi_- + 0,(8) + x@

where x represents the degree of ionization. A complete lonization

gives.
200 & (VoVo)** + 0,(g) + 4 @
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which gives

I 2
k = [ (woo)**][ ©1 = /Lo]
Electrical neutrality requires

[(Vovo)?+ ] = —};— [ ©]

Hence .
- L ? :
k = 4 lel g,
Lo <[ @] « PO;'IIS

Here the concentration of vacancy pairs is assumed large.

6.3.3.2  p-type Conductivity

Vacancy pair formation as explained in the n-type conduction to
produce electrons, can well be employed to explain p~type conductivity.
It is assumed that at the pressure where p-type conductivity starts,
the vacancy pairs are neutral. This neutrality is a function of
stoichiometric behaviour as explained (page 143) by the conductivity
‘minima as a function of oxygen pressure. This vacancy pair accommodates
an oxygen ion molecule which subsequently produces positive holes ( @ ),
responsible for p-type conduction. A sz - o dependency of 2 is

obtained as is shown by the following equation

0,(g) + (VoVo) = Opyyy t @
‘ 2
Since kK = [ ®] / %,
. .
2
oo c a P
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6.3.3.3 Limitations of the above mechanlsms

These mechanisms apply essentially to the intrinsic region, ob-
viously they would need modification to take into account the effect of

impurities.

6.3.4, Mobilities

Little 1s known about the mobilities of electrons and positive holes
in ceria. The information on mobilities for a classical semiconductor
can be found by Hall effect or thermo e.m.f. measurements. However, to
carry these measurements out on ceria at temperatures of about 1000°C

in high pressure oxygen would involve enormous experimental difficulties.

6.4. COOPERATIVE MOVEMENT OF IONS

From the diffusion coefficient obtained by 018 tracer studies, i.e.,
D, and the diffusion coefficient D from electrical conductivity studies

on solid oxides, it is found that D,, ~ 0.1 - 0.5 D .* This means that

T
under the applied electric field, these ions in.some way can travel faster.

This can be accounted for by a cooperative movement of ions instead of

by hopping of ions singly into vacancies.

The situation can be shown diagramatically, as follows:

0000000000003

Fig. - CooperativevMovement of Ions.

'During this process, the charge has moved throughout the whole
length of the line and has been transported over a much greater distance

than would be expected from simple diffusion.

In a way, this is a crude parallel to the Grotthus type conductivity

suggested for the rapid movement of protons in water.

This result can only be applied to the ionic conductivity regions.
In the case of the p-type conductivity, charge transfer by a cooperative
mechanism is unlikely because positive holes will not allign themselves

in this manner. The high conductivity in the p-type region can be

accounted for by the high mobilities.
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6.5 PALLADIUM OXIDE-OXYGEN EQUILIBRIUM

As mentioned in the IExperimental section (page 96) the study of
the Pd0/0, system is useful for finding the region at -high temperature
in which PdO is stable so that conductivity measurements can be made.

It is also of value  itself as a thermodynamic study.

The experimental results from the thermogravimetric study are shown
in Fig. 6.2.2. It will be observed that the plot is slightly curved
indicating that the heat capacity of the reactants must be taken into

account in the thermodynamic evaluation.

6.5.1 Thermodynamic Consideration -

Kelley's equation for heat capacity
AC = a+ BT+ CT™?

applies well to many solid metals and oxides

dAH = AC AT = Aadl  + AbTAT ¥ ACT™ g
) AbT?2 AC
Y H = CT - + -— +
A ACT AaT 3 T AHo

where AH, is an integration constant.

. ..
T 72
Y ,
Then a ( AG y = _ badl AbdT = ACAT | AHng/T)
T T 2 3
On integrating the above expression gives
s ' ..
AG - AH, Ab AC
= = T + I~ AalnT - > T - >T2
= IT + AH, - AaTinT - 5Bz _AC

.o. A GO
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and ' AG° = - RTInK

. - RInK + AalnT <+

mlb
o

AC AHg
T+ Zpe= 1 + =7

The expression on the right hand side (I + é%ﬂ ) 1is termed the

sigma function (I ) therefore

- Rk 4+ aaln? + B2 o4 &2 - 1+ bhos

In many cases the accuracy does not warrant the terms %; T and

AC . A mean value of ACp(Aa) for the temperature range is
2

sufficient to give the desired degree of curvature. Hence the last

equation becomes

- Rk + daln? = 1 + B&H _ g

If sigma.values are plotted against I/T the slope of the curve is
AHp and the intercept is equal to I.

6.5.2 Evaluation of Mean ACp for the Temperature Range 926 to 1389 K

The mean ACP for the.reaction
PdO = Pad + 10,

is determined by evaluating ACp at the two extreme temperatures and

then taking the mean of these two values. Kelley's data have been used
where .

C = a + BT + CT?

for the components.

ACp for the above given reaction at 926°K is calculated as
follows:

AC
p

{]

Cp Products - Cp reactants

C Pd +%C 0, - C_Pdo
p P Y

Kelley's(log) values for Cp for the components are given as -
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cp Pd = 5.80 + 1.38 x 10° T
c, Oz = 2.16 + 1.00 x 107 T - 0.40 x 10% T?
and cdeo = 3.30 + 1h.2 x 10° T
Therefore
c, Pd at 926 °k = 5.80 + 1.38 x 107 (926)
= 5.80 + 1.2777
= 7.0777 cals/mole
2 ¢ 0. = 1[7.16 + 1.00 x 107 (926)- 0.40 x
107 (926)2 ]
= 2[ 7.16 + 0.9259 - 0.0466 |
= 3 8.093]
= L4.0196 cals/mole
and a0 ] = 3.30 + 1h.2 x 107  (926)
= 3.30 + 13.1477
= 16.447 cals/mole
S A C, Pd0g,¢ oy = 7.077 + 4.0196 - 16.447
= =5.351 cals/mole
Similarly ACP Pd01389 ok = -11.133 cals/mole
Mean Ac, = -8.242 cals/mole

Employing this ACp value the sigma function (%) at different
experimental temperatui"es has been calculated and a plot of ‘I versus
I/T 1is shown in Fig. 6.21 .

From the sigma function plot (Fig.6.2l') the value of AH  is
calculated from the slope as ’

AHy = 31.37 K cals/mole.
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Taking the mean temperature of 1176 0K, the value of I is

calculated from the corresponding £  value as

. s58.8 <joo0 227 4 g

1176
oo I = - 85.46
By feeding back the sigma-function values the curve for % log PO
. . 2
versus I/T is drawn as is shown in Fig. 6.20 The final equation

of the pressure temperature relation Fig. 6.20 is:

Zlg P = 18.679 - 4148 log T 6_222
) _
and,
AG° =

31.370 - 85.46 T + 18.978 T log T
. | :

The mean values of AH and AS for the temperature range can be
calculated as follows:

Using values of log K = 3 log sz for the above given reaction,
AG°  is obtained at 1176 °K. vig,
AG° = _JRT1n P .
= -(1.987)(1176)(2.3026)(0.13)
= - =605 cals/mole. |
as | AH = . BH,  + ACT 4
AH = L o+ Bk
. = 21.70 + 0.5 K-cals/mole.
Again AG011,760K "AH - TAgS
or '605', = 21,700 - .(11’76)(AS)

e A511760K = . 18.96 + 0.5 cals/moleOC
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(110)

Warner has measured the oxygen equilibrium pressures for the reaction

2 Pdo = 2 Pd + 0,(g)

over the temperature range 910 to 1145°K . He has formulated the

following two equations applying over the working range, i.e.,

66y = -27,013 + 14.0 T log T - 6.16 x 10 T2
- '—O.IXIOSXT-l - 12.190 T # 100 cals/mole
AH, = -27, 013 - 6.08 T + 6.16 x 10~ T2 -

0.2x 105 T + 40O cals/mole.

A comparison of the thermodynamic values calculated from the present
data with those of Warner, shows a good agreement in the free enefgy
and enthalpy. The values for the two sets of observations at 1176 °k
are shown below, with estimated experimental accuracy limits for the

present work.

Present Work Warner's Values

AG01176 -605 + 100 cals/mole -676 i 100 cals/mole
AH1176 : 21;70 i. 0.5 K:calﬁ/mole 25760 i O.QK;Cals/mole
AS o6 18.96 i 0.5 cals/molé’x 20.90 + 0;5 cals/molePk
[ AH at 28.90 i 0.5 K-cals/mole 28.3 i 0.4 K-cals/mole |

298 °k

DISCUSSION OF THE ABOVE

In the evaluation of the data here some extrapolation of Kelley's

data is necessary. Also in comparing the above derived data with those
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of Warner, it must be appreciated that some extrapolation of Warmer's

data has also been necessary for the comparison at 1176°K.

On the whole, the agreement is not bad, the main discrepancy
lies in the AH values; the discrepancy will always entail extrapolation

errors.

Many oxide decomposition reactions, as shown by the free emnergy

(111)

plots of Richardson and Jeffes , yield an entropy of reaction at

temperatures v 1000°K roughly of the order of the value obtained here.



-157-

6.6 v-MANGANESE DIOXIDE/OXYGEN EQUILIBRIUM

6.6.1 Characteristics of the manganese dioxide used (See p. 9§ )

[ YR
oXi

~

The sample was prepared by Electrodeposition from a purified
maﬁganous sulphate/sulphuric acid electrolyte at a temperature of about
90 °c.

. lnalysis

MnO,-x where x = 0.05
9 - o

Mn01.95/5 93.4%

water % at 110°C = 1.59

L.33

combined water %

6.6.2 fhermodynamic Considerations

The dissociation temperatures of the y-manganese dioxide sample
used, i.e., at the peak temperatures from the thermograms shown in Fig. 53¢
are plotted as a function of oxygen pressures and are shown in Fig. 6.22
It gives virtually a straight line over the limited temperature range
"studied here. The thermodynamic data for the reaction, assuming that
all the moisture has vaporised by about 300 °c can be expressed as
follows

2.22 Mn 01095' - 1,11 Mn, 05 + 0,50,

The eguilibrium constant can be calculated as follows.

1
P /2 [ in, 0311.11

K = Q2
. 2.22
Mn O
[ 1.95 J
Taking the activities of Mn,0; and Mn Ol 95 as 1 assuming no
: y L.
solid. solubility, the value of K = is Py /?.
2
As  AG° = -RT InK
then AG’ =

-RT(2.30%6) (% log Poz)
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Hence tzking 905 °k as the mid point of the temperature range,

AG0905 % = (?1-987)(905)(2.3026)(0.38)

-1573 cals/mole.

1}

AG° AH-TA S

AH will be obtained from the slope of the curve Fig. 6.22 and
becomes 20.6 K-cals/mole.

(-1.57 - 20.6) 1000
905

..- AS ’ =

24,50 cals/mole °k

Therefore thermodynamic equations for 2 log PO and AG° are
2

formulated as

. 0.
% log PO = 5.355 - EJETQJZ
2
and AG° = 20,600 - 24.50T cals/mole.
6.6.3 To determine the formula of the product after dissociation

From the loss of weight during the thermogravimetric experiments

the formula of the product has been calculated as follows.

weight of MnO1 95 sample taken = 0.5067 gm.
loss of weight due to moisture = 0.0299 gm.
J. weight of MnO, 95 sample left = 0.4768 gn.

difference in the cathetometer readings before and after the

dissociation i.e., the quartz spring contracted = 0.023 cm.
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.e Weight lost due to oxygen evolution
0.023 x 1.92

0.044 gn.

Oxygen lost from 1 mole of Mn O1 95

7.948 gm.

0.49 gm~atom oxygen

.o Formula of the product is given as '

Mn, O

Mn O
Y. 2.92

46

This is considered to be a good degree of accuracy under the
difficult conditions of carrying out thermogravimetric measurements under

pressure.

6.6.4 Flectrical Conductivity of y=Mn O, x

The resistivity' values for the manganése dioxide sample obtained
dﬁring the present work (Table 5.4) are very Jow . It seems from this
very high conductivity, that a metallic type conduction mechanism is
taking place. The presence of five electrons in the 34 shell of
manganese suggests that metallic type conductivit%1%% such an oxide is

to be expected and has been suggested by Steele.

As a result of these very high values for the conductivity, no

quantitative evaluation could be made.
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SUMMARY

The investigations have been devoted to four main topics:

1.) Studies of conductivity of thoria and thoria-
vttria solid solutions at oxygen pressures

ranging from 10—.9 atm. to 500 atm.

2,% Studies of conductivity of ceria over a similar
pressure range.

3.) Thermodynamic studies of dissociation of palladium
oxide and conductivity studies of the latter.

4.) Thermodynamic studies of MnO,, with associated

conductivity studies.

(1) For thoria and thoria-yttria solid solutions, the P0 -0

relationship showed P, dependencies ranging zero for ca. pure%y
ionic region to P01/2 %n the p-type conductivity region.
2
The P, - o dependency of P 1/2
0, 0,.
bivacancies (VoVo). The reaction proposed being,

is explained by the filling of

0,(g) + (V°V°)'—+°§(v0vo) + @

P

(2) 1In the case of ceria, the conductivity showed PO - o dependencies

2
of PO 1/5 in the n-type region at low oxygen pressures while at high
2
oxygen pressures it exhibited p-type conductivity with a P0 - 0 depen-—
2
dency of P01/2. In the n-type region, the mechanism is based on the
2

presence of Frenkel defects where cation interstitial formation was

considered responsible for the conductivity. Viz.

: P
CeOZ;;hCei + 02(8) + 40

and in the p-type region, the filling of bivacancies (VoVo) explains

‘the observed P0 -0 dependency of P01/2.

2, 2
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(3) Thermodynamic studies of the dissociation-of galladium oxide

PdO==Pd +1/2 0,

gave the following thermodynamic relationship

1/210gP, = 18.679-4.14810gT - 6-857
) T

and,

AG° = 31,370-85.46T + 18.978TlogT cals/mole.

.

The following thermodynamic data were obtained for PdO

AGOil?GOK = —p05 cals/mole,

AH11760K 21.7 %+ 0.5 K-cals/mole,

AS,5c0x = 18.96 £ 0.5 cals/mole®K

(4) Thermodynamic studies of the dissociation of Y—MnOl 95 for

+0.5 0

—Sy

yielded the following equations:

AG° = 20,600 -24.50T cals/mole.

and,

4,502.7

1/210gP, = 5.355- <227

2
At the mean temperature over the experimental range, i.e., 9050K,
" the free energ; for dissociation of \LMnol 95 was found to be -1,573 cals/mole,
The OH and AS values were 20.6 * 0.5 K-cals/mole, and 24.50 * 0.5

cals/moleoK, respectively.

Conductivity measurements on both PdO and Y—MnO2 gave virtually a short

circuit, indicating a very high metallic type of conductivity.
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APPENDIX I

Theory of Semiconductors

In classical physics, electrons are considered as particles, the be-
haviour of which in a solid requires information about their number in

motion and the way in which their energies are distributed.

According to the quantum theory, the electrons are considered in a
wave where electrons get energy with a temperature rise and those elec-
trons in the highest occupied levels are raised to a still higher state.
Thus, a small proportion of the total free electrons which are fast moving
get additional energy. In order‘to understand semiconductivity, a knowledge

of electronic conduction in metals is necessary.

Electronic Conduction in Metals

In metals, the elactrons are regarded as free particles and cen
be considered as an electron gas. The total field on each electron is that
due to N positive ions in the crystal and (N-1) other electrons. The con-
centration of electrons in the crystal is 1022 electronsﬁmn3 . The energy
distribution of these electrons is determined by the application of the
quantum theory and Pauli's exclusive principle. The states of motion in
which electrons can exist correspond to discrete energy levels as in a
single atom, but the levels are very close together. Due to the exclusion
principle, no more than two electrons (of opposite spin) can be in exactly
the same energy state. The conclusion is that even at the OOK, energy
levels are occupied by.two electrons each, from the zero of kinetic energy to
some value W, which is typical of the particular metal. The distribution of
energy levels, considering the electrons as imdistinguishable particles, is

made by Fermi Dirac Statistics.

FERMI DIRAC STATISTICS

1f 6nE is the number of electrons (with mess m) per cm3 with an

energy between E and E + §E, then:

4 (2m) 372 g2 sg (A.1.1.)
énp = (E-W)
3 1l+e /KT

h

where h is Plank's constant = 6.624 x 10_27 eTg-sec.
k is the Boltzmann constant = 1.381 x B@~16 erg/degree

and W is some upper limit of kinetic energy of the electrons.
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In Equation A.1.1.

4 (om) 32 g1/ 26x

h3

is the density of energy levels and is also known as density of states
=TT
and 1-*/1+e(E k)/kT is the probability that a level or a state with

energy E is occupied by an electron
At T = 0K Equation A.l.1. givéétwo situations:

(i) when E > W 6nE =0

: 3/2
(ii) when E < W ony = AnQmT 7 p1/26p
h3

From relafions (i) and (ii), it is seen that W is a limiting value
of the energy which is not exceeded at T = 0°K. W is called the Fermi level.
The distribution function, therefore, follows a half power law until E = W

when it falls to zero. Fig. A.l explains

. 4
this schematically where at higher tempera~ § T
tures, the function follows the dotted curve At
indicating that a few electrons have energy ~ =0
greater than W. - ‘ . \\
|
Taking the density of electrons as _ At Height
\
N/Cm3, the height of the Fermi level at \
T = 0°K for the available number of energy \\
o \ E

states can be given by: =

& 7 W Kinetic

Fig. A.1.1. Fermi Dirac EnergyEne;
E +8E ) _ Distribution
y o rom3/? '/ %5 '
. 3 | R CED I
- 4ﬂ(2m)3/2 W3/2
3 372

r TowLhl s (A.1.2)
O, m 8w cee

At other temperatires, the Fermi level is at a slightly different

height WT“ i.e., ' >

et 77) (A.1.3)
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It is the energy at which the probability of occupation is a half.

To solve equations A.l1.1, the unity in the denominator can be

neglected in some cases, i.e.,

(i) when W/KT is zero or positive the unity can be neglected
only over a range of values of E such that (E-W)/KkT > 2.

(ii) 1f W is sufficiently negative, unity can be neglected at all
values of E.

For negatives values of W, application is made that of Maxwell —

Boltzmann statistics instead of Fermi statistics and Equation A.1.l gives:

S = 4(2vm)3/2 ew/kT -E/KT
n, = e
E 2 3
i . h
which, on integration gives:
W/KT Nh>
e = ———*——-—-5/—2- (A.1.4)
2(2mmkT)
dn, - 2N __ pl/2 E/KTg (A.1.5)

(nk) 372
This equation depicts the same value as given by a Maxwellian dis-

tribution with regafd to a gas of particles of mass m at a given tempera .-
ture T. A particular use of the equation is made when a value obtained
‘by expression A.l.4 is less than unity, which obviously corresponds to
negative values of W/KT. The necessary\conditions for such a case will
be a large T or small N. At a density N '\:1022 electrons/cm3 even at
very high temperatures (approaching 4000°K) . Equation A.l.4 computes a value
100. Such a high electron population (v 1022/cm3) is only found in metals,
which shows that electrons in metals obey Fermi Dirac statistics at all
temperatures, provided they remain in a solid form. Such an electron
cloud is termed as degenerate. If the value given by expression A.l.4
is higher than unity, then the correct evaluation of W is not feasible and
in these cases, equation (A.1.2) is employed. At ordinary temperatures,
where the electron population is <1019/cm3, the value obtaindd by equation
(A.1.4) is less than unity; the electron gas is then known as non-degenerate.
Since this obeys Maxwell Boltzmann statistics, W/kT can be accurately

calculated using Equation A.l.4.
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ELECTRICAL CONDUCTIVITY

When an electric field is applied, there is a drift velocity U
super imposed on the random velocity. An electric field x produces on
any electron a factor —ex and an acceleration - ¢x/m. For any individual

drift velocity, or for the average drift velocity U, it gives:

Y _ex
ot m

The current density J = —eNU
and, Uox

~

Therefore, the electrons are not accelerated indefinitely. Thus, there
must be an opposing force which leads to a net zero acceleration in the
steady state with the applied field. This must arise from a scattering
process and must be the force which restores the electron energy distri-
bution to its state dependent only on temperature when the electric field is

removed.

The relaxation time T determines how the drift velocity U decays to zero,

t seconds after switching off *he field. 'The drift velocity U, = U.e_t/T
gives: '

AU __»

ot T

At a steady drift velocity, this expression equals zero, which gives:

ETX
m

The mobility Ho» the drift velocity in unit field, is defined as:

- TET :
uo = o (A.1.6)

L]
!
™
=
=
|

The current density J

0 =Ne g =— _ (A.1.7)
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ELECTRICAL CONDUCTIVITY IN SEMICONDUCTORS

In a semiconductor usually the electron population is less than

3

1019 electrons /cm™, thus such materials are non-degenerate and obey

Maxwellian statistics.

Taking N = 1019 electrons/cm3, when electrons have their ordinary
free mass, it is apparent from Equation A.l.4 that the value of the omnly

variable T will be n 3000°K when e_w/kT =1,

Actually, electrons may have lower mass than mentioned above, and

in such a case, degeneracy is expected to occur at lower values of N.

In the non-degenerate case, support is sought from the kinetic theory
of gases for the evaluation of the mean free path (lo) and the mean velocity
(v) of the electrons. Here, T, the relaxation time of the electron depends

on the energy of the electron and is given by
T = lo/v

Since the energy of the electron is a function of temperature,

T = 10~]2m/nkT (A.1.8)

From the equation A.l.7, the electrical conductivity in solids is

given by introducing values of T

2N5210
0 =—— (A.1.9)
: @mkr) /2
and the mobility of electrons My is given:
2el
u =-———-—-——-—————0 .
o (Zwka)llz (A.l.lO?

Intrinsic Case

The random movement of electrons at a given temperature, and in the
absence of electric fields is the cause of collisions between electrons
in the solid. The higher the temperature, the more the collisions and,
thus,

1 o l/T
o /

This gives for a non-degenerate conductor in s simple case due only to

lattice vibrations

n o r3/2 (A.1.11)
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The mobility exhibits this behaviour when an acoustic mode of

electron scattering occurs.

Using this mobility temperature relationship the conductivity

dependency on the activation energy is obtained such that:

T—3/2

- 3/2
0 AaTL.EN O 2~£gzkzl——~ m e U/2KT €
10 h3 e

(A.1.12)

where the value of?li, the number of intrinsic electrons/cm3, is used as
derived in Equation A.1.22. m, and m are the masses of electron and
holes which depend on density of states.

-U/2kT
. cae

(A.1.13)

This shows that the intrinsic conductivity is dependent on the

activation energy U.

Extrinsic Case

In the extrinsic case, under the same conditions, as the carrier density

is constant in the exhaustion region, over this temperature range, therefore,

a T—3/2

This indicates that unlike the intrinsic case, the conductivity falls as

temperature rises.

* JONIZED IMPURITY SCATTERING

. . h
Another important case arises “11f

when electrons are scattered by
ionized impurity atoms and:
3/2

u, o T (A.1.14)

In this situation, a plot of
In u, versus InT attains the form as
shown in Fig. A.1.2, where a set of

limiting values determined by

lattice scattering is shown by AB and

—

the sets where the limiting values are : NnT

. . . . Fig. A.1.2 1lnp_versus InT for lattice
determined by impurity scattering o)

: : and impurity scattering
by CD and EF. Here CD corresponds - .
: (Semi-conductors: D. A. Wright,

to a low demsity of impurity atoms London, Methuen & Co., Ltd.) p. 53., 196

and EF represents a higher density.
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The mobility of the electrons when determined as a function of impurity
is inversely proportional to the impurity density and directly proportional

to the square of the dielectric constant.

The net effect of the two types of scattering produces a mobility that

follows the curves CPB and EOB where the lower value is uced.

‘The net relaxation time 7 as a result of a number of scattering processes

in parallel is determined by adding the reciprocals.
1/t = 1/11 + 1/T2 +

This is the reason why the slope at P and zero changes at higher

values and lower temperatures, the low the impurity concentration.

DENSITY OF CHARGE CARRIERS

Charge Carrier Density in Intrinsic Semiconductors

In an intrinsic semiconductor at relatively low temperatures there is
a small number of electrons in the conduction band and an equal number of
holes in the valence band. To develop an expression for the density of

charge carriers, the discussion is as follows:

Let the Fermi level in the semiconductor be at an energy W with
reference to the bottom of the conduction band. A positive or negative
sign with the Fermi level demonstrates its position above or below the
zero level, respectively. If SeGE denotes the density of states in the
lower part of the conduction band then total number of electrons in the

conduction band at a given temperature T will be given by:

.25edE

—L280s (A.1.15)
14eE) ppp

0

and the number of holes in the valence band by the expresssion:

%

o 25 6E
— (A.1.16)
-l:1+e(W E) jer '

where Sh represents the density of states for holes. If W is less than kT,

the integrals can be evaluated by neglecting the unity in the denominator and

the density of states for electrons(ﬂé) and for holes(%h) is given by:

2mm_kT
n o= 2832 KT

h2 ce

eW/kT (A.1.17)



‘=176~

and,
. 2nm kT 3/2 _ WU _ WU
no=2(—R—~) o KT N .,.e KT (4.1.18)
2 ch
h
where,
2nmekT 3/2
Nce s 2( 3 ) (A.1.19)
h,
and,
2im, k1 >/ S
NCh = 2¢( 5 ) ’ A (A.1.20)
h

Equations A.1.17 and A.1.18 are general equations which apply for
any non-degenerate semi-conductor. The value of the Fermi level 'W' is to

be determined in particular cases— it helps in determining.ne and n, .

In an intrinsic semi-conductor, n,o=n, therefore, from equations

A.1.17 and A.1.18

3/2 ) .
27m KT 2fm KT 3/2 _ W+U
26—5—) . MKT o ng Y . 2
h h™
m _ 2W+Q
£ =¢ kI
. )
which gives: n
W= o 3%3 1n-5§ (A.1.21)
Therefore, for an intrinsic case,
3/2
- _ _ 27kT 3/4 ~U/2KT
ni‘_ n o=n = 2¢ h2 ) (memh) e (A.1.22)
m 3/4 ~U/2kT (A.1.23)
-5 x 1015 132 ejh) e
m

If-gf is not less than =1, the full expressions for Mo and71h must

be integrated. The solution of this involves the use of numerical methods

to determine:

€/xn 2 aE/)
1+exp (E/KT - W/kT)

(A.1.24)
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This expression is written as Fllz(gT) and in such a case, the

value of n, falls below that given by (A.1.17) when-gf >-1, and 1n Qﬂé/Nce)
falls below the value W/kT. With W/kT values greater than 5, the solution

of the above expressicn (A.1.24) gives:
W W )3/2

Fir2 G V3G

®T (A.1.23)

Substituting this value in expression (A.1.1) for SedE, the number

of electrons N/cm3 can be calculated as

' 3/2 _
N = 47 (2m) (KT) 3/2 5 2/3 (E_)3/2
h3 kT
3h
the Fermi level is computed as:
2 .
W= (@423 0 (A.1.26)
8w 2m

In this case, the semi-conductor is fully degenerate.

The third possibility is when %T lies in the range -1 to 53

here, the semi-conductor is partially degenerate.

Similarly, the hole density is given as

I S D

JTT 1/2 kT

(A.1.27)

and again equating n, with o values of W can be obtained.

Multiplying Equations (A.1.17) and (A.1.18) are important relatiomship.

_ -U/kT
nn = NceNch e , (A.1.28)

is obtained which points out that the product (nenh) is independent of W.

In the intrinsic case, this product is equal to niz.

Equations (A.1.28), (A.1.17), and A.1.18) apply for all non-
degenerate semi-conductors. If n, is made unequal to n ., as for

example the doping of the semicondutros with an impurity, the extrinsic case

Equation (A,1.28) still holds.
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Charge Carrier Density in a Semi-Conductor Doped with an Impurity

Figure A.1.3 shows donor levels R ev
below the conduction band. Donors may be

incorporated by any mechanism such as AE

impurity centres or lattice vacancies.

If the density of such centres is nO/cm3

at low temperatures, the number of

b e e -

electrons in the conduction band (n) is Impurity Le”d:‘

small compared w:'Lth‘Y‘t_o and n may be de- | _____

rived from A.1.28 and is given by //;2;>///<;//
BED B

e e Z
3/4
8- ) /2 @mm kD™ _ryakT (aLL. 29):5
—3/2 "e

h Fig.A.1.3 Energy levels in a

semiconductor

(A.1.30)

The factor (2) in the above expression applies only when an impurity

is occupied by two electrons of opposite spin. Such cases are not common.

At OOK, no electron is dissociated from its parent donor atom and
binding is at the lowest energy state at a level Rev below the conducticn
band. This situation simplifies so that the total density of states associ-
.ated with these atoms is equal to their density which is nb/cm3. When the
temperature is raised the probability of occupancies

_ R
f= 1/1+e kT (A.1.31)

which accounts for the density of electrons still attached to the

donor atoms as:

~R-W © (A.1.32)
kT

Nd = “b/1+e

Electrons in the conduction band have their density as shown in

Equation (A.1.17), N, - eW/kT.

In this case,

M/KT _
ce o d
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The Fermi level, W, can be determined from the above equation as

shown below:

Nce : L
n
o
=n -—
o _R-H
1+e kT
or,
-R-W
- no kT
n =
e -R-W
e 7
as,
. eW/kT -
ce e
N
n .
e
. . . ~W/kT . -
Substituting this value for e in the above equation
-R
*T -~ Mo -R/kT
n +N e =—N e
e ce n_ ce
e
. At low temperatures when the Fermi level is higher than the impurity
level, NCe e—R/kT is small when compared with n_, therefore,
n
n =2 N e R/kT
€ ne ce

_ . -R/2kT (A.1.34)
n, = ’ noNCe . €

Equations (A.1.17) and (A.1.34) givé:.

n
0

lnﬁ;. -

e

_
W=7

rof s

As an impurity level can accommodate one electron of either spin,
Equation (A.1.34) should be veduced by a factor of /2. This result agrees
with Equation A.1.29 when in a normal case the factor (2) is omitted.

In remote cases of paired spins, Equation A.1.34 needs multiplying by a factor

7
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At elevated temperatures, the Fermi level may attain a value which
lies between the impurity levels and the conduction band. In this case

as e(-R_w)/kT is large and N. is much smaller in comparison with n_,

d
therefore, 0 =n g and the donor centres are '"fully ionized". Beyond
this point, any temperature rise cannot increase n, as long as the

semi-conductor behaves as an extrinsic semiconductor. This situaticn

results in making n =n = Nce . ew/kT, which evaluates W as:
n
W= kT 1n>
“ce

This equation is useful when n << Nce. On raising the temperature
Nce increases and so the Fermi level falls below the impurity levelto infrinsic level
Similar equations are used for p-type semi-conductors where m and Nce
are substituted fSF me and Nce and the height above the valence band
may be taken as W.
The most celebrated intrinsic semi-conductors germanium and silicon
have holes and electron densities at room temperature of the order of
2 x 1013/cm3 and 1010/cm3, respectively. It may be pointed out that an

3, that is even less than 1 ppm can

impurity of the order 1016atoms/cm
be responsible for raising the carrier density at room temperature to a
high value of the order of 103 and 106 in germanium and silicon, respec-
tively. This is the reason why this type of work requires extra precautions

in preparation and handling of the samples.
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APPENDIX II

Special Structural Alloys for Very.

High Pressure Equipment

Nimonic 75

Composition:
Ni (+Co) = 77.40
c=20,10
Mn = 0.45
Fe = 0.50
S = 0.007
Si = 0.45
Cu = 0.05
Cr = 20.50
Al = 0,15
Ti = 0.35

Form & Condition: Annealed

Mechanical Properties:

Yield strength = 55,000 1b./sq.in.
Tensile strength = 115,000 1b./sq.in.

Physical Properties:
Density = 0,302 1b./cu.in.

Melting point = 1389 - 1424°C 6
Tensile modulus of elasticity = 27 x 10" 1bs./sq.in.

Nimonic 80A

Composition:
Ni (+Co)= 74.45
C =0.05
Mn = 0.55
Fe = 0.55
S =0.007
Si =0.20
Cu = 0.05
Cr = 20.45
Al = 1.25

Form & Condition: Annealed

Mechanical Properties:

Yield strength = 60,000 1b./sq.in.
Tensile strength = 115,000 1b./sq.in.
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Physical Properties:
Density = 0.296 1b./cu.in. 0=
Melting point = 1389 - 1424°C - 6
Tensile modulus of elasticity = 31 x 10" 1b./sq.in.
Inconel M

Composition:

Ni (+Co) = 71.40

C =0.03
Mn = 2.20
Fe = 6.70
$ = 0.007
Si = 0.10
Cu = 0.04
Cr = 16,40
Al = 0,05
Ti = 3.05

Form & Condition:
i.) Annealed

Yield strength = 45,000 1b./sq.in.

Tensile strength = 110,000 1lbs./sq.in.

Density = 0.298 6

Tensile modulus of elasticity = 31 x 10" 1bs./sq.in.

ii.) Annealed,
age hardened

Yield strength = 100,000 1bs./sq.in.
Tensile strength 145,000 1bs./sq.in.
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APPENDIX III

Fugacity

The thermodynamic relation for free energy

dG = VdP - SdT (A.3.1)

gives at constant temperature,
dG = RTd1nP (A.3.2)

Equations (A.3.1) and (A.3.2) apply only for ideal gases. In
view of the most convenient form of these equations a similar function
known as fugacity ":;" is developed which applies to non-ideal gases
as well. This function is partially defined for a pure species by
the isothermal relation. '

dinf = dG/RT , (A.3.3)

Similarly, the fugacity of a species in a gas mixture is

partially defined by the isothermal relation
din J = do,/RT (A3.4)
which on integration gives
1rqfi = G,/RT + I/RT - (A.3.5)

Here, the integration constant I has such values that aﬂ_;P as
P—0.

- Equations (A.3.1) and (A.3.3) give at constant temperature

dinf = Y% (A.3.6)

This is a general equation valid for any substance, no

matter what is the equation of state.

The equation of state that expresses moderately well the
behaviour of gases under conditions where some departure from ideal
behaviour occurs is given as

v=3%-a (A.3.7)

whereo shows departure from the ideal behaviour and may be con-
sidered, at moderate pressures, as a function of temperature only.

This may be taken as a constant at a constant temperature.

Substituting the value of V into eq. A.3.6
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APPENDIX IV

'"Tungum' is a complex alpha brass with desirable properties
such as high strength, good ductility, bearable fatigue and high
corrosion resistance. These are the properties which make this
material valuable for high pressure hydraulics where high tensile

strength adds to its favour.

The Chemical Composition of Tungum

Element per cent
Min. Max.
Cu 81.00 85.00
Al , ‘ 0.70 1.20
Ni 0.80 1.40
Si « 0.80 1.30
Pb | 0.25
Sn 0.05
Mn | 0.10
Total of the impurities 0.50

Zn ) Balance.
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17.—Measurements of Total A.C. Conductivity
of Thoria—Yttria Solid Solutions at
High Oxygen Pressures

By M. IgBAL and E. H. BAKER
Imperial College of Science and Technology, London

ABSTRACT

The total a.c. conductivities of solid solutions of thoria and yttria
have been measured at pressures of oxygen in the range 0-2-500 atm.
and at temperatures in the range 800-1100°C. In these pressure and
temperature regions a p-type conductivity is confirmed. At moderate
pressures the latter exhibits a proportionality to P}, but at the
highest pressures, for samples low in yttria, the conductivity shows a
proportionality to Pp,.

1. INTRODUCTION

The a.c. conductivities of thoria—yttria solid solutions have been
studied at pressures of oxygen up to 1 atm. by several workers,!-23 the
most extensive investigation being that of LASKER and RAPP, whose
measurements extend down to 10-27 atm.# These authors find
that, at pressures below about 10—4 atm., the conductivity is
virtually independent of oxygen pressures, and is thus predominantly
ionic. At high pressures the conductivity increases with oxygen
pressure and is predominantly electronic. With thoria itself and
with samples containing only 0-84 %/ of yttria (YO.s) the conductivity
shows a proportionality to P}, at pressures approaching atmos-
pheric; at high yttria contents, where the ionic contribution to the
conductivity is greater, it appears that much higher oxygen pressures
are necessary for the P}, relation to be obtained.

Our work now in progress aims at evaluating the conductivity/P,,
relationship in the p-type conductivity region for thoria itself, and
for thoria-yttria solid solutions containing yttria up to 15 mole %
{expressed as YOy.5). By using pressures of oxygen up to 500 atm.
the constancy (or variance) of the P}, relation can be determined
as a function of oxygen pressure.

2. EXPERIMENTAL
The internally-heated pressure-vessel and auxiliary equipment
employed are similar to those described in a previous investigation
279
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for the silver-oxygen system;5 the furnace tube is wound with
nichrome. Briefly, the thoria-yttria pellets are prepared by iso-
statically pressing the mixed powders at about 30 tf/in2 and sintering
the pellets at 2000°C in vacuum for several hours. (Fuller details
of the preparation have been given elsewhere?). The cylindrical
pellets are 4 mm long and 5mm in diameter, and the ends are
coated with platinum paste, followed by a heat treatment; contact
with the platinum layer is made by platinum discs pressed against
the pellet by ceramic rods under a spring pressure.

A Wayne-Kerr Universal Bridge, type B221, operating at 1592Hz
is used for the conductivity measurements.

The procedure is to maintain the furnace at a constant temperature
and to measure the conductance at different pressures. At a given
pressure the conductance invariably becomes constant within 2 h,
so that runs are normally carried out for a duration of 2-3 h. In
some cases, measurements have been carried out for periods of up
to 6 h, but no significant change in conductance from that obtained
in the first two hours is found.

3. DISCUSSION

In Figure 1 are shown plots of the conductivities of ThO,4-YOy.5
(85/15 mole %) for pressures in the range 0-2-100 atm. It is apparent
that, for this material, the P, relation would not be attained until
the oxygen pressure is about 600 atm.

Some results for ThO,+Y0,;.5(98-5/1-5 mole %) are shown in
Figure 2. In contrast to the previous material, the lower contribution
of the diminished yttria content to the overall conductivity results
in the establishment of the P}, relations at much lower pressures,
i.e. near 100 atm. It is interesting to observe that, near 500 atm., the
proportionality reaches P},

LaskerR and RAPP used a two-point method for conductivity
measurement, whilst BAUERLE employed a four-point method.3 The
conductivities from these two investigations agree reasonably well
for the lower yttria contents but, for the high yttria contents,
Bauerle’s values are significantly higher than those of Lasker and
Rapp.

Although the pellets used by Lasker and Rapp (10 mm diameter
and 3 mm thickness) are dimensionally different from ours, these
authors’ conductivity values for the compositions used here are
very similar to ours in the lower-pressure regions.

Since the oxygen will show departure from ideal behaviour at the
highest pressures, fugacities calculated from the available dataS are
also plotted in Figure 2. It is apparent that non-ideal behaviour of
the gas is not a significant factor in the steepening of the slopes.
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FIGURE 1

Conductivity of ThO,+YOy.s (85/15 mole %) as a function of oxygen pressure
(0) and fugacity (X)

In the regions where the oxygen pressures are high (> 104 atm.)
the formation of positive holes (@) could result from an equilibrium
between O, gas, oxygen vacancies (Vo) and oxygen lattice sites (Op)
viz,

30,4+ Vo=00+2®

_[Ool [D]2
where K= ——P6 Vel

Since [Vo] would still be large as a result of the yttria content and
[Oo] would also embrace all the lattice oxygen sites, these two entities

can be considered constant.
Hence if the mobilities of positive holes are assumed to be inde-

pendent of oxygen pressure, then
o o [@] < P,
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FIGURE 2

Conductivity of ThO,+YOy.5(98:5/1-5 mole %) as a function of oxygen pressure
(0O) and fugacity (X).

The increase in proportionality of conductivity at higher pressures
is difficult to explain and at present one can only suggest possibilities.
In addition to having single anion vacancies, the lattice may have
a large number of anion defect complexes of the type which could
accommodate an O, molecule. This could form a species such as
O3 and a positive hole, thus resulting in a P}, dependency. Alterna-
tively, positive holes might be generated by the creation of additional
thorium vacancies by a mechanism similar to that suggested for
zirconia;? this would lead to higher powers of P,. A fuller discussion
of the possible mechanisms will be published on completion of the
work.
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