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ABSTRACT

The aqueous,corrosion'of uranium and some uranium-
zirconium alloys has been studied as a function of
several variables including hydrogen activity, pH,
temperature and the oxygen content of the test solution.
Two main experimental techniques were employed: an
opticalvmethod designed to measure the rate and kinetics
during the corrosion process, and an electronic tech-
nique to measure changes in the electrode properties
under similar conditions,  Both techniques were selectéd
to permit careful control of the test conditions and
measurement without removal of the specimen from the

environment.

The results of the investigation emphasise the im-
portance of the protective oxide film formed during
corrosion, and suggest that the rate-controlling steps
in the process occur within this film. The effects, both
of cathodic polarisation in a variety of conditions and'
alloying With‘zirconium, on the diffusivity in and the
thickness of the oxide have led to a discussion of the
protective film in terms of an ionic diffusion—barriér,

a solid electrolyte and a non—stoichibmetric semi-
conductor, and, further, to a consideration of the

methods by which this oxide may be deformed.
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SECTION T

INTRODUCT ION

I(a) Basis of the Investigation

The contemporary development of nuclear reactor
technology has aroused an interest in the corrosion
behaviour of several metals including uranium, aluminium,
zirconium and niobium. These metals which aré of
particular importance in the fabrication of fuel elements
are thermodynamically unstable in the presence of water
or steam. This property would normally preclude theilr
use under operating conditions where an aqueous coolant
is employed, if it were not for the protective nature of
the initially-formed oxide films which decreases the

rate of the subsequent corrosion.

Detailed studiesl’z’3 of the corrosion behaviour
of these metals at high temperatures have shown in many
cases.that the growth of the protective‘oxide, resulﬁing
in a corrosion rate which decreases with time, precedes
a period of corrosion where the rate is constant with
respect to time. For the particular case of uranium,
the rate of the~timé—independent corrosion has been shown
to be temperature;dependent, aﬁd there exists experimental
evidencel that the duration of this ?rocess is shortened

and its rate increased by a rise in temperature. Further-

more, after a length of time dependent on the test
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temperature, and without apparent change in the conditions,
this first period of linear corrosion can be succeeded
by & second of greater rate. This linear-linear transition
is termed "breakaway" and, in some instances, the ratio
of the first linear rate to the second has been found

to be of the order 1 : 20 (see Fig. 1).1

The general agueous corrosion reaction for these J
metals is of the type :

N = !
xM + yHZO. = Mxoy + yH2

and a survey of the literature indicated that many of the
effects described above were attributed to the corrosion-
product hydrogen, but that 'of the various mechanisms

proposed to explain the phenomena, few, if any, had been

substantiated by experiment.

Barly research into the corrosion behaviour of
uranium, initiated in the U.S.A. during the War, was
confined mainly to the practical aspects of the problem.
Most succeeding investigations, too, maintained a non-
theoretical bias. This led to the suggestionB, as
recentiy as 1957, that a fundamental approach would be
of congiderable value. . In the present study, therefore,
an attempt has been made to asgsess cuvalitatively the

relative importance of the various environmental factors

involved in the corrosion process.



8

I(p) Scope of the Investigation

The dominant role of hydrogen in the corrosion
'processes of uranium was established chiefly by m ans of
high-temperature testing in autoclaves. Following this
work, Draley and Ruther3 suggested three alfernative
mechanisms by which hydrogen might alter the protective
properties of the oxide film. These were by (1) diffusion
into the metal and consequent blistering of the surface,
(2) formation of gas bubbles at the métal~oxideAinterface
causing rupture of the oxide, and (3) formation of a metal
hydride leading to reduction of film adhesion and possible

recrystallisation of the oxide.

The models based on these proposals emphasised the
mechanical failure of the oxide film due to the action

of the corrosion-product hydrogen.

Later work by Leachu attempted to relate the
electrical properties of the oxide formed to the corrosion
rate of the metal. He pointed out that the effect of
the Draley-Ruther mechanisms would be primarily to alter
the thickness or porosity of the oxide. However, while
proposing a fourth mechanism, Leach suggested that the
incorporation into the oxide lattice of ionic hydrogen
might influence the diffusion of other lonic species
without causing a change in the structure.. Measurements

of the conductivity and capacity of U/UO2 electrodes
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were made at cathodic potentials and the results were
interpreted as showing that an increase in hydrogen
activity caused an increase in the conductivity of the
oxide layer without appreciable change in its thickness -
suggesting thé probable existence of the fourth mechanism
and a relationship between oxide condﬁctivity and

corrosion rate.

The present investigation has been carried out in
order to examine in detail the‘effect on the oxide film,
and, hence, on the corrosion rate of the metal, of
alloying additions, particularly of hydrogeﬁ. Both

electrical and mechanical models of damage are considered.

The basic experimental techniques employed in the
research are electrochemical and have been éhosen to
allow control over somé of the influencing variables
(e.g. the hydrogen activity at the electrode surface),
and to enable measurement without removal of the specimen

from the corrosion environment.

The results obtained fall naturally into two
categories; the first concermed with the electrode
properties of the U/UO2 cathode, and the. second pertaining
directly to the corrosion rate and corrosion kinetics
of the metal.. A scheme for dual presentation has been
adopted, therefore, and will be maintained on this basis

throughout, except in the Discussion where a division
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has been made for different reasons. The main emphasis
of the thesis 1s on the corrosion behaviour and the
ma jority of the Discussion will be devoted to this

aspect of the work.
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- SECTION ITI

PREVIOUS WORK
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SECTION TI

PREVIOUS WORK

The literature survey is divided into two parts,
in accordance with the general scheme outlined in the
preceding section, and is confined almost entirely to
the properties of uranium and the theories relevant to
the corrosion behavioﬁr of this metal,

The first part considers the electrode properties
of uranium and uranium oxides and includes discussion -of
the following topics: general clectrode properties, anodic
and cathodic processes, hydrogen overpotential, conduct-
ivity and diffusiqn mechanisms, and capacity;

The second section is concerned primarily with
‘mechanical aspects of the corrosion of uranium, Space is
also given to a general consideration of the kinetics
of oxlde growth. The subjects reviewed in detéil are:
film—growth laws, methods of corrosion rate testing,
evidence for hydrogen—induced'damage to uranium, |
structural properties of tranium metal and the effect
of alioy additions, explanatory models for hydrogen-—
induced damage, and the corrosion of,uranium—zirconium

alloys at low temperatures.
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PART ONE - ELECTRODE PROPERTIES

-y

II(a) Introduction

Any enumerétion of the electrochemical variables
which influence corrosion must include the following
four factors associated mainly with the properties of
the metal:-

(a) The effective clectrode potential in a solution.
(b) The ability to form an insoluble protective film.
(¢) The hydrogen overpotential,

(d) The chemical and physical homogeneity of the surface.

The clectrode potential of a metal, in a particular
solution of its own salt, determines its position in the
BElectrochemical Series. The electrode potential of
hydrogen is taken arbitrarily as zero, and metals of
- negative electrode potential are capable of liberating
the gas from water. The rate of the hydrogen evolution
process for uranium would be extremely rapid but for two
distinct phenomena - the formation of a protective oxide
and the overpotential of the reaction. A protective
oxide generally fulfils two functions: it prevents access
of the environment to the metal surface, and raises* the
electrode potential. Measuremeﬁt of the direction of
*N.B. The convention adopted in this thesis defines
'rising' or increasing potentials as changes occurring
in the anodic (noble or positive) direction; decreasing

potentials are associated with changes in the opposite
sense.
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change of potential is commonly employed as a method
for determining whether corrosion orlpassivation is
occurring. The effect of oxygen in solution and the
rise in potential associated with the healing of oxide
films are relevant in this context), the model derived

5

by Hoar and Evans” to explain these phenomena 1is, perhaps,

‘the most widely known.

In any corrosimn process where the rate 1ls in-
fluenced to a great extent by the presence of“hydrogen,‘
a knowledge of the éverpotential ~f the reactinn becomes
important. In the caseyof an oxide-covered metal, the
rate of the electrochemical processes is controlled by
the diffusion of various specics through the film, The
interdependence of overpotential and oxide conductivity

will be shown later,

A common method for the prevention of hydrogen-
induced damage t0 uranium and other reactive metals is
the introduction of alloying elements of lowef over—
potential into the base. One theory of the mechanism by
which alloying clements function is that they alter the
chemical homogenecity of the surface by providing cathodes

for répid discharge of molecular hydrogen?.

II(b) Anodic and Cathodic Processes

Electrochemical reactions occurring at "clean"

metal surfaces have been the subject of numerous invest-—
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igations. Theories derived from these studies, however,
must be modified for the case of uranium and similar
reactive metals to allow for the presence of semi-

conducting oxide films on the surface,

The corrosion reactions proceeding at an oxide-~free
electrode are restricted to a single interface; the
corrosion of uranium, however, involves the diffusion
of both ionic and electronic charge-carriers through
a conducting oxide, and the reactions which are possible
can take place at two interfaces. Thus, an uranium
cathode in an electrolytic cell may be considered to
function as a bi-polar electrode, l.e. in addition to
its behaviour as a cathode in.the accepted sense, the
uranium metal-oxide interface can be regarded as the
negative electrode in a cell in which the outer interface
is the anode and the conducting oxide is the electrolyte.
It is necessary, therefore, that the eXistence of both
concentration and pofential gradients'Within the growing
oxide be taken into consideration in any study of the
electrode properties. A gecneralised diagram of the

relevant interfaces and gradients is given in Fig. 2.

A metal placed in an agueous solution tends to
ionise and an eguivalent amount of hydrogen is produced.
The following types of reaction may be said to take

place
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Anodic ' Cathodic
M= M + xe . potential ... xH+ + xe = xH
: dependent
or
X+ - + - +
M+ x/2 OH = MOX/2+ xH .. PH .. x/2 H20=X/2 OH + %2 H
Z  dependent

When it occurs, the growth of an oxide film involves
the anodic reactidn, and takes place by either the outward
diffusion of metal iond or the inward diffusion of oxygen
ions. It is 7lear from Fig. 2 that both ionic transfers
must be accomplished against a potential gradient. An
increase in electronic conductivity of such a film will

reduce this gradient and consequently stimulate oxide

growth,.

The cathodic reéction, directly responsible for
hydrogen depolarisation, can proceed by at least three
mechanisms.. Two of these which occur at the oxide-

electrolyte interface are discussed later in this section, .

Several models have been derived describing the
anodic and cathodic processes at an oxide-covered cathode;
two are given below, These differ mainly in the assumpt-
ions éoncerning the electrbnic charge-carriers within the

oxide.

A simple theory suggested by Draley and Ruther> is
shown diagrammatically in Figs. 3a and 3b. ‘Here,.the

anodic transfer is accomplished under the influence of
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a concentration gradient. The cathodic current, on the
other hand, is considered to be inversely proportional

to the energy requirements of the following four pro-
cesgses:— (1) the cathodic reduction at the oxide- |
electrolyte interface, (2) incorporation of the diffusing
species into the oxide, (3) diffusion, and (4) liberation
and disposal.of the prbducts. It can be seen from Fig. 3b
that the diffusion of electrons and protons is aided by
both a concentration and a potential gradient (a concentrat-
ion gradient of electrons is itself equivalent to a
potential gradient). The protons are believed to migrate
either via interstitial positions or by combining with
oxygen lons in the lattice. It should be pointed out,
however, that the entry of protons into the oxide and the
formation of molecular hydrogen at the outer interface

are competing‘reactionsg and that an increase in the
electronic conductivity of the oxide is likely to favour

the latter,

Waber6 has proposed an altecrnative model for the
corrosion of uranium in which the cathodic formation and
discharge of gt ions are not emphasised, He suggests.
that hydrogen migrates to the metal in the form of
hydroxyl ions which are produced at the oxide—electrolyte
interface by either the reduction of adsorbed oxygen or

the decomposition of water,and diffuse through the oxide
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as part of the anodic current., In support of this
argument, there is evidence for the presence of the

hydroxide U(OH)u in the corrosion-product.

The main cathodic reactions which Waber considers

as taking place are given below :—

(1) Wrnen the electrolyte contains a high concentration

of oxygen :

4
Oads ,,,,,, 5 0 + &
% 0, + H,0 - 20H + 28

(2) Wnen insufficient oxygen is present :

H,0O —— H

.
2¥ads + Oha

ads ds

—) 3
OHads ? CH + @

The symbol @ represents a positive hole T an électronic
species carrying a single positive charge, The transfer
of clectrons across the oxide-—electrolyte interface,
facilitating the cathodic rcecactions, results in a space-
charge of positive holes on the film side of the interface.
If the mxide is conducting, the space-charge 1s annihilated
by the inward diffusion of thé species. The formation

of positive holes will be considered in sub-section IT(a).
It is sufficient, here, to say that the inward diffusion

of a positive hole towards the metal-oxide interface
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accomplishes the same net charge transfer as the outward

movement of an electron.

Draley and Ruther3 have acknowledged the possibility
of anodic hydroxide diffusion, but consider it unlikely.
They base this conclusion on the observation that accum-
.ulation of corrosion-product hydrogen in the metal is
decreased by anodic polarisation and increased by

cathodic polarisation.

It is established7 that the agueous corrosion of
uranium is under anodic control, i.e. the overall rate
is dominated by the anodic reaction. To enable the’
corrosion represented by the anodic reactions to proceed,
1t is necessary that‘the hydrogen liberated simultan~
eously be removed, since, otherwise, it would produce a
polarising film and arrest further action. Two methods
of hydrogen removal which are considered felevant are
given here., The first requires the presence of suffic—
ient oxygen or other oxidising agent in the electrolyte,

when the following recactions may occur @

1 —
2H + 30, = HL0
2H20 + O2 + e = UL OH
HY + o” = H,0

This is known as corrosion by oxygen depolarisation,

The second mechanism is of greater interest to
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this research and functions when oxygen actiVity in the
solution is low. If electrons are available from the

metal to convert protons to hydrogen; then
HY + e =, H
H + H = H2

and this is known as corrosion by hydrogen evolution.

IT{c) Hydrogen Overpotential

The hydrogen overpotential is a measure of the
ease with which the evolution reaction can take place,

and may be expressed by :

where M is the overpotential at current density i ;

en is the reversible hydrogen potential, i.e. the potential'
of an unpolarised hydrogen electrode in the same solution;
ey is the electrode potential when i amps./cm2 is passing

across the electrode—clectrolyte interface.

There are three generally accepted causes for the
departure of the electrode potential from its reversible
value during passage of a current. The most significant

of these, known as the activation overpotential, is

related to the energy requireménts of the various steps
which occur during the discharge of molecular hydrogen

at a cathode. Fig. 4 shows a proton produced by
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electfolysis and solvated by the base which, here, is
assumed to be water. For discharge to occur, it 1s
necegsary that the solvation bonds holdiﬁg the proton
at the centre of the complex be broken and the proton
itself be drawn to the metal surface. The next stage
might entail the temporary formation of a complex M(H)
or a metastable hydride MH before the hydrogen now in
the atomic stage (having received an electron from the

metal) is catalysed to the gas.

The relationship of overpotential to activation

egnergy 1is shown by the expression :

&), - =

1

RT?

where T 1s the absolute temperature; v is the potential
of the electrode; i is the current density; E is the

activation energy, and R is the gas constant.

The continuation of the discharge reaction is
dependent upon the constant replacement of the ions re-
~moved from the electrolyte in thc immediate vicinity
of the electrode. At high current densities, when the
rate of electrolysis exceeds the rate at which ions
arrive at the cathode by convection or migration, the
lonic concentration in the electrolyte adjacent the
metal may become lower than in the bulk solution. This

leads to concentration overpotential and a numerical
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increase in the electrode potential, The effect of
concentration overpotential can be reduced by stirring,

agitation, etc.

"The presence of a resistant oxide film or other
substance on the surface of the metal can create an

ohmic overpotential by impeding the discharge ef hydrogen.

The magnitude of this effect is the product IR (where,
I is the impressed current and R is the resistance of
the surface film). A related phenemenon is the ohmic

pseudo-overpotential caused by the IR drop in the

electrolyte between the electrode and the potential-

measuring device.

The reletionship betWeen the activation over-
potential and the impressed current is given by the
Tafel equation :—

'q = a + b log i

where, a and b are constants; 1 is the current density;

1zis the activation overpotential,

It must be sitressed that the validity of this
equation is restricted to the limited current range where
the effects of concentration and ohmic overpotentials
can be neglected., Fig. 5 1llustrates an idealised Tafel
line (derived from the equation) for an oxide-free
cathode. A change in the constants (as shown at B)

may take place if the rate-determining step of the
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discharge reaction is altered at higher current densities.

Several authorsu’6’8’9 have reported measurements
of the hydrogen overpotential on uranium and uranium-—
base alioys. Of these, the first three have observed
marked inflections in the Tafel line at intermediate
current densities, and also the occurrence of a hysteresis
loop. The inflections indicate a change in mechanism
and are not comparable to the change in slope shown in
Plg. 5 where only the rate of the existing process is
affected by high current densities, Fig. 6 shows the
general type of curve obtained by these workers. The
hysteresis shown here 1ls of significant magnitude and
In all cases takes the same form. Over the relevant
portion of the cufve, the current at a glven potential
is less in value when measurcd at decreasing potentials

than when approached from below.

Losco8 has calculated numerical values for the
constants in the Tafel equation, and proposes a reclation-
ship between the transition in kinetics and the absorpt-
ion of atomic hydrogen by the electrode surface. He
explains the hysteresis of the curve’as resulting from
the surface hydriding of the metal at high current
densities. The validlty of the latter explanation,
however, is guestionable in view of its inconsistency

both with his own results_and those of other workers.
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' Measurements, under identical conditions, have been
made by Losco for two specimens, one normal, and the
other heavily hydrided. The hydrided specimen appears
to display the grcater overpotential, contra-indicating
the explanation offered. Further, the existcnce of a
hysteresis similar to that of uranium has been shown in
the Tafel 1iﬁe of the'non—hydride forming metal, alumintum.

This will be illustrated in a later section.

I‘..eachL‘L has provided evidence indicating a relation-
ship between the overpotcntiai and the conductivity of
the oxide fbrmed. He has measured a significant increase
in oxide conductivity at potentials which correspond to
those of the inflection in the overpotential curves, and
has shown that both éonductivity and overpotential curves
display similar hysteresis.

Thcse observations are supported separately by both

9 and Fawkeslo. Isaacs has derived a mathematical

Isaacs
relationship_betwcen overpotential and current which can
be applied equally well to both 'clean' and oxide-

covered metals. He explains the inflection in the over-
potential curve for U- 12 wt 7* Mo on the basis of a

change from oxygen dcpolarisation to the hydrogen evolut-
ion reaction. Further, an investigation of the propertiecs

of hydrided specimens was conducted and showed that the

formation of UH3 on the metal surface did not significantly
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influence the kinetics of the Process.

Hitherto unpublished data obtained by Fawkes
indicate an increase in electronic conductivity deriving
from an increase in the activity of ionic hydrogen within
the oxide, This provides a justifiable interpretation
for the hysteresis effect, in that it follows that any
increase in oxide conductivity would tend to diminish
the overpotential of the hydrogen evolution reaction at
the surface, It has been assumed in this work that high
current densities are likely to increase the concentration

of protons within the oxide.

I1(d) Conductivity and Diffusion

Wagnerll has discussed the conductivity mechanism
in ionic crystals in terms of lattice defects, and has
demonstrated the existence of a relationship}between the
electronic conductivity and the mobility and diffusion
of ions for the system AnggZS—S. A similar relationship
may be possible for the system U—UO2—O in which the
oxide formed during agueous corrosion is likely to possess
a defect structure,

Fig. 7 shows the pH-potential diagram derived by
Pourbaix and co—workersl2 from thermodynamic data for the
uranium-water system. This figure has been redrawn on

the basis of hydrogen activities to conform to the

method adopted for the plotting of results, The method
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of presentation allows the effect; on a given variable,
of thevamount of hydrogen produced to be seen easily. .
The hydrogen activity potential EHA is a function of the
logarithm of hydrogen activity or pressure= : its
relationship to the hydrogen potential EH is given by
the expression :-

EHA = EH + 0.,0591 pH

Two points should be stressed: (1) that the
Pourbaix diagram is truly representative .only of a system
in equilibrium, and (2) that it is derived from thermo-
dynamic data which could possibly be in error. At this
point, however, these factors may be ignored, and it
will be assumed that thé data presented in the diagram
are qualitatively applicable to the system under con-

sideration.

It is'implicit in the construction of the diagram
that the oxides shown are stoichiometric and not liable
to a change in phase. However, there 1s convincing
evidencelE’lu’15 in the literature which establishes
both the non-stoichiometry of uranium oxides over wide
ranges of composition and the occurrence of other phases
between UO2 and U3 g

The oxidation of UO, to higher oxides is accompanied

by changes in the type of semi-conductivity. Willardson,

Moody and_Goering15 have identified the following at
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high temperatures :-—

UO2 stoichiometric phase, intrinsic conductor
UO2+X p-type "
Uuo9-x n—-type "
UuO9 stoichiometric phase, intrinsic "
Uho9+x p-type "
U307—x n—~-type "
U307 stoichiometric phase, intrinsic "

Extrapolating further, it is reasonable to expect from the
available evidence that higheroxldes than U3O7 would be the

following :-

U307+x p—-type conductor
U308-x n-type "
U3O8 stoichiometric phase; intrinsic "
U308+X p~type "
U03_X n-type "
UO3 stoichiometric phase, intrinsic "

The total electrical conductivity of a compound
ig the sum of both the ionic and electronic contributions,
and is closely related to the diffusion mechanism and the
lattice structure. The conductivity of uranium oxides
is believed to be predominantly electronic; the lattice
which is of the fluorite type can tolerate both excess

anions and anion vacancies, and the current, therefore,
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can, in theory, be carried by either positive holes

or excess electrons.

Fig. 8 shows the lattice structure common to
fluorite type compounds. In the case of p-type uranium
oxides, the elecfrical imbalance resulting from the
random distribution of excess oxygen ions in inter-
stitial positions would be neutralised by the formation
of positive holes in the immediate vicinity. Holes are
charge-carriers which are positive in comparison to an
ideal lattice region, and are produced by the exchange
of electrons between ions with normal shells and jons
with incomplete shells. It must be pointed out that the
holes themselves are incapable of independent movement;
only the electrons of the system may move, Conduétion
by migration occurs as the location of the hole passes
through the lattice by the successive movement of

electrons between neighbouring ions.

n-fype semi-conduction in uranium oxides, on the
other hand, 1s favoured when the number of anions in the
lattice is insufficient to balancc the total positive
charge of the metal ions. The imbalance is neutralised
by the formation of excess electrons in a manner similar

to the‘formation of positive holes.

The ionic current in uranium oxides, several orders

of magnitude less than the electronic contribution, is
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respoﬁsible for the growth of the oxide and is maintained
primarily by the inward diffusion of oxygen ions via
interstitial position56’15’16. Belle and Lustman16 have
calculated the activation energy for self-diffusion of
oxygen ions in the UO, lattice as 29.7 Cals./gm. mole
which contrasts with a value of 90-125 Cals./gm.mole

for the self-diffusion of the metal. The ease with which
the UO2 lattice accommodates excess oxygen, without
significant change in parameter, suggests that the inward

diffusion of anions is only slightly impeded by other

oxygen ions in the lattice.

The effect of alloying components on the diffusion
processes and conductivity of ionic crystals has been
investigated in detail. Wagner17 has shown that both
ionic and electronic conductivity can be greatly altered
by additions of smail amounts of ions of higher or lower
valency. The entry of ionic hydrogen into an uranium
oxlilde film has been considered on this basis by some

workers,

Leachu and Tsaacs’ have measured the conductivity
of U/UO2 electrodes at cathodic potentials and have
obtained similar results. Leach has discussed the results
in terms of a relationship between the hydrogen content
of the oxide, conductivity, and corrosion rate. He

suggests that the quantity of hydrogen which enters the
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oxide'will depend upon the activity of hydrogen at both
the outer and inner interfaces of the metal-oxide-solution
system; an increase in activity at either or both of
these interfaces will result in a corresponding increase

in the hydrogen concentration within the oxide,

Isaacs acknowledges the existence of contributing
reactions within the oxide, but does not consider them
in his interpretation, He makes use of the theory of
Faradaic admittance developed by Grahame18 to explain
some of the conductivity phenomena purely on the basis
vof electrochemical reactions\occurring at the oxide-
electrolyte interface. This model provides an explanation
for the ebserved increase in electrode conductivity at
cathodic potentials but can explain neither the changes

observed at more‘positive potentials nor the hysteresis

in the conductivity curve.

It is unfortﬁnate that the experimental technique
employed by both Werkers is unable to provide any indicat-
ion of the type of conductivity prevailing in the oxide.
No satisfactory interpretation of the conductivity
mechanism at U/UO2 electrodes will be possivle without
the use of a measuring technigue which can differentiate
between n— and p—type semi-conductivity and detect the
effect of variables, such as HT ion concentration and

alloy additions,; upon them.
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II(e) Capacity

Capacity measurements have becn employed for
several years as a standard technigque for determining
both the thickness and the protective character of oxide
Tilms.

The majority of thickness measurements have been
made on compact anodic films. Young19 has studied the
dependence of film capacity and resistance on frequency,
and treats the oxide as the dielectric of 2 leaky con-—
denser of which the métal—oxide interface is one plate
and the oxide-electrolyte interface is the other. The
thickness of the oxide is given as proportioﬁal to the
reciprocal of the measured capacity. Other workers who

have applied similar methods are Petrocellizo, Charlesby21;

and Wanklyn and Silvesterzg. In all cases where the
capacity of the oxide film was measured, the value was
found to be less than about 5y F/cm.”.

A loss in the protective propertiecs of an oxide
film has been found by numerous authorszo’zz’z3 to be
accompanied by an increase in the capacity. This is
attributed to a reduction in the effective thickness of
the dielectric following the formation of defects which
arise from factors such as local stresses or dissolution

and allow the corrosion environment casier access to the

substrate metal. ":’\Iank?LynzLL has used capacity measurements
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7

to stﬁdy the influence of hydrogen on the oxidation rates
of zirconium in several media, He finds that the capacity
decreases during the initial stages of oxidation, but
when cracking commences, however, there is an increase

and the capacity finally reaches a constant value indep-—
endent of the total film thickness. It is believed that
in the latter period of oxidation, the greater part of

the oxide is fissured, especially on the surface, and

the growth rate is controlled by the diffusion of ions
across a region where the film is thin and contains no

macro-defects.

The measurements reviewed above were made on oxide
films not likely to be altered by the application of a
few volts of a.c. from a conventional impedance-measuring
bridge. In the case of films formed on reactive metals
during équ@ous corrosion at room-temperature, the form-
ation potential is of the order of -1.0V and the con-—
ventional technigue would most probably affect the corros-

25 appeared

ion process. A method developed by Denholm
to overcome this difficulty and was employed by LeachLL
to study the capacities of cathodically-~formed films

on pure uranium and U-12 wt ;% Molybdenum.

The results showed that the capacity was not
gignificantly influenced by the presence of hydrogen,

but that there was an increase with time. Since the
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valueé of capacity, which were of the order of hundreds
of microfarads/cm.2 and the incréase with time both
contra-indicated the usual relationship between capacity
and thickness, a different interpretation appeared to be
necessary. It was proposed that the high measured
capacities could be associated with a change in the
valence state of the metal ions in the oxide; this would
allow the metal-oxide-electrolyte condenser to absorb
charge without a change in potential. It was also.
suggested that, at potentials where high capacities

were observed, the capacity was probably directly related
to the film thickness. These, and other similar results,

9

are discussed in detail by Isaacs”.

PART TWO - CORROSION BEHAVIOUR

ITI{f) Kinetics of Film-growth Processes

A congideration of the relevant thermodynamic data
shows that practically no metal is totally unaffected by
exposure to agueous or gaseous environment. The purpose
of this section is to review the various theories related
to the growth of reaction films with time -~ with par-
ticular reference to oxidation processes. It should be
noted that although the fundamental relationships described
here were originally conceived to account for atmospheric
oxidation, they are equally applicable to agueous react-

ions.



34

"The growth of an oxide film is typified, at any
given stage during the process, by obedience to a partic-
ular time-law. The following laws are the most frequently
encountered*: the logarithmic law, the parabolic law, and
the linear law. The first two laws are responsible for
the formation of protective films while the third is

indicative of non-protective kinetics,

The term 'logarithmic law' is a generic classificat-
ion comprising three algebfaically distinet low-temperature
processes which lead to exgeedingly slow rates in the
latér stages of film growth. Logarithmic oxidation is
controlled by either the inverse logarithmic law, the
direct logarithmic law, or the asymptotic law. The

inverse and direct laws arg considered here. Both are

believed to be operative only during the formation of

very thin films.

The inverse logarithmic law is representative of
a process in which the transport of normally immobile
ions results from the existence of a strong electric

field. The theoretical derivation of this law is

26

attributed to Cabrera and Mott although modifications

*

N.B. The existence of other more complex laws has been
observed during the present research. The application
of these to the corrosion of uranium will be considered
in the Discussion section. No interpretations are
provided at this stage. :
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have been proposed by both Evansz7 and Dewa1d28. The

law is expressed mathematically by :—

1/y = 1/yo — K log {a(t - to) + 13;

where, y is the film thickness at time t; Yo is the
Tilm thickness at time to (when the steady state has been
established); K is a constant and a is a constant of

‘dimensions (time)—l.

The direct logarithmic law is operative when the
rate-controlling factor in oxidation is the transfer of
elecfrons and not the movement of ions. The‘explanation
of the process 1s based on an assumption of the electron-
tunnel effectzg, The equation for the direct logarithmic
law is -

y = K log (at +1)

where, y 1is the film thickness at time t; K is a constant

, s . . -1
and a is a constant of diméensions (tlme) ®

The parabolic law governs reactions under conditions
where thermal mobility of the ionsg is assured. Film
growth proceeds by uniform ionic diffusion - the driving
force arising from metal—oxgﬁ&udﬁinity. It is important
to note that the effect of the 'field' is directive and
not causative (as during inverse logarithmic growth).

In its simple form, the parabolic law is expressed as :—

y2 = k’t
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where, y 1s the film thickness at time t and k is a

constant.

The parabolic law is of particular relevance to

the growth of semi-conducting films. WagnerBO has dis—
cussed the effect of both the lattice structure and the
electrical properties of the oxide on the diffusion rate.
He proposes a relationship between these factors which |
is expressed mathematically in terms of an equation for
the parabolic rate constant k. It is assumed that both

a potential gradient and a concentration gradient actively

influence the diffusion.

A simplified version of the theory has been derived
by Hoar and Pr10651 who base their model on the concept

of a purely electrical gradient.

Linear oxidation differs from logarithmic and
parabolic growth in that the thickness of the existing
film does not influence the reaction rate. The process

may be written as :--
vy = kt
where, y is the film thickness at time t and k is a

constant. Obedience to this law, clearly, results in a

constant rate of oxidation.

Linear kinetics can result from one of several

causes., These may be either environmental effects or
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inherent in the film itself, The following causes will
be congidered: non-coherency of the oXide, extreme
mobility of the reactants, Dbreakdown of the oxide, and

deficiency of the oxidising phase.

The growth of non-protective films was considered
in a classical work by Pilling and Bedworthjg. It was
predicted that the linear law would apply to cases of
oxidation which resulted in the formation of a surface-
layer of lesser specific volume than that of the parent
metal, Under such conditions, coherency of the oxide
is not possible and fresh metal surface is continuously

exposed to the environment.

The oxidation of barium and calcium has been found
to obey the Pilling-Bedworth principle although it is
doubtful, in the light of more recent workjj, whether
the facts are equally simple for all other metals of
similar characteristics. PFurther, linear kinetics have
been observed even in the presence of an intact, coherent
surface oxide (when parabolic growth would normally be
expected). In such instances, it has been concluded
that the diffusion of reactants through the film is
extremely rapid as compared to the interfacial reaction
rate, and the rate of the process is, therefore, constant

and independent of the oxide thickness.

Physical breakdown of a coherent film is often
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respénsible for a transition from protective to non-
protective kineticsz3. The growth of a parabolic film
generally proceeds by the inward diffusion of anions

or the outward diffusion of cations. The former process
has bpeen found to result in straining of the oxide while
the latter encourages the formation of cavities near

the metal-oxide interface., Both phenomena can event-
vally lead to failure of the film and, thereby, to a

change in the rate—controliing mechanism,

- The effect of temperature on the transition in
kinetics requires some comment. An increase in temper—
ature generally hastens the initiation of linear oxidat-
ion although certain unexpected observationsBu have
indicated that, in some cases, temperature may be
responsible for improved plasticity of the oxide f£ilm and
temporary postponement of failure. This observation is

of considerable importance to the present research,

The linear law has been found33 to govern reactions
in which the rate of replenishment of the oxidising-agent
is inadequate to the requirements of the film-thickening
process. Thus, for example, in atmospheres where the
oxygen content is low, the replenishment rate may assume
complete control of the process and result in constant

oxidation.,

For the sake of convenience, oxldation reactions
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may be defined as either low-temperature or high-
temperature processes. The mutual interdependence of
the three main laws governing film growth 1s summarised

below on the basis of this classification.

Low temperature High temperature

(only slight ionic mobility) (ions mobile)

1. Logarithmic growth 1. Partial logarithmic con-
(general case) trol (during formation of

initial very thin film)

2, Linear growth l
(special case -~ when Parabolic growth
formation of a coherent l
oxide is impossible). E Linear growth

(if failure of parabolic

film occurs).

2. Linear law
(at very high temper-
atures the other two pro—.
cegses may occur too

rapidly to be measured).

IT(g) Estimation of Film Thickness

Numerous methods are available for the assessment
of film thickness; these can be separated into grav-

imetric, electrometric, capacity, and optical techniques.
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Severél indirect procedures are also known although
these will not be considered here.

Gravimetric techniques record either weight-
increment or weight-loss during the oxidation of a
metal. In both cases, sensitive balances are employed
to measure the change in weight. If oxidation after
the appropriate time produces a weight increase of W
grams on a specimen with a Surface area of A cmsog,
then the thickness of the film in centimetres is given
by the expression :

W . M

 —— ey vansranatunt s

AD M-m
where, D and M are respectively the density and molecular
weight of the oxide, and m is the weight of metal in M

of oxide.

Specialised methods which enable continuous
measurement of weight-gain during the actual process of
film growth have been developed, but are suitable only
for testing during atmospheric corrosion. When tests
are conducted in agueous environments, removal of the
specimen from the cell or autoclave is necessary before

drying and weighing.

Weight-loss measurements require either mechanical
or chemical removal of the corrosion-product film before

weighing of the metal, The loss in weight of the specimen
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plotfed against time is indicative of the corrosion
rate. The majority of the published data for the
corrosion of uranium has been accumulated by use of

this technique.

Electrometric determinations of film thickness
are made by the cathodic reduction of the oxide at a
constant current I. The appearance of a potential
change signals the completion of reduction. If the
time required for the process is t, then the thickness
is given by :

JIt
FAD

where, F is the Faraday number; A is the area of the
specimen; J is the equivalent weight of the film-

substance, and D is the density of the oxide.

Two obvious disadvantages of this method are
that (1) it does not permit continuous measurement of
corrosion rate, and (2) it is successful only when

applied to easily reducible oxides.

Capacity measurements have already been dis-~

cussed in sub-scction II(e).

Two types of optical technique are commonly
employed for the measurement of film thickness., The
first depends upon the detection of interference colours

and the subsequent assessment of film thickness either
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spectrometrically or by comparison with a standard; the
second method considers the optical phase-change, in-
duced by the presence of the oxide film, when polarised

light is reflected from the face of the specimen.

Both techniques require removal of the specimen
from the enviromment prior to examinagtion. Again, while
the polarised light method is perhaps the most accurate
for even very thin films, the theoretical basis is
complicated and a lengthy mathematical procedure is
necessary for the translation of measured values into

unites of film thickness.

II(h) Evidence for Hydrogen-Induced Corrosion Damage to

Uranium.

Certain aspects of the corrosion behaviour of
uranium in high-temperature water have been attributed
by investigators to the effect of the hydrogen formed
as the corrosion product. The purpose of this section
is to summarise the evidence, both direct and indirect,
which has led to this belief, preparatory to a discussion
of the specific models proposed to account for the
damage.

Hydrogen analyses of specimens withdrawn period-
ically from autoclave tests are reported by Burkartl
to have revealed that the hydrogen concentration was a

function of the exposure time. An increase in test
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température, accelerating the formation of hydrogen,
decreased the time to 'breakaway'. Further analyses
showed that the hydrogen concentration of the metal

was directly related to the amount of corrosion (measured
by a weight-loss method) which had taken place.

1 has observed that the intro-

The same author
duction of hydrogen into the metal, prior to testing,
either in an aqueous electrolytic cell or by ionic
bombardment in a discharge tube also increased the

corrosion rate.

The majority of methods which have found applic-
ation in minimising the corrosion damage to uranium
can be interpreted asowing their success to the pre-
vention of hydrogen-induced effects. It is found that
alterations to the metal or enviromment which tend to
decrcase the activity of hydrogen in the oxide are
likely to result in lower rates of corrosion. For
instance) it was predicted that the rate of hydrogen
pick-up would be reduced by using low-overvoltage metals
such as platinum or nickel to provide points for ecasy
evolution of the gas. It has been found® that such
elements, whether alloyed to the metal or dissolved in
the solution as salts, do, in fact, reduce hydrogen
accumulation in the metal by decreasing the concentration

of protons at the oxide-electrolyte interface. In the
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same bontext, however, it is significant that although
the presence of cathodic depolarisers, such as oxygen,

in the solution encourages the formation of protective
films, it does not always directly influence hydrogen
pick-up. When conditions are such that electrons are

not availlable at the oxide-electrolyte interface, protons
rather than hydrogen atoms are abundant and the oxygen

depolarisation reaction is not effective,

The service life of uranium can be prolonged
by heat treatments which induce a phase transformation
to a latbice with a greater solubility for hydrogent?'22?7°,
The dissolution of the gas in the metal decreases the
activity of hydrogen within the oxide and at the metal-
oxide interface. Additions of alloying constituents are
necessary in order to retain the high solubility structure
of uranium at low temperatures. Both the heat treatments

and the alloying requirements will be discussed in

greater detall in the next sub-section,

It should be noted that the evidence collected
by early workers and presented here was based mainly
on quantitative measurements of corrosion rate. The
qualitative approach was neglected in comparison, and,
for example, no attempt was made to consider the effect’

of hydrogen on the kinetics of the corrosion mechanism,
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II(i) Structural Properties of Uranium and the Effect

of Alloying.

The allotropic crystal structures normally
encountered in uranium and uranium alloys are (1) the
alpha phase (orthorhombic) which usually exists at
temperatures below about 66000, " (2) the befa phase
(complex tetragonal) limited to the temperature range
6600—77000, and (3) the gamma phase (BCC) which per-
sists above 770°C to the melting point at 1130°C.
Some properties of the two phases, alpha and gamma,

of chief interest to this research, are reviewed below.

The gamma-structure has good resistance to
hydrogen-induced corrosion. An important reason for
this resistance is the relatively high hydfogen-
solubility of the gamma lattice. This property
results in the dissolution within the metal of much
hydrogen which would otherwise have been available
to take part in the corrosion-attack. The solubility
in Y -uranium at 650°F is given as 19,7 ppm compared
to a figure of 0.34 ppm which is the calculated
hydrogen-solubility in alpha—uraniuml. (Other source557

differ in the values which are assigned but there is

general agreement that solubility in the gamma phase
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is much greater). The retention at room-temperature
of the resistant Y -phase is dependent upon two re-
quirements: rapid quenching from the gamma region and

the use of stabilising alloy elements.

The alpha-structure is characteristic of pure
uranium at room-temperature. However, it may be en-
countered in alloys when the concentration of the addit-
ions is not sufficient to retain the gamma-structure, and,
in special cases, as the relatively corrosion-resistant
alpha prime phase (of similar structure) produced by

the martensitic transformation of gamma uranium.

The choice of alloying elements that are uéed with
uranium is, in‘view of the specialised nature of its
employment, restricted to a small number which possess
a low cross-section for neutron capture. Three metals
commonly employed as alloy constituents are molybdenum,

niobium and zirconium.,

The chief use of molybdenum is in its capacity
as a gamma stabiliser. The usual minimum addition for
this purpose is approximately six weight percent,
although alloys cohtaining'less molybdenum can retain the
gamma-phase if quenched extremely rapidly. Optimum
corrosion-resistance is obtained with U-12 wt %
1

molybdenum™, It is interesting that, in all cases,

annealing at temperatures between 5000—40000, and the
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conséquent transformatidn to the alpha prime phase, is

beneficial and prolongs the service lifel.

The incorporation of molybdenum oxide into the
urania lattice might also exert a beneficial influence
on the corrosion properties, but the author is not

aware of any published evidence concerning this.

Ubtanium containing more than six welght percent of
niobium and water-quenched from above 800°C is found
to retain the gamma-phase at room-temperature and show
good corrosion propertiesl. Smaller alloying additions
lead to the formation of the martensitic alpha prime
structure which, in this case, is only moderately resist-
ant. It is believed that, in small quantities, niobium
is beneficial only as a hydrogen getter and a grain-
refiner S, In the latter role, it is responsible for

the optimum distribution of the alpha prime phase.

Ternary alloys containing both molybdenum and
niobium also display good corrosion properties. Pro-
longed serviée life is obtained with alloys containing
from 10-12 wt % molybdenum and 1.5-2.5 wt % niobiuml.
Gamma-quenching is a pre-requisite for resistance;

annealing at lower temperatures is detrimental.

Zirconium is a less effective gamma-stabiliser
than either niobium or molybdenum. ¥ -quenched alloys

containing as much as 40 wt % zirconium still retain
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sufficient alpha uranium, as a continuous network in the
gamma matrix, to cause rapid failure in water at high
temperatures (315°C.)6’59. .Alloys in the range

40-70 wt % zirconium are more resistant. The corrosion-
behaviour of these alloys is determined by the amount
and distribution of the relatively corrosion-resistant
delta-phase ( UZr s.s.). However, the service life of
alloys in the upper portion of this composition range

- 1s reduced by the partial transformation of the gamma
phase, at relatively low temperatures, to a mixture

of alpha zirconium plus the UZr solid solution. Optimum
- resistance is obtained with gamma-quenched U- 50 wt %

zirconium4o.

The uranium-rich side of the U-Zr phase diagram

is shown iﬁ Fig. 9.41

Low zirconium alloys (0-10 wt %
zirconium) are not found to retain any gamma-phase at’
room—femperatureG. Rapid queﬁching from the gamma
region leads to the formation of either alpha uranium
plus small amounts of UZr (in the lower half of the
composition range) or alpha prime phase ?lus UZr (in
thé upper half). The latter mixture is falrly resistant
to aqueous corrosion at low temperatures (~100°C).

A detailed review of the corrosion behaviour of low

Zr alloys follows in a later section,
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II(j)' Models for Hydrogen-induced Damage to Uranium

and its Alloys

Extensive research into the corrosion properties
of uranium has evolved no entirely convincing theory to
account for all aspects of the process. However, severai
plausible mechanisms have been proposed which allow an
interpretation of the general behaviour in terms of
hydride formation, local stresses in the metal, lattice
mismatch, etc. Some of these are reviewed below.

The first important development in the field of
uranium corrosion must be credited to Draley and Ruther5 .
Théy proposed that the formation of a hydride at the
metal-oxide interface could be one possible explanation
for the corrosion damage to uranium (see sub-section I(b)),
and attributed the following harmful effects to the
compound: (1) disruption of the metal to oxide bonding
mechanism, and (2) recrystallisation of the oxide with
the subsequent formation of a granular, non-adherent
material. Further, Draley and Ruther suggested that the
hydride could be held indirectly responsible for an
increase in the corrosion rate by virtue of its reaction
with water to form UO2 and liberate hydrogen, thereby
providing an ample supply of the gas for the continuation
of the corrosion process.

Draley's argument is based on observations of

the presence of UH5 in the corrosion-product oxide formed
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during prolbnged testing at high temperatures. Under
such conditions, the protective film is subject to ‘
local breskdown which becomes generalised with time. It
is considered that the points of breakdown lie immed-
iately above areas where corrosion-product hydrogen has

combined with the metal to form hydride.

The validity of the hydride t@gory is debatable,
Although the phase is thermodynamically stable at fairly
high temperatures, several workers have been unable to
verify its presence after corrosion tests. Burkart1
reports evidence both for and against hydride formation
and concludes, for the particular case of alpha uranium,
that -

"the corrosion rate is primarily determined by
the formation and subsequent oxidation of a non-
adherent hydride layer".

However, a detalled study of the corrosion behaviour of

gamma-phase alloys has led him to propose a modification

to the above theory. Burkart considers that, in the case
of these alloys, the hydrogen released by the corrosion
reaction at high temperatures, rather than forming a

stable UH5 phase, dissolves (a2t least in part) in

the base metal, where, when the concentration exceeds
~20 ppm, a metastable hydride, of formula approximating
UH, is pregipitated some distance below the surface.

Two properties of the phase are considered
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responsible for accelerating the attack, First, UH is

a hard, acicular material which can cause local stresses
in the metal, and second, it has a higher corrosion
rate than the alloy, and this can lead to preferential
attack. Both effects are able to cause failure of the
metal.

A totally different explanatory model has been
proposed by Chirigos42. The lack of compelling evidence
that hydrogen accumulation in the metal reduced the
service life of certain gamma—phase alloys led him to a
consideration of the role of the corrosion-product oxide
on the rate of attack. Chirigos suggests that two pro-
perties of the reaction film are likely to influence the
corrosion process: (1) high compressive stresses resulfing
from conversion of the metal to an oxide having a lower
density, and (2) coherency stresses resulting from the

discrepancy between the lattice parameters of the two

materials.

The strains which arise during the oxidation
of a metal are determined by the percentage increase in
the volume ratio of oxide to metal, and the compressibility
of the oxide. As long as the oxide remains adherent, the
compressive stresses must‘be balanced by equally large
tensile stresses in the metal. Cubiciotti45 has estimated

the approximate strains produced during oxide growth on
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several metals; the value calculated for uranium is
exceptionally high. Naber6 has shown that a thin foil
of uranium can be deformed'significantly by the oxide

film formed even at temperatures as low as 7500.

The influence of lattice parameter mismatch
has been demonstrated to a limited extent for some
U-Nb-Zr ﬁernary alloys. Chirigos42 has made use of a
theory of oriented overgrowths in his interpretation.

It is pointed out that, if the lattice parameters of

the base and exide differ by 9 to 15 percent, the mating
plane will include a large number of dislocations.
Epitaxy is not expected if the difference exceeds

15 percent, Chirigos has calculated a lattice mismatch
of 11 percent between a U-10 wt % riobium alloy and the

reaction film,

The above theory assumes that the stresses
arising from either of the two effects described can
result in failure of the metal. However, in view of the
relative thicknesses of the coherent oxide layer and the
underlying metal, the first effect 1s unlikely to be
sufficient cause for serious damage. Again, the second
explanation appears doubtful since it has not always
been found possible to correlate the measured corrosion
rate of various members of an alloy series to the degree

of parameter mismatch.



53

II(k) Resume of Data for the Corrosion of Uranium'Alloys

containing up to 10 wt % Zirconium

The data relating to the agueous corrosion of
uranium alloys at low temperatures are poorly represented
in the literature. A survey55 of the corrosion resistance
of uranium alloys in the composition range 0-100 wt %
zirconium produced the generalisation that at least 20 wt %
zirconium was required for resistance when the alloy was
alpha-annealed (furnace cooled from 60000.) while only
5 or 6 wt % zirconium was necessary when the alloy was

gamma-quenched.

It is reported55 that alloys containing two or
three weight percent zirconium developed porous oxide films
in boiling distilled water and corroded rapidly. In boil=
ing water containing oxygen some parts of the alloy surface
formed protective films, but these broke down upon con-

tinuous exposure.

Gamma-quenched five weight percent alloys showed
good corrosion resistance at 100°C and formed adherent
tarnish films, but only when oxygen was present in the
water, Tests in boiling water saturated with several ratios
of hydrogen to oxygen showed that the maximum ratio %o
which the alloy was resistant appeared to lie between
25 : 1 and 35 : 1. In the total absence of oxygen these

alloys failed within 24 hours in boiling water and in
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three weeks in water at 8000.

The saturation of the test water by gases
such as hydrogen or nitrogen was'used solely as a method
for the elimination of oxygen. Neither gas was found
to have a significant effect of its own on the corrosion
behaviour. The addition of 7.5 wt % zirconium appeared
to be the minimum requirement for an alloy resistant to
rapid failure in either hydrogen - or nitrogen ~ saturated
water at 100°C. The films formed on U - 10 wt % zirconium
(gamma-quenched) were found to resist breakdown for at

least three months under such conditions.

It is clear that the addition to uranium of
more than the minimum amount of zirconium reduces the
apparent sensitivity to hydrogen-induced corrosion.
Draley and co—worker538 postulate three mechanisms to
account for the protection given to fhe base metal by
alloy additions of zirconium of up to 10 wt %.

(1) That the incorporation of zirconia into the
urania lattice aids the formation of an ipherently more
protective:film, and also hinders the diffusion of
hydrogen through it. (The presence of Zzr0, in the oxides
formed on these alloys has been observed to reduce UO2
lattice parameters).

(2) That metallic zirconium in the surface layers of
the uranium behaves as a getter and, thus, increases»the

solubility for hydrogen.
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(3) That alloying with zirconium aids the formation
of the alpha prime phase on quenching from the gamma-
region, and the increase in lattice parameters (compared
with those of normal o« -U) which accompanies this trans-
ition reduces the effective resistance of the metal to

hydrogen entry.

However, there is little reference in the
literature to the effect of zirconium on the protective
properties of the surface oxide film. The rate of
oxide growth depends on the ionic flux through the film,
and this may be influenced independently by changes in
the diffusion constants of the film or changes in the
diffusion‘distance, both of which can be caused by the

addition of an alloying constituent.

"II(1) Conclusions

It is clear from the literature that much of

- the understanding of the corrosion mechanisms of uranium

was influenced by considerations of the mechanical

aspects of the attack, The early American work1’5’58’42

accentuated the importance of phenomena such as physical
breakdown of the oxide and the discontinuous failure

of the metal due to intefnal stresses.

More recent wo::'kq’"9 concerned with the electrode

characteristics of uranium, suggested that the rate-
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controlling steps in the corrosion process may occur
within the oxide which is formed and that damage |
probably results from changes in the electrical pro-
perties of the protective film rather than from mechan-
ical failure. The possibility of a relationship between
the conductivity of the oxide and the corrosion rate
was proposed. However, although the theoretical basis
has been laid by these studies, there appeared to be no
factual evidence available in the literature which could
establish such changes in the properties of the pro- |
tective film as would result from additions of hydrogen
and/or other alloying constituents and, thus, lead fo

a higher or lower rate of corrosion,

Bearing in mind the lack of qualitative'data,
it was decided to investigate the effect of alloying
content and several other variables both on the electro-
chemical characteristics of the oxide and the kinetics
of film growth. Two main experimental techniques were
selected; the one, designed to measure changes in the
properties of an oxide—covefed electrode during corrosion,
and, the other, to measure the rate of the corrosion.
The seléction of both techniques was Qetermined by
the fulfilment of the following requirements: (1) The
ability to control the test conditions - in particular

the hydrogen activity at the specimen surface. The
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reason for this is made clear latef. (2) The ability

to make the necessafy measurements without removal of
the specimen from the enviromment. It is believed that
an interruption of the corrosion process would be likely

to influence the subsequent rate.

The materials examined in the present research
were: U-12 wt % molybdenum and the alloy series, uranium,
U-5 Wt % zirconium and U-10 wt % zirconium. The molyb-
denum alloy was used only in preliminary studies. The
zirconium series, which was examined in detail, was
chosen since it was known from the data that identifiable
changes in corrosion behaviour would occur within reason-
ably short periods of time at test temperatures below
the boiling-point of water. The documentation of
previous work and the difficulties associated with making
electrochemical measurements at temperatures above 100°C
both contributed towards the final selection of these
materials. The inclusioﬁ of the ten weight-percent
alloy provided an opportunity for comparing the properties
of a resistant alloy with those of less resistant

materials under identical conditions..
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SECTION IIT

EXPERIMENTAT, TECHNIQUES AND PROCEDURE
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SECTION TIIX

EXPERIMENTAL TECHNIQUES AND PROCEDURE

The experimental methods employed in this
research will be considered separately under the broad
headings : Electrode Properties and Corrosion Behaviour.
The first section will be devoted to an examination of
the various equipment and procedures necessary to the
measurement of the hydrogen overpotential and the
capacity and conductivity of U/UO2 cathodes. The
second section will consider the optical device and
techniques developed for ﬁhe estimatibn of corrosion
rates, A simple arrangedent which enabled simultaneous
measurement of both the corrosion rate and the capacity

and conductivity of the electrode will also be described

in this section.
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PART ONE - ELECTRODE PROPERTIES

IIT(a) Hydrogen Overpotential Meagurements

The hydrogen overpotential characteristics
were investigated by two separate methods. In the
initial stages of the research, a conventional variable-
resistor technique was employed. This was discarded later
in favour of a potentiostatic method which was used in
conjunction with an impedance bridge and permitted
simultaneous measurement of both the overpotential and
the capacity and conductivity of the electrode. This
technique enabled accurate correlation of the results
and the observation of certain relationships which might

otherwise have been obscured.

Some variables which were included in the pre-
liminary studies were not repeated later. Hence, neither
the experimental details involved nor the results obtained

will be considered in full within this thesis.

(i) Variable-Resistor Method

Overpotential tests involve a measurement of
the potential difference between the polarised cathode
and a standard electrode when a given current is flowing
between the cathode and the anode. Fig. 10 shows in
scheme the circuit employed in the variable-resistor
technique of measurement. The potential difference

between the test electrode and the reference electrode
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(standard calomel ¥-cell) was recorded by a valve-
voltmeter with an input impedance of 1072 onms (E.I.L.

PH meter Model 23A). The current passing between the
test electrode and the auxiliary anode of platinum foil
was measured by a sensitive galvanometer ('Scalamp'

Pye 7893/S) with a built-in shunt. The high impedance
of the valve-voltmeter restricted the current drain

from the cell, and accurate measurements were, therefore,
possible even at voltages where the resultant current

density was very low,

During measurements at high current values,
the potential of the test electrode was adjusted by
means of the two variable resistors A and By fine ad-
justments were made with the 6 ohm resistor B. Measure-
ments of potential at equivalent current values below
~ 100nA, however, required a different method of control,
Depression of switch C altered the circuit to a potentio-
metric system which was able to fulfil the necessary

requirement.

The technique described above was used to
examine the effect on the overpotential of the following
environmental variables :-

(1) Gas content of the electrolyte: oxygen-free,
air-gsaturated and oiygen—saturated.

(2) Temperature of the electrolyte: 2°C, 18°C and 80°C.
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(3) pH of the electrolyte: 1, 2.4, 9.7 and 13.

Fig. 11 shows the cell employed for the measure-
ment of overpotential in oxygen-~free solutions at room-
temperature. The anode and cathode compartments are
connected by a bridge containing the electrolyte. Isol-
ation of the auxiliary electrode was necessary in order
to prevent depolarisation of the reaction by the anodic-
ally-formed oxygen. The probe P is connected to the
reference cell by a salt-bridge and is allowed to rest
very near the surface of the cathode. This device mini-
mises the ohmic pseudo-overpotential caused by the IR
drop in the electrolyte. Provision is made for the
bubbling of gas into the solution. In this case, oxygen-
free nitrogen was used to reduce the concentration of

oxygen in the electrolyte to a minimum,

Separation of the two electrodes was unnecessary
during measurements in either air-saturated or oxygen-
saturated solutions, and these tests were conducted in a
single compartment. A water suction-pump was used to
induce a flow of air through the electrolyte% cylinder

oxygen was introduced via the gas inlet.

Tests at temperatures other than room-temperature
were again conducted in single compartments. The low-

temperature and high-temperature conditions were achieved
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by the use of an ice bath and a heating mantle respect-
ively. Frequent thermometer readings were taken, and
overpotential measurements were commenced only after a

constant value of temperature had been attained.

The compositions of the wvarious electrolytes

used is given in the list below :

pH 1 IN HC1
pH 2.4 Na,HPO, + citric acid (Buffer)
pH 9.7 0.2N Na2C05+ GC.2N NaHCO3 (")

pH 13 0.1N NaOH

A1l solutions were prepared from distilled water and

Analar grade reagents.

The test specimen was a U-12 wt % molybdenum

alloy which had been arc-cast and certified as 99.95
pure (A.E.R.E. Harwell). Before examination, it was
given the following heat-treatment: The specimen was
enclosed in a tantalum foil envelope and placed in a
silica tube which was then evacuated and sealed. Strips
of zirconium foil contained in e side-extension of the
tube provided a getter for any remaining air. The
specimen was heated in a furnace at 1000°C for seven

days and then water-quenched from this temperature.

After the heat-treatment, the specimen was cut
and mounted in a cold-setting synthetic resin (Ciba

Araldite) to fit the socket at the base of the test cell.
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A brass screw provided the electrical contact to the

back of the specimen.

The experimental procedure employed is given
below:-
(1) The specimen is wet-polished on emery papers
(down to grade 600), and is fitted to the cell.
(2) The cell is filled with electrolyte and flushed
with the appropriate gas for approximately one hour.
(3) Measurements are commenced as near EH= OV as
possible; the potential is decreased in steps of about
100 mV. Readings of potential and current are taken
after one minute at a given potential.
(4). At very negative potentials bubble formation
makes accurate readings difficult. The procedure is
reversed and measurements are made at intervals of in-~
creasing potential.
(5) The specimen is removed from the cell and its
surface area is measured with a travelling microscope.

(6) E, is plotted against the logarithm of current

H
: 2 : o
density per cm.” (see Fig.6). ¢Ey = -E + Egqp

where, E. is the potential with respect to the hydrogen

H
scale, E is the measured potential, and Eq.p 1S the
potential of the reference electrode on the hydrogen

scale (+0.,250V).
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(i1) Potentiostatic Method

The procedure followed during potentiostatic
measurements was essentially the same as that given
above. Modifications were necessary only to the elect-

rical circuit and the construction of the test cell.

The modified circuit is complex and cannot be
separated from that of the impedance bridge; it will be
described in the next sub-section. The potentiostat44’45
- (A.E.R.E. type 1l4654) is shown schematically in Fig.l2.
It can be seen from the figure that electrical connection
was made to the anode and to a silver-silver chloride
reference electrode. This electrode was prepared by

immersing a silver strip in concentrated hydrochloric

acid.

The potentiostat was used to control the
voltage by impressing a current on the specimen. The
resulting voltage was measured, with reference to a
standard calomel half-cell, by a valwe-voltmeter. The
current was measured by a galvanometer connected to

the terminals A and B of the potentiostat.

Measurements were conducted in a single com-
partment (see sub-section III(b). The cell was adapted
to provide for the presence in the solution of two
reference electrodes (Ag/AgCl and S.C.E.) and a

tubular specimen holder.
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The materials examined were natural uraniun,
uranium- 5 wt.% zirconium and uranium- 10 wt.% zirconium.
The natural uranium was supplied by A.L.R.E. and certified
as 99.95% pure (impurity analysis - O = 40 ppm, N = 10 ppm,
C = 30 ppm, Si = 8 ppm, Fe = variable 10-90 ppm, Al = 3 ppm).
It was‘not subjected to a preliminary heat-treatment since
there 1s only one lattice structure (e¢) which is possible
for the pure metal. The alloys, prepared from 99,95%
pure uranium and low hafnium 99.9% pure zirconium (Van
Arkel), were supplied in the arc-cast condition and,
after receiving the same heat-treatment as the uranium-~
12 wt.% molybdenum alloy, were water-quenched from the ¥-

temperature region.

After heat-treatment, the specimens were cut
and spot-welded to a tantalum strip which was in turn
spot-welded to a thin brass rod; the whole was then
mounted with Araldite in a glass tube. Electrical contact

was made.to the rod,

Measurements were made at room-temperature in
either oxygen-free or oxygen-saturated solutions of pH

9.7 and the results plotted as current density vs. Egpe

ITI(b) Impedance Measurements

The details of the technique for measuring

capacity and conductivity have been reported previously%’

9’25, and some results have been published, It is
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intended, therefore, to describe only the principles

of the method in this sub-section.

The schematic diagram of the equipment is shown
in Pig. 13. A4 large square wave a.c. signal (about
© 100V RMS) is applied across two networks of which the
first consists of a large resistance in series with the
cell containing the test electrode, and the second of
a large resistance in series with an analogue circuit
compoSed of a capacity and resistance in parallel. The

purpose of the series resistance is, effectively, to
convert the voltage source to a current source.

The response of the test electrode to the square
wave current is measured by the Ag/AgCl reference elect-
rode, and balanced, in both magnitude and phase, against
the voltage developed across the analogue. Both responses
are amplified and compared on a cathode ray oscilloscope.,
Balance which is achieved by varying the capacity and
resistance of the analogue is indicated on the CRO by

a straight line inclined at an angle of 45°,

The equipment was built to fulfil the following
requirements :- |
(1) The ability to achieve a rapid balance.
Prolonged periods, especially at negative potentials,

are likely to influence the properties of the electrode.
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(2) The ability to polarise the electrode to a given
d.c. potential.
(3) The ability to measure values of resistance

6

between lO5 and 10~ ohnms, and values of capacity ranging

from a few microfarads to several hundreds,

The experimental procedure followed during the
impedance measurements was essentially the same as that
- for the potentiostated overpotential tests. The mater-
ials and solutions used were common to both types of
experiment. During measurement, the capacity and con-
ductivity of the electrode were balanced at each value
of the polarising poteﬁtial. Results were plotted in

2 VS, EHA.

microfarads/cm.2 and ohms—l/cm.

PART TWO - CORROSION BEHAVIOUR

III(c) Corrosion Rate Meagurements

The equipment developed for the estimation of
corrosion rates has been adapted from a previous

design46’47

with some minor alterations. The operating
principle of the technigque involves a continuous measure-
ment of the intensity of light reflected from a metal
corroding in an aqueous environment, and calculation

of film thickness by comparison with the intensity re-

flected from a clean surface. The growth of an optically-
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absorbent film results ih a continuous reduction of re-
flected intensity; the relationship between light intensity
and thickness of film is given by one of the following

two expressions :-

(1) When rmonochromatic light is used :

A
)(EnlOos Q%

(v + x) = (=2
where, y is the thickness of the oxide at which minima
occurs in the reflectivity; x is a constant which allows
for the reflection phase changes; r = 1,2,3 etc.; A is

the wavelength of the light; ¢l is the angle of refraction,

and nl

is the refractive index of the oxide at wavelength)\.
(2) When 'white' light is used

I = I 297

where, IO is the intensity of light reflected from the
clean metal surface; I is the reflected intensity when
the thickness of the oxide is y, and © is the optical

absorption coefficient of the oxide.

The equipment is shown diagrammatically in
Fig. 14. Light from a high pressure mercury lamp S
(Phillips HPK/125) is focussed by a condensing lens on
the mirror M which is mounted inside the main tube A at an
angle of about 45°, It is then reflected as a divergent
beam through the lens I mounted in the front of the test

cell. The main tube is adjustable in length and the
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distance from M to L has previously been made equal to
the focal length of the lens; the transmitted beam is,
therefore, rendered parallel before reflection from the
specimen which is positioned immediately behind the lens.
After passage through the tube, the intensity of the re-

flected light is measured by the photoelectric cell Pl.

When required, monochromatic light was obtained
by the interposition of a filter (Ilford type 808)
between the light source and the condensing lens. The
filter was chosen to transmit the high intensity yellow
doublet lines (5771-5791 ﬁ) from the spectrum of the
mercury lamp.

Photocurrents caused by extraneoué light or light
reflected from surfaces other than that of the specimen
were 'backed-off' by a monitor es—a—sFerdard photocell
P2 which was connected in opposition to Pl and also
acted as a standard for light intensity. The counter-
current was generated by light from the source trans-
mitted through a variable iris-diaphragm to the photocell

P The diaphragm, mounted within the secondary tube B,

o
served as course control for the back-off current. Fine
control was provided by the potentiometer R2 included in
the measuring circuit,

The measuring circuit is shown in Fig. 15. The

function of the potentiometer 32 has already been

mentioned. Optimum adjustment for extraneous currents
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was indicated by zero deflection of the galvanometer G.
The potentiometer Rl served to adjust the photocurrent,
developed by the initial reflection from the polished
specimen, to give full-scale deflection on the O - 1 mV
scale of the recorder (Cambridge Flectronic Recorder

Model D.E.). During the test, the decrease in intensity
due to film growth was converted to voltage and automat-
ically recorded. The ripple imposed on the light source
and, hence, on the photocurrent by the 50 cycle mains
current was found to decrease the stability of the record-
er. The capacitors, shown connected in parallel with

the galvanometer, provided a damping circuit which reduced

this effect.

Especial care was taken in the congtruction of
the equipment to prevent leakage of light from external
sources. .All interior surfaces were finiched in matt-
black in order to decrease the possibility of interference

from stray reflections,

The two photocells (Megatron type B) were
specified to have a linear response over the range of
intensities used. The light source was stabilised by
the incorporation of a constant voltage transformer
(4dvance Components Ltd. type M.T. 2674) in the mains
circuit. ZExperiment showed that a 5% fluctuation in mains
voltage resulted in a change of less than 1% in the light

intensity.



72

The test cell (Fig. 16) was fabricated from a
black, sheet plastic (W&" thick). The sheets were cut to
the required dimensions and the Jjoints were first
cemented, and then bolted togethsr to provide a rigid,
leak-proof structure. The lens was cemented in position
with Areldite. The cell was mounted on a table with
adjustable three-point suspension which enabled optimum

alignment of the cell with the aperture of tube A.

The equipment described above was employed to
examine the effect on the corrosion behaviour of the
following variables: polarisation, alloy composition,
gas-content of fhe electrelyte, pH of the electrolyte,

and temperature of the electrolyte.

The majority of corrosion rate tests was made
potentiostatically at cathodic potentials. The potential
was measured, with respect’to a calomel reference
electrode, by a valve-voltmeter. A potentiostatic
technique was employed since it permitted a qualitative
estimation of the effect on the corrosion rate of
corrosion-product hydrogen (hydrogen activity can be
calculated if the impressed potential is known (see
sub-section II(d) ). Free-corrosion measurements do not
allow a similar estimation. Fig. 17 illustrates some
- time vs. potential curves for freely-corroding uranium;

it is clear that the potential is unstable in all ceases
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and varies considerably with time.

The materials examined (pure uranium, uranium-
5 wt % zirconium, uranium- 10 wt % zirconium) by the
optical technique were, except for size, identical in
all respects to the specimens tested with the impedance
bridge. BTach specimen was approximately 1 cm. in
diameter, and was mounted at one end of a glass tube of
previously determined length (see Fig. 16). Care was
taken to ensure that the tube, when inserted in the
cell, would position the specimen directly behind and
parallel to the lens. Electrical contact to the metal
was provided by the same method as used in the preparation

of the impedance test electrodes.

Measurements were conducted in either 6xygen-
free or oxygen-saturated solutions. A fine dispersion of
the appropriate gas (oxygen-free nitrogen or pure oxygen)
was obtained by using a capillary inlet in the solution
(Fig. 16).

The compositions of the various eléctrolytes

used in corrosion rate measurements are given in the list

below:-
pH 5.4 0.1 N K,80,
pH 9.7 0.2 N NayCO, + 0.2N NaHCO;
pH 11.6 0.1 N Na,00y4

pH 13 0.1 N NaOH
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The choice of these solutions was influenced by the pH-
potential diagram (Fig. 7), which shows that uranium
oxides are stable at these values of pH over a wide

range of potentials,

411 solutions were prepared from distilled

water and Analar grade reagents,

The influence of solution temperature on the
corrosion rate was investigated. Measurements were
made at various impressed potentials in the temperature
range BOO - 60°%. & special test cell was constructed
from a plastic @olypropylené) capable of withstanding
temperatures as‘high as 12500. without loss of rigidity.
In addition to the features incorporated in the room-
temperature cell, provision was made for the use of an
immersion heater, a temperature-controlling thermometer

and a reflux condenser.

The heater was especially prepared to fit the
bottom of the cell by bending a silica tube which con-
tained a heating-coil and powdered alumina., Power was
supplied through a variac and the output, during
operation, was maintained at approximately 100 watts.
The thermometer (Electromethods) was positioned at one
inch from the specimen, and could be set to control at

any temperature between 0° and 100°C. within certified
limits of accuracy *0.1%. a4 relay, activated by the

thermometer, switched the heater circuit,
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The experimental procedure followed during
both room—temperature and high-temperature tests 1is

given below:

(1) The cell is filled with electrolyte and flushed
with the appropriate gas for one hour. Electrolytes are
allowed to stabilise at the required temperature for

half an hour.

(2) Extraneous light is backed off with potentiometer
R,
(3) The specimen is wet-polished to a mirror-finish

on emery papers down to grade 600 and then washed and
dried.*

(4) The specimen is inserted in the cell within a
half minute of drying and adjusted to give maximum re-
flection of the incident light beam on to the photocell
Py (this is indicated by maximum deflection of the

galvanometer).

%

N.B. Wet polishing on abrasive papers is reported36 to
be a satisfactcry method of surface preparation for cor-
rosion rate tests on uranium and uranium alloys. Good
reproducibility is obtained when specimens are tested
shortly after polishing. An examination was made, during
the present work, to determine whether air-exposure of
the specimen, prior to testing, affected the subsequent
corrosion rate. The results indicated that exposure
times as long as 20 minutes produced no significant
change in the initial rate of corrosion.
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(5) Adjustment is made with potentiometer Ry to
give full-scale deflection of the recorder.

(6) The potential of the specimen is adjusted to
the required value with the potentiostat (free-corrosion
measurements naturally, do not require this step).

@), The test is continued until a ten-fold decrease
in the reflected light intensity is indicated by a re-

corder reading of 0.1 mV on the 0 -1 mV scale,

IT1(d) Simultaneous Measurement of Impedance and

Corrosion Rate

‘An attempt was made to establish whether a
change in the corrosion kinetics of uranium involved a
corresponding change in the electrode properties. A
number of tests was conducfed'in.which the impedance
of the specimen was measured during corrosion at fixed

cathodic potentials.

Connection was made betwecen the impedance
bridge (described previously) and the corrosion cell by
replacing,in the cell,the Iuggin capillary from the
calomel electrode by the silver-silver chloride refer-
ence electrode from the bridge. The reference electrode
was used to measure the response of the specimen to
the applied signal. Polarisatioh of the specimen was

induced by the potentiostat incorporated in the bridge.
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Measurements of capacity and conductivity were made at
intervals of approximately fifteen minutes during the

period of recorded corrosion,

All tests were conducted on pure uranium in

oxygen-free solutions of pH 5.4.
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SECTION IV

RESULTS
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SECTION IV - RESULTS

PART ONE ... ELECTRODE PROPERTIES

IV(a) Overpotential Measurements

- Measurements of the overpotential on uranium-
12 wt % molybdenum electrodes have established the
existence of two transitions in the/hydrogen evolution
kinetics. The first transition results in a rapid in-
crease in current density indicating easier kinetics
while the second, occurring at more negative potentials,
has the opposite effect and involves a return to a higher
overpotential. All curves obtained exhibited a marked

hysteresis similar to that described by Loscos.

Fig. 18 shows the effect of solution pH on the
overpotential. It is clear that, although the general
shape of the curve remains unaltered by changes in pH,
increasing acidity causes the transitions to occur at

more positive potentials.

The influence of solution temperature on the
overpotential of the alloy can be seen from Fig. 19.
It is interesting that an increase in temperature and a
decrease in pH both appear to have a similar effect on
the transitions. Again, the shape of the curves seems

to be virtually independent of the test conditions.,
Fig. 20 illustrates overpotential curves obtained
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for measurements in solutions of varying oxygen-content.
An increase in oxygen concentration has two apparent
effects: (1) it allows higher current densities to be
achieved at potentials down to about -l.4 V Eq (indicating
an easier discharge mechanism), and (2) tends to eliminate

the two transitions to give an almost straight Tafel line.

Although a quantitative estimation was beyond the
limits of accuracy of the measuring technique, 1t can be
seen from Figs. 18 to 20 that the hysteresis in the
curves was unaffected by changes in the environment.

Fig. 21 shows thaﬁ a similar hysteresis is common to the
overpotential curves obtained for some other oxide-covered

metals (including aluminium, see sub-section II(c)).

IV(b) Simultaneous Electrode Measurements

Simultaneous measurements of both the hydrogen
overpotential and the impedance of pure uranium, uranium
~5 wt % zirconium and uranium-10 wt % zirconium electrodes

were made potentiostatically in solutions of pH 9.7.

Figs. 22 to 24 record the results obtained in
oxygen~free solutions. The following observations are of
interest:-

(1) The rapid increase in current density at negative
potentials can be compared to the similar increase in
the conductivity. Addition of the alloying constituent

appears to lower the potential at which the transition
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in kinetics occurs.

(2) Hysteresis is common to measurements of both over-
potential and impedance. There is a tendency at inter-
mediate potentials for the effect to be of thevopposite
type to that normally encountered.

(3) - The unusually large values of‘capacity measured

at potentials above about EHA: 0 V can be compared to the
high conductivity of the oxide at correSponding potentials.
(4) The effect of increasing the zirconium content of
the specimens is to decrease the capacities and con-
ductivitieé of the oxides formed, to lower the potentials
et which ﬁhetcépacity and conductivity peiks occur, and

to incrcase the overpotential.

Fig. 25 illustrates for one specimen (pure uranium)
the general effect on the electrode propertieé of oxygen
additions to the electrolyte. Several significant differ-
ences between these results and results obtained in
oxygen-free solutions have been identified; some are

listed below:=

(1) Higher values of capacity and conductivity are
obtained.
(2) Higher values of current density are ocbtained at

intermediate potentials,
(3) 4 significant change in the kinetics of the
hydrogen discharge reaction is found to occur near the

hydrogen evolution potential (EHA-z O V). This is shown
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by the sharp "breagk" in the slope of the Tafel line.
(4) The interrelated "breaks" in the conductivity and
overpotential curves occur at more negative potentials,

and appear to be less clearly defined.

A number of tests was conducted in which the
impedance and overpotential were measured independently
in solutions of pH other than 9.7. The resulfs were
similar in character to those obtained during simultan-
eous measurements, but precise correlation between over-
potential and impedance was difficult due to slight
differences in the experimental conditions. Since the
main intention here is to show the existence of such
relationships, these independent measurements are not

reported.

PART TWO ... CORROSION BEHAVIOUR

IV(c) Technigue

The type of result obtained with the optical
equipment was determined by the nature of the incident
light beam, following the twovintensity-thickness relat-
ionships stated earlier. If the incident light were
rendered monochromatic with the optical filter, inter-
ference maxima and minima were obtained superimposed on
an absbrption curve while 'white' light‘measurements gave
a simple absorption curve. Records made by both techniques

are shown in Figs, 26a and 26b,
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The monochromatic-~light technique involved no
assumption about the absorption coefficient of the oxide,
and could be employed to give accurate measurements of
relative film thickness. Calculation of absolute thick-
nesses required knowledge of the refractive index of
the oxide. However, the relatively low intensity of
the monochromatic lines from the mercury light source
and the high optical absorption coefficient of uranium
oxides precluded the measurement of all but thin films.
Furthermore, it was difficult to obtain sufficient points
with this technique for an accurate representation of
the different growth—processes since only the maxima

and minima could be plotted.

The second technique, due to the greater light
intensities available, could be used to measure much
thicker films, but assumed an absorption coefficient
which is independent of thickness. Over the range of
oxide thicknesses where both the first and second
methods of measurement were applicable, the results

were, within the experimental error, the same.

The results reported in this thesis are derived
from 'white' light measurements, If, in the expression
I=1, =2 © I,y is coﬁsidered to be some function of
time t, then |
o2 © £(t)

I = Io
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and,
log I = logJI, = 2 e.f(t)

A plot of (log I, - log I) vs. t gives‘relative'film

thickness as a function of tine.

The 'white' light technique was recommended by
its ability to (1) measure the rate of the initial stages
of corrosion wiﬁh accuracy, and (2) procure a contin-
uous record of the corrosion process and, hence, allow

identification of the various transitions in kinetics.

IV(d) Calculation of Data

The agueous corrosion of uranium is known to be
governed by more than one growth law, and, in many cases,
proceeds in the following sequcence: parabolic - linearl
- lineare. The corrosion behaviour cannot, therefore,
be truly represented in terms of the total thickness of
oxide formed in a given period of time, but must take
into consideratién the separate kinctic processes which
are involved and thé effect of environmental variables
and alloy additions upon them. The following parameters
are of major interest:- (1) kp, the parabolic rate
constant, (2) ky+ , the constant of the first linear
period, (3) kyn , the constant of the second linear
period, (4) T, the apparent film thickness at which the
parabolic-linear transition occurs, and (5) T peor ThE

theoretical film thickness at which the transition occurs.
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The values of these parameters are calculated from the .
relative thickness vs. time curves by the methods

described below.

Fig. 27a which illustrates the corrosion of a
cathodically-polarised uranium alloy in pH 5.4 solution
is taken as typical of the majority of corrosion rate
results obtained. The initial curved portion of the
graph represents adherence to the parabolic law; linear
growth is shown by the two straight lines. The apparent
parabolic-linear transition occurs at T. The linear
time-ordinate which has been used does not allow the
calculation of kp from this figure, but kl' and kl" are
given by the slopes (change in thickness/100 mins.) of
the two straight lines. Ttheo is the limiting thickness
of the diffusion layer, and is calculated by drawing,
tangentially to the parabolic curve, a line of gradient
kl" The point of tangential contact, then, defines
the film thickness at which linear growth commences,
and to which the oxide 'cracks-back' from the non-

equilibrium value T.

The parabolic rate constant, kp7 15 calculated
from Fig. 27b. Here, the film thickness values of
Fig. 27a are plotted against a t% ordinate, and the
straight line obtained denotes the parabolic region.

The numerical value of kp is obtained by squaring the
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gradient (change in thickness/100 root-mins.) of the
line. The additional constant, incurred by the deviat-
ion of the straight line from the origin, is probably
due to a surface effect resulting from either the air-
formed oxide present on the specimen or from adsorbed

oxygen, and has been ignored for the sake of simplicity.

In special cases, where oxide growth is neither
linear nor parabolic, the order of the growth law is
calculated from the slopes of log (log IO - log I) vs.

log t graphs.

IV(e) Zffect of Cathodic Polarisation on Corrosion Rate

fig. 28 shows the corrosion, in pH 5.4 solution,
of pure uraniﬁm at several cathodic potentials. The
following observations are of interest :-
(1) The total corrosion increases with décreasing
potential, i.e. with increasing hydrogen activity.
(2) kp increases with decreasing potential (this can
be seen even from the linear plot).

(3) T and T are not significantly affected by

theo
cathodic polarisation,

(4) At very negative potentials, there is a tendency
for parebolic growth to occur tco rapidly to be detected,

and the corrosion appears to be linear.

The transition from one linear rate to a faster

linear rate which has hitherto been observed1 only at



87

high temperatures and termed "breskaway" is also evident
in Fig. 28. It has been previously reportedl that an
increase in the test temperature leads to a decrease

in the duration of the first linear period and to a
greater rate constant for both the first and the second.
The figure shows that increasing cathodic polarisation

has a similar effect upon the growth kinetics.

Some curves of the cathodic corrosion of uranium
-5 wt % zirconium inApH 5.4 solution are shown in Fig.29.
The results illustrate clearly the marked resemblance in
behaviour between the alloy and the pure metal. The

time to "breakaway", however, is increased by alloying.

The corrosion behaviour of the uranium-10 wt %
zirconium alloy is somewhat different. Farabolic oxide
growth on this metal proceeds in successive steps -
each step having a greater rate constant than the
preceding one (Fig. 3C). It is clear, however, that

the corrosion rate increases with decreasing potential.

The effect of cathodic polarisation on the
corrosion parameters of pure uranium and uranium-5 wt %
zirconium in pH 5.4 solution is summarised by the

following tabulations of data.



88

TABLE ONE (Pure uranium)

By K, K K T Ttneo
0 0.75 0.%5 - 1.1 1.1
~0.2 2.1 0.65 0.85 1.75 1,55
-003 5-1 1045 2.1 1.9 195
_0.4 6.4 2.4 5.8 2.0 1.4

TABLE TWO (U=5 wt % Zr)

Brip k, Ky Ky T Tneo
_Ocl 2.55 0045 - 5.6 2.8
-0.2 3.8 0.65 - 3.6 2.8
—OCB 5.5 0090 1.55 208 208

-0.4 11.53 1.85 2.4 5.25 2.8

A simple relationship between hydrogen activity
and corrosion rate was deduced from the results obtained
from measurements at cathodic potentials, ©GSeveral
possibilities were investigated but the best straight-
line fit was found when kp and kl' were plotted against
e? (Figs. %1 and 32), thus indicating that the corrosion
rate of uranium and uranium-5 wt % zirconium appears to

be directly proportional to the square of the hydfogen
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activity (or pressure).

The influence of alloying constituents on the
corrosion behaviour of uranium can also be derived from
the results described above. Reference to Tables 1 and
ITI shows clearly two effects caused by addition of the
alloying element : (1) an increase in Tthe parabolic
rate constant kp , and (2) an increase in the Value»of
the film thickness, Ttheo’ at which the parabolic-~linear
transition occurs. Despite the complexity of the results,
measurements on uranium-10 wt % zirconium confirm these
trends; it can be secen from Fig. %0 that parabolic oxide
 growth on this alloy continues to thicknesses of film
which are substantially greater than those on the other

two materials.

The effect of alloying on the corrosion rate is
shown diagrammatically in Fig. 33. Here, the corrosion
of uranium-10 wt % zirconium has been illustrated,

for the sake of simplicity, by a single smooth curve.

IV(f) Effect of Solution pH on Corrosion Rate

The corrosion processes of both pure uranium and
uranium-zirconium alloys were found to be considerably
altered in solutions of greater alkalihity than pH 5.4.
The results when plotted against a linéar time-ordinate
were difficult to interpret but, nevertheless, indicate

(1) that, in many cases, growth of the oxide film is
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governed by complex laws (accelerating film-growth),
and (2) the disappearance of the direct relationship
between corrosion rate and hydrogen activity. When
log(log I, - log I) vs. log t graphs were plotted, however,
certain patterns of behaviour were emergent and these
arc described below.

Figs. 34a and 34b show the corrosion behaviour
of pure uranium in pH 9,7 solution. The following ob-
servations are of interest :-
(1) At and above Egy = 0 V (Fig. 34a), corrosion is
either parabolic or paraboeclic changing to approximately
linear. The rate increaseswith decrecasing potential.
(2) Between ~0.2 Ey, and -0.5 Eg, (Fig. 34b), corrosion
is initially lincar (approximately) and changes in time
to a complex law. The rate decrecases with decreasing
potential.
(3) Below =0.5 Ey, (Fig. 34b), there is a tendency for
the initisl corrosion to approximate more closely to the
linear law. The rate incrcases with decreasing potential,

The corrosion of uranium-10 wt % zirconium in pH

9.7 solution is illustrated in Figs. 35a and 35b. It can
be seen that the results indicate a continuation of the
trends established for the pure metal, with, however,

two significant differences which are listed below :-

(1) The overall corrosion rate of the alloy is lower.

(2) The changes in the corrosion process occur at more
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negative potentials, i.e. first, between EHA = -0.2 V
and B, = -0.3 V (instead of between Egy = OV and
Ep, = =0.2 V) and, second (apparently), somewhere
below -0.7 Eqp (instead of between EHA = -0,5 V and

E = "'006 V)o

HA
The corrosion behaviour of pure uranium in pH
11.6 solution bears a marked rcsemblance to the behav-
iour in pH 9.7 solution, Figs. 36a and 36b show that
the changes in corrosion process occur at approximately
the same hydrogen acti#ity potentials, although the
kinetics of the initial growth periods are somewhat

different in the more alkaline soluﬁions.

The corrosion in pH 13 solution has not been
investigated in detail. However, those measurements
which were made (Fig. 37) confirmed the pattern of
complex behaviour observed in other alkaline solutions.
Again, it can be seen that alloying diminishes the

overall corrosion rate at any given potential.

The dependence of the overall corrosion rate of
pure uranium (at a given potential) on the pH of alkaline
test solutions is illustrated in Fig. 38. It is clear
that, for the conditions chosen, the rate increases with
increasing alkelinity. DNote again the similarity between
the corrosion kinetics of uranium in various alkaline

solutions.
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IV(g) Effect of Solution Temperature on Corrosion Rate

Corrosion rate measurements were conducted on
both pure uranium and uranium-5 wt % zirconium cathodically-
polarised in pH 5.4 solution. The following potentials
were chosen: (pure uranium Eg, = + C.1 V, oV, -0.1 7V,
-0.2 V and -0.3 V; (uranium-5 wt % zirconium) By = +0.1 V,
0V and -0.1 V, | |

The results show that at temperatures between 500
and 60°C and potentials of ~0.2 V and above the corrosion
is governed by the usual parabolic-linear kinetics. How-
ever, at temperatures above 30°C and potentials negative

to =0.2 V B the initisal kinetics are linear and are

HA?
followed in time by complex growth laws (indicating
accelerating film growth). Fig. 39 illustrates some

results obtained for corrosion under the latter conditions.

The e¢ffect of solution temperature on the rate
constants of parabolic growth at various potentials is
summarised for both pure uranium and the alloy in the

following tables.:



93

TABLE THREE (Pure Uranium)

e +0.1 V 0V | ~0.1 V| -0.27
X E, K K
30 37.8 102 228
35 21.2 45,6 130 275
40 174.2 |
45 41 80.1 390
50 50,4 275
55 139.2 484
60 85.6
TABLE. FOUR (U-5 wt % Zr)
1°c 0.1 7 oV 0.1V
£ £ £
30 3l.4 69.7 111
35 . 78.3
40 45,6 92.2 158.7
45 114.5
50 64 132 213.2
60 83.9 282

given potential, the corrosion rate increases with in-
creasing temperature, but (2) that at the higher end of

the temperature range the growth rate of oxide on the

It can be seen from the data (1) that, at a
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pure metal becomes more rapid than on‘the-alloy. Ob-
servation (2) coﬁflicts with results obtained at room
temperature where it was found that fof_a given potential
the psrabolic constant,'kpﬁ for uranium—s wt % zirconium
Was approximately two times greater than for the pure

metal.

Figs. 40 and 41 show the temperature dependence
of kp for‘cathodiqglly—polarised pure ursnium and uranium;‘
5 wt % zirconium respectively. Activation energies for
parabolic growth were calculated by the standard method
and were found to lie between 6.3 and 11.2 Kcals./gm.-mole
for pure uranium and 6,1 and 6.9 Kcals./gm.-mole for the .
alloy. It is important to note from the figures (1) that
alloying with zirconium reduces the activation energy fbr |
diffusion, and (2) that cathodic polarisation appears to

\

have a similar effect.

WJith regard to observation (2), it is believed
that, although the error of ¥ 10% which is often assoc-
iated with plots of the type shown in Figs. 40 and 41
may appear to exclude the possibility of this being a
significant effect, the fact that both the pure metal and
the alloy demonstrate a similar trend (i.e. decreasing
activation energy with decreasing potential) provides

evidence in favour.
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IV(h) Effect of Sclution Oxygen-content on Corrosion Rate

The effect of oxygen in solution upon the
corrosion rate was investigated and appeared to be diffi-
cult to interpret. The kinetics of film growth are
affected by the addition.of oxygen, and the results (Fig.
42) show that initial corrosioﬁ approximating to a
Mparabblic mechanism is succeeded by complex growth. It
can also be seen from the figurc that the effect of
cathodic polarisation on the corrogsion rate of pure
uranium in oxygen-saturated pH 5.4 solution is contrary
to the behaviour in oxygen-free solutioh in that the

corrosion rate is reduced by decreasing potential.

Free-corrosion measurements in oxygen-saturated
solutions also obtained unexpected results. It is
observed that under these conditions the overall corrosion
rate of the pure metal is less rapid than that of the
alloys. However, it must be stressed that these tests
were for comparatively short periods of time, and that
the data obtained are relevant only to the early stages

of corrosion.

IV(i) Free Corrosion at Room-Temperature

The free-corrosion behaviour of pure uranium
and the two alloys in oxygen-freé pH 5.4 solution is
illustrated in Fig. 43. It can be seen that the alloys

corrode less rapidly than the pure metal although the
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sharp increase in the corrosion rate of the ten pecrcent
alloy is unexpected. This "break" was found to be re-
producible, but could not be related to any change in

the electrode potential of the metal.

IV(j) Simultancous Measurement of Impedance and Corrosion

Rate

Measurements were made at several cathodic
potentials but the results obtained were not very con-
sistent. In many cases, neither the capacity nor the
conductivity of the oxide was significantly altered during
the entire period of cofrosion. waever, in a small
percentage of the results, e certain trend was detectable;
the best example is shown diagremmatically in Fig. 44.
Here, it can be seen that a rapid increase in capacity
and conductivity at the initiation of the test is followed
by a period when both remain constant. The impedance of
the electrode increases again near the linear-linear

transition ("breakaway™).
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SECTION V

DISCUSSION OF RESULTS
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SECTION V

DISCUSSION OF RESULTS

V(a) Introduction

An examination of the results obtained during the
present work and those obtained by previous investigators
has shown that several complications arc apparent in the
corrosion behaviour of uranium, While it is difficult to
provide a comprehensive explanation for the corrosion
from the results of the present resecarch, it is possible,
without reference to theory, to make two general deduct-
ions concerning the experimental approéch most likely %o
contribute to an understanding of the mechanisms involved.
In addition, it appears that under certain restricted con-
ditions, simple relafionships between the corrosion rate,

potential and alloying concentration can be shown.

It seems necessary that, in order to investigate
successfully the effect of hydrogen znd alloy content on
the kinetics of corrosion, the rate-mcasurements be con-
ducted (1) under potentiostatic control, and (2) over a
period of time which comprises both protective and non-

protective growth.

In one case (in pH 5.4 solution), the existence
of a simple relationship between the corrosion rate and

both potential and alloying concentration has been shown,
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Here, an explanatory model is derived from considerat-
ions of the defect-structure ahd the mechanical propsrties
of the corrosion-product oxide. In alkaline solutiomns,
the corrosion is more complex and cannot be easily ex-
plained., It is possible that the difference in behaviour
is related to an unexpected change in the nature and
stoichiometry of the oxide. The results are discussed

in these terms.

For the sake of clarity, the Discussion is divided
into two broad sections: +the first deals with corrosion
in pH 5.4 solution and the second with the behaviour in

alkaline solutions.

V(b) Experimental Technigucs

The majority of American data for the agucous
corrosion of uranium wes obtained from high-temperature
tests in autoclaves. Electrochemical measurements under
these conditions present obvious experimental difficulties,
and the tests were therefore, confined to freely-corroding
specimens. The present rescarch suggests that such
measurements are likely to provide information which is
less useful in interpreting the effect of hydrogen on
+ the corrosion, and supports the proposal by Draley and

Ruther5 for a fundamental approach,

It can be seen from Fig. 17 that the electrode

potential of uranium is subject to a considerable
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variation with time during frees#corrosion. Since other
results (Figs. 28, 29 and 505 have established the
marked potential-dependence of the corrosion rate of
uranium, it may be concluded that the rate during frece-
corrosion is influenced by a fluctuating and unknown
potential. Furthermore, while it is true that the
corrosion rate of uranium increases with temperature,
it is difficult, because of the interdependcnce of the
variables, to relate this effect directly to a higher
formation rate of corrosion~product hydrogen. Potent-
iostatic measurements, however, pecrmit the hydrogen
activity variable to be controlled, and relationships

of the type shown in Figs. 31 and 32 may be derived.

The Amcrican corrosion rate tests considered
above are subjcct o a further shortcoming. Most results
which are reported are similar in type to Fig. 1 and,
due, no doubt, to the difficulties involved in the
measurement of very smell weight-losses or increments,
fail to show the formation of the initial protective |
~oxide. The present investigation emphasises the role of
the parasbolic film in the corrosion of uranium for two
important reasons. First, because the diffusion of
ions through the initially-formed barrier film is
believed to be the rabte-~controlling factor during all

stages of the corrosion process, and one of the main
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effects of hydrogen is to increasc the rate of diffusion.
Second, because it has been shown that the protection
given by alloying can derive from an increase in the
limiting thickness to which the parabolic film can grow.
The effects of alloying on the corrosion rate are summar-
ised in Tables I and II; it is clear that although the
growth rate, kp, of the protective film is increased,

the rate constants of the linear periods are lower, at a
given potential, for U-5 wt % Zr than for the unalloyed
uranium, It will be shown later that the decrcase in
the linear corrosion rate is directly related to the

increasc in the thickness of the protective film.

PART ONE ...CORROSION IN pH 5.4 SOLUTION

V(c) Effect of Cathodic Polarisation on Corrosion Rate

The following observations are of chief interest

to the Discussion :

(1) - The occurrence of the parabolic-linear,-linear,
sequence of growth-laws.

(2) The almost constant thickness T,, _ at which the
transition from parabolic to linear kinetics occurs at
all magnitudes of polarisation.

(3) The increase in kp with increasing polarisation.
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The present author is not aware of any
earlier observations of the complete growth-sequence
parabolic—linearl—linear2 during the corrosion of
uranium., However;_evidence in support of such a sequence
may be derived by collating the results obtained by
other workers under various conditions. High—temperature
aqueous measurcments have shownl the occurrence of the
second (linearl—linearz) transition (Fig. 1) although
they were not sufficiently sensitive to detect the
first (parabolic—linearl). The formation of a protect-
ive oxide and the first transition haVe been shown

48

during the dry oxidation of uranium. Waber ~ has ob-

served parabolic growth extending to a thickness of

750 3 during oxidation at 100°¢c. Cubiciotti49 reports

initial parabolic oxidation changing to a linear
mechanism, at temperatures between 90 and 16500. A
similar transition has also been found5o, in some cases,
during the oxidation of certain uranium alloys in both
air and carbon dioxide at temperatures of BOOOC and
above,

In all cases, the transition from protective
to non-protective kinetics during the dry oxidation of
uranium has been explained in terms of the Pilling-
Bedworth ratio. Waber6 reporté that on a mole~for-mole
basis UO2 occupies 1.97 times as much volume as the

metal. Oxidation, under these conditions, is likely to
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result in high compressive stresses acting at the
surface of the coherent protective film and, eventually,
in cracking of the film when the stresses have reached
a critical value. The average thickness of the un- |
cracked part of the protective oxide should determine
the subsequent.rate of attack since ionic diffusion
through this film will remain the slowest step in the

oxidation process,

From the evidence availabie, there is no
reason to believe that the transitions from parabolic
to linear growth shown in.Figs. 28 and 29 are caused
by a mechanism which is in any way different to that
operative during dry oxidation. The disparity between
the critical thickness Ttheo and the non-equilibrium
value T would appear to suggest that a certain 'super-
saturation' of stress may occur before cracking of the
film under compression. This behaviour is in accord
with the crack-theory of Griffith551 which has shown
that the energy-requirements for the nucleation of a

crack are greater than for the propagation.

Draley and Ruther5 have discussed the effect
of hydrogen on the corrosion of uranium and offer three
alternati#e suggestions to explain the increase in
corrosion rate (see sub-section Ib). It is believed

likely that the effect of these mechanisms would be to
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alter the thickness of the protective film through which
the corrosion processes must occur. The present results
(Tables I and II), however, show that, although the
corrosion-rate is increased, the thickness of the
initial protective film, T, _, remains virtually un-

affected by increasing hydrogen activity.

It may be concluded, therefore, both from the
results and from the similarity between wet and dry
kinetics, that the sole effect of hydrogen is to increase
the rate of ionic diffusion within the oxide, without
causing a change in mechanism. This behaviour has been
previously predicted by Leach4 from conductivity measure-

ments on U/UO2 cathodes. Wanklyn and Hopkinsou52

give,
inter glia, a similar explanation for the increase in
the corrosion rate of zirconium caused by cathodic-
polarisation during tests in high-temperature water
(325°C). They reject, on two counts, the cathodic’
reduction of the oxide as a possible explanation: (1) as
thermodynamically unlikely, and (2) as controverted by
the enhanced film growth. It should be pointed out
that these reasons are equally applicable to uranium
oxides.

Since the present hypothesis suggested for the
role of hydrogen is supported by the observations of

some other workers, it remains to be shown by which

method the hydrogen can increase the corrosion rate of
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uranium. Two factors arc relevant: (1) the state of
the hydrogen within the oxide, and (2) its position in

the lattice.

4 relationship betwecen the electronic conduct-
ivity and the jonic diffusion cocfficients of semi-
conducting compounds has been demonstrated. An increasc
in the conductivity will generally result in enhanced
diffusion-rates. wagnerll has shown that the diffusion
cocfficient of Ag in the systenm AnggES—S is increased
by a factor of 3 x lO5 due to the increase in conduct-
ivity associated with a2 non-stoichiometric silver excess
of 2 x 1077 gm.-atom of ig per mole of Ag,S. An excess
of silver in AgES corresponds to a prevalence of excess
electrons (i.e. n-type conduction), and the increase
in diffusion rate is attributed to a space-charge,
created by these electrons, which tends to accelerate

N

the silver ions.

It has already been concluded that hydrogen
increascs the rate of ionic diffusion within the oxide.
Hence, because of the relationship between the diffusion
coefficients and the electronic conductivity, it is
evident that hydrogen will also influence the latter
parameter. It can be argued, therefore, that as the
conductivity is likely only to be affected by the
presence of charge-carrying species, it is a reasonable

assumption that the increase in the corrosion rate of
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uranium is caused by the incorporation into the oxide
lattice of hydrogen in the ionic state.. The direct
relationship between the corrosion rate of the metal
and the square of the hydrogen activity at the oxide-
electrolyte interface (Figs. 31 and 32) is probably
relevant to this argument, although it is not possible

at the present stage to enlarge on this observation.

Arguing from the stand-point that hydrogen is
ionised within an oxide film, thcre are séveral possible
lattice-sites in which it can be incorporated. Leach4
has proposed the followiling :

(L) Sites which are normally occupicd by metal ions.,
(2) Interstitial sites other than those normally

occupied by metal ions.

(3) Sites associlated with oxygen ions,

For the particular case of uranium oxides
where lattice vacancies do not normally exist, it is
reasonable to expect that protons would occupy inter-
stitial sites. Here., the energetics would require the
association of H' ions with oxygen ions to form hydroxyl

3

ions. Draley and Buther” have acknowledged, inter alia,

a similar mechanism,

It is interesting that, from this theory, the
increase in the conductivity and consequent incrcase in

the corrosion rate, shown in the results, can only be
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caused by the incorporation of protons in the lattice
if the oxide itself is an n-type semi-conductor.
Consider the arbitrarily chosen n-type oxide U50.7_X ;

this may be written as

U0n_y = 20+ 1O 4 6 077 4 (1-x)O5T + 2x6”
where (l—X)OE_ is the number of excess oxXygen ions

(in interstitial positions), and 6 are excess electrons .
It is clear that, in order to maintain the charge
balance, the addition of an H' ion to the right~-hand

side of the equation will require the formation of an
extra excess electron., The resulting incrcase in
electronic conductivity will tend to reduce the potential
gradient opposing the diffusion of ncgative lons towards
the metal (see Fig. 2) and, hence, will encourage

further oxide growth. Another example of enhanced
oxidation rates caused by externally-induced electronic
conductivity is apparent in the work of JacobsBa. He
has shown that anodic films (Ta205) on tantalum will
continue to grow beyond the thickness defined by a given

- formation-voltage when the electronic conductivity of

the oxides 1s increased by ultra-violet irradiation.

It follows from the above argument that, in
pH 5.4 solution, all corrosion-product oxides (or
at least those formed in the potential range O to

-0.6 EHA) behave as n-type semi-conductors. The
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importance of this observation will becone evident
later in the discussion when it will be used as a basis
for differentiating between the corrosion bechaviour

in pH 5.4 solution and in more alkaline solutions.

The occurrence of the 1inearl—linear2 transition
Ckreakawaﬁﬁ during the corrosion of uranium requires
some comment - especially since it is believed that the
accelerating corrosion observed at higher temperatures
and in alkaline solutions is governed by a similar

mechanisn.,

4 consideration of the possible explanations
suggests that a sharp increese in rate could be incurred
either by (1) an increase in the ionic diffusion rates
within the oxide, or (2) a decrease in the diffusion

distance through which the process must occur,

The first explanation attributes the effect to
an increase in hydrogen activity resulting in an in-
creased rate which, in turn, leads to further build-up of
hydrogen concentration. However, there exists evidencelo
which may be interpreted to show that the hydrogen
activity within the oxide reaches a maxinunm equilibrium
value in a relatively short time and then remains
constant., Furthermorec, although a "snowball" mcchanism

of this type might account for a transition to a complex

growth law (where the rate increases with time), it is
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difficult to ascribe the linear-linear transition to

the same nodel.

A tentative explanation for "brecakaway" is,
therefore, based on a reduction in diffusion distance,
and is modified later to account for the observations

of complex growth,.

The growth'of a coherent protective oxide is
accompanied not only by the formation of internal
stresses but also by a complcmentary annealing-action
which tends to relieve the strcsses, Any increase in
the rate of growth, kp, will reduce the time during
which the anneal is operative and, in effect, will
increase the magnitude of the stress concentration
(provided that any simultaneous increase in the rate of
annealing does not compensate). The first crack will
appear when the oxide is no longer able to accommodate
the streéses, and the subsequent corrosion will be
controlled, for a time, by the diffusion of ions through
the uncracked film of thicknmess Ty, .. It is believed,
however, that localised stress-raisers can increase
the stress concentration in the coherent barrier layer
and propagate further cracks, and that the effectiveness
of these stress-raisers will be inverselj related to
the duration of the anneal. Hence, it may be possiblelf

to attribute the transition in rate (Ybrcakaway®) to.

the formation of a new set of cracks which reduce the
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thickness of the rate-controlling film Ttheo‘ Furthermore,
it is clear from this reasoning that increasing the rate
of film growth (i.c. reducing the annealing time) in the
initial stages will eventuélly result in decper cracks and
a faster second period of corrosion (1iﬁear2). This
observation may be compared with both the present results
and the results of other workers which show, respectively,
that the rate constant of the second linear period is

increased by increasing cathodic polarisation and by

higher tcmperatures.

It is possible that some confusion may arise
due to the apparent similarity between the mechanism
described above and the already disapproved theories of
Draley and Ruthera. These authors have ascribed increases
in the corrosion rate of uranium to threce hydrogen-
induced e¢ffects which are likely to have a direct in~
fluence on the thickness of the protective film. Note,
however, that the reduction of the protective thickness,
in the present hypothesis, is not directly attributed
to hydrogén, but only to the stresses arising from high

rates of film growth,

Clearly, there are several assumptions implicit
in the explanation offercd which may detract from its
cogency. For example, it has been necessary to reason
that some local stresscs act in a direction normal to

the plane of the metal-oxide interface although the oxide
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itself is in compression and, also, that the thickness,

T ,.of the protective film is not influenced by the

theco
growth rate during the initial parabolic period. However,
granted these assumptions, it is belicved that a model
for "breakaway" based on film-cracking is superior to

the alternative hydrogen-based mechanism, especially as
the former model may be used to explain both linear to
linear and lincar to complex—-growth transitions without

serious modification, Further work will, of course,

be necessary to confirm the hypothesis.

It was originally intended that the simultaneous
measurements of impedance and corrosion rate would
determine the validity of the film-cracking hypothesis
for it was hoped that transitions in the growth kinetics
would correspond to equally well-defined changes in the

capacity and conductivity of the oxide.

Ideally, the capacity of an oxide is expected
to dccrcase parabolically during growth of the protective
film, rcaching a minimum value at the transition thick-
ness. The capacity should then remain stable at this
value throughout the first period of constant corrcsion
since it is reasonable to assume that the non-protective
oxide, by allowing the clectrolyte access to the surface
of the protective film, would not significantly affect

the measured capacity of the electrode. The minimum



112

value of capacity will be inversely proportional to

the thickness of the uncracked film. If, as has been
proposed, the second (1inearl-1inear2) transition is
accomplished by cracking of the initial barrier film, a
corresponding ihcrease in the capacity should be
detectable.

The conductivity of the oxide 1s also expected
to follow a definite pattern under similar conditions.
In the initial stages of growth, the build-up of the
proton concentration within the oxide should cause an
increase in the measured conductivity. The conductivity
should then stabilise at a maximum value when the
naxinum activity of hydrogen has been reached. No
change should be detectable at the parabolic-linearl
transition since the measured values always correspond
to the conductivity of an uncracked barrier layer, but

"breakaway" should be accompanied by an increnment,

However, it becane obvious from the high
values of capacity rccorded that the normal inverse re-
lationship between capacity and conductivity could
not exist. Instead, it would appear from the results
that a direct relationship of the type suggested by

4,9 is nore likely.

somne early workers
The results have proved difficult to interpret
and the following discussion must be considered as conly

tentative. The changes in impedance do not correspond
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with any exactitude to the transitions in kinetics,
It 1s interesting, however,.that other workers54.using
different experimental methods have encountéred similar
difficulties, It can be seen from Fig. 44 that the
cepacity increases at the initiation of the test
during growth of the parabolic film, and then, near the
parabolic-linear transition, decrcases slightly before
stabilising for the duration of the fifst linear period.
From the direct relationship between capacity and film

thickness, it may be inferrcd that the decrease in
capacity corresponds to a 'cfacking—back' of the pro-
tective film from the non—equiiibrium value (T) to a
statistically constant thickness Tip ., (see sub-section
IV(@). Since the film grown during linear kinetics is
cracked, the thickness of the constant protective film
will remain the controlling factor; this is seen from
the stable value of capacity mcasurcd during the major
portion of the linear period of corrosion. The decrease
in capacity associated with the linear-lincar transition
("breakaway") night suggest that this transition is
associated with a further cracking-back of the protective
film, but this is difficult to reconcile with the
observations on the changes in conductivity at this
point,

The sharp increase in conductivity during the

first few minutes of corrosion may be caused by the
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charging of the air-formed oxide film with hydrogen,
while the stable value of conductivity during the first
linear period may be explained if, as is probable, the
hydrogen activity reaches a constant saturation value
in thce compact protective film within a short tine.
However, no interprefation is apparent at present for
the increase in resistance occurring ncar the linear-~

linear transition.

It should be pointed out that one of the
difficulties in the interpretation of these rcsults
arosc from‘the observation that changes in the hydrogen
content of the oxide could significantly alter the
measured capacity cf the oxide, both when the capacity
and oxide thickness are inversely related and when the
relationship is direct., It is also clear from these
observations that this capacity change is not associated
with a change in oxide thickness but ariscs from the
shortcomings of the analogue, consisting of only a
sinple capacitor and resistor, in the mecasuring device.
This phenomenon has been described in greater detail for

the case of a zirconiun electrodeBB.

Notwithstanding the verious difficulties en-
gountered, it is believed that the pattern of behaviour
exhibited in Fig. 44 docs not confirm any other reasonsable

explanation for the "breakaway" transition and, hence,
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it is not considered as cvidence against the film-

crecking hypothesis which has been proposed.

V(d) Effect of Alloying on Corrosion Rate

The observations of importance to the Discussion
are given below:
(1) The increase in the parabolic rate—constant,_kp,
with increasing alloy content.

(2) The increase in the protective film thickness,

Tineos With increasing alloy content.

The oxidation behaviour of alloys has been invest-
igated extensively by Wagner, Héuffe55’56 and their
respective schools; results have been obtained for
several systems which are similar to the uranium-
zirconium system and where the alloying constituent
digtributes itself through the main oxide phase and
forms a mixed oxide in which it replaces some of the
cations of the main metal., These data are summarised
by the 'Hauffe Valency Rule' which states that the
' oxidaﬁion rate is generally reduced by alloying additions
of (1) lower valence than the base metal, when the main
oxide is a p-type semi-conductor, and (2) higher valence
when the main oxide is n-type. Although the theory is
not considered here, it may be deduced that any explanatory
model based on these observations will attribute the im-

provement in oxidation resistance to a decrease in the
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ionic diffusion rates of the growing oxide,

The present results are not consistent with the
deduction from the Wagner-Hauffe explanations, nor can
they be interpreted on the basis of the mechanisms proposed
by Draley and co—worker858 (see sub-section II(k)) to
account for the protection given by the addition of small
anounts of. zirconium to uranium, There is no evidence
to suggest that the effect of cathodic polarisation on
alloys is in any way different from the effect on the
pure metal; this would be expected if the latter theories

were applicable,

Eig. 3% shows that increasing amounts of alloying
constituent reduce the linear corrosion rate, but, at
the same time, increase the diffusion constants of the
protective film. The reduction in rate must, therefore,
be attributed to the compensatory increase in the pro-
tective film thickness, Ttheo’ which accompanies alloying.

Consider the equation for parabolic growth:

y2 = kpt which on differentiation becones Ey%% = kp.
4% the limiting thickness of the protective film (when
Y = Tineo) %% = kg (where k; is the linear rate
constant).

Therefore, it is clear that kp =2 kl. Tiheo

It can be seen from the above expression that if the

increase in Ttheo’ due to alloying, is proportionately
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greater than the increase in kp, then the rate of the
subsequent linear corrosion will be decreased. Reference

to Tables I and II shows that this is, in fact, the case,

The effect of zirconium additions on the ionic
diffusion rates in the oxide may be discussed with
reference to the 1list of stdichiometric and non-
stoichiometric phases given in sub-section II{) It
is established that uranium dioxide (UO2) possesses a
fluorite-type crystal structure (Fig.8). This may be
represented by a face-centred cubic array of cations,
the tetrahedral interstices of which are occupied by
anions in a simple cubic sub-lattice. The oxidation of
UO2 to form higher oxides involves the random occupation
of the remaining interstitial positions (the octahedral
interstices), of which there are four per unit cell,
by additional oxygen ;bns. The charge imbalance result-
ing from the excess oxygen ions is neutralised by con-
o+

version of the necessary number of U4+ ions to U ilons,

The stoichiometric oxide phases which have been
found for uranium can be interpreted as the result of
ordering phenomena57. Thus, it can be shown, for example,
that the two end oxides, U02 and UOB’ are ordered in
both the cation and anion sub-lattices; in the case of
U05, all uranium ions are 4-valent and no interstitial

positions are occupied by oxygen ions, while in the case
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of UOE’ all uranium ions are 6-valent and all inter-
stices are occupied. On the other hand, stoichiometry
in oxides of composition intermediate to UO2 and UO3
results from ordering of either anions or cations. The
compounds U'qo9 and U205* can be characterised, respect-
ively, by a UO2 lattice with one and two interstitial
positions per unit cell occupied by oxygen ions. U307 and
U308 are formed, respectively, when, in a UO2 lattice,
one and two uranium ions in every three display 6-
valency. Similar order-disorder transformations have

been shown58 to take place in other oxides where the

cation has more than one valency (e.g. F8504).

The increase in ionic diffusion rates may now be
explained in terms of the random replacement, within
the mixed oxide, of a proportion of both - 4#-valent and 6-

valent wuranium by the 4-valent zirconium ion. Although

4+ H4y

U and Zr should be mutually interchangeable without

influencing either the charge balance or the conductivity

6+

of the oxide, the replacement of U-' by an ion of lower

valency would lead to disorder in the cation sub-lattice,

and the resulting defect structure would allow more rapid

oxide growth.

*
N,B. It should be noted that of the three anion-
ordered oxides theoretically possible, U409, U2O5

and U4011’ there is concrete evidence for the existence

of U409 and U205.
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The observation that alloying of the base metal
increases the thickness to which the protective oxide
may grow without cracking may involve one or more of
several explanations. It is possible either that the
corrosion of an alloy is (1) accompanied by a lower con-
centration of built-in stresses in the oxide, or (2) if
the stresses are not significantly affected by alloying,
that the mixed oxide is able to accommodate them to
greater concentrations.

A reduction of the compressive stresses at the
surface of a growing oxide can result from those changes
caused by alloying which tend to diminish the difference
between the specific volumes of the metal and the oxide.
Similarly, a débrease in the lattice-parameter mismatch

between the two species may reduce the stress concentrat-

ion, The author, however, is not aware of any conclusive

evidencevin support of such mechanisms, (sec sub-section
IIED - In any case, it is unlikely that zirconium
additions as smell as 5 weight percent would result in
large enough changes inlthe specific volume or lattice
parameters of either the metal or the oxide to account

for the necessary reduction in stress.

The ability to accommodate greater volume changes
without breakdown can be related either to an increase

in the plasticity (and the consequent relief of stresses)
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or in the strength of the oxide. The present results,
however, provide no clear method for differentiation
between the two alternatives and both must, therefore,

be discussed with equal emphasis.

An increase in the plasticity of the mixed oxide

may be caused by the accompanying increase in defect
(vacancy) concentration associated with alloying. In
the same context, it is interesting that alumina, which
is not a good electronic conductor and probably has a
low defect concentration, forms a very thin protective
film, while at the other extreme, magnetite, formed as a
protective oxide on boiler steel, is a good conductor
and grows to a considerable thickness. In between, it
would appear that certain other oxides which grow,
without cracking, to intermediate protective thicknesses

have intermediate conductivities.

Antill and Peaka115o have obtained results, for
the oxidation of some uranium alloys in both high-
temperature air and carbon dioxide, which are best ex-
plained by the "plasticity mechanism". In further
agreement with this mechanism, they find that the
oxidation~-products on the least resistant alloys tend
to be extremely brittle and fly off violently from the
specimens at experimental temperature and on cooling.

Other workers who have commented on the plasticity of
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uranium oxides are Christie and Williams and Scott

and co—workersGo.

On tﬁe other hand, the strength of ionic crystals
can also be greatly influenced by the presence of
foreign ions, Impurities in the lattice tend to restrict
the movement of dislocations and result in greater yield
strengths (the ultimate strength is difficult to measure

58,61,62 (¢ tnis

experimentally). Numerous examples
phenomenon are known, especially for materials such as
MgO, ‘I‘iO23 and NaCl. It must be pointed out, however,
that increases in strength usually accompany impurity
concentrations of the order df parts per million, and
there is little evidence to suggest that alloying addit-

ions as large as 10 weight percent would have a similar

effect.

The deformation of'crystals generally proceeds
either (1) crystallographically, i.e. by the movement of
relatively large aggregates along certain preferred slip
or glide planecs, or (2) by the diffusion of individual
ions. In considering the applicability of these mechan-
isms to the protective film present on uranium, it would
appear, at first sight, that both methods of deformation
are unlikely under the prevailing conditions - the first,
because the protective oxides are almost certainly

amorphous, and the second, becausc¢ it is normally a high
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temperature phenomenon and, also, requires the diffusion
of both metal and oxygen ions during the growth of the
oxide. Results obtained in the present investigation,
however, provide a reasonable argument in favour of
deformation by diffusion. First, because the ability

of uranium to corrode rapidly, even at temperatures as
low as 20 %o 6000, is implicit evidence of the existence
of a strong diffusion-flux in the oxide formed. Second,
because it is clear from Fig. 40 that the activation
energies calculated for the corrosion of uranium are
significantly lower than would be éxpected if the process
depended solely on the diffusion of oxygen ions through
the oxide lattice. And third, because it has recently

63

been shown that the addition of zirconia to UO2
increases the diffusion rate of uranium ions by an order
of magnitude, While, after this increase, thé diffusion
of metal ions is still much less rapid than that of the
anion, the change may be sufficient to permit an
increase in deformation. This observation is supported

by some results obtained in the present work; these are

discussed in the next sub-section.

The limitations of the two theories of protection
by alloying (plasticity, strength) may now be considered
in terms of the mechanism of deformation by diffusion.

Figs. 45a,b,c show the various stages during the growth
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and fracture of a coherent oxide under lateral compression.
It is clear that failure will occur only after the

stored strain-energy in the film has attained a level
sufficient to form the two new surfabes (marked A and B).
When diffusion in the oxide is possible, stress-relief can
result from ionic motion in a direction perpendicular to
the force vectors, F and F', and, hence, an increase in
plasticity will permit qxide growth to greater thicknesses.
It may be deduced from the same model, that an increase

in yield strength will probably have the opposite effect.
If deformation becomes more difficult due to the greater
strength of the film, then the internal stresses will
accumulate rapidly and failure might occur at a lesser

thickness.,.

It is apparent that the avallable evidence tends
to favour an explanation based on an increase in plastic-
ity to account for the formation of thicker protective
films on alloys. It is necessary, however, to state here
that the evidence is by no means conclusive, and that
the 'plasticity mechanism' could be‘invalidated if
(1) deformation of the oxide occurs crystallographically,
and if (2) the ultimate strength of the oxide is also

increased by alloying.

V(e) Effect of Solution Temperature on Corrosion Rate

The following points are conéidered relevant to
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the Discussion :
(L The low activation energies calculated for the
aqueous corrosion of uranium as comparcd with values

obtained by other workers for atmospheric oxidation.

(2) The decrease in activation energy with cathodic
polarisation.

(3) The decrease in activation energy with alloying.
(4)  The appearance of accelerating corrosion at

temperatures above BOOC and potentials below -0.,2 V EHA'

Figs. 40 and 41 show that the calculated activat-
ion energies for the agueous corrosion of uranium and
uranium-5 wt % zirconium in the temperature range 500 -
60°C 1lie between 6.1 and 11.2 Kcals./gm.-mole, These
values are in reasonable agreement with the activation
energies of 7 to 16 Kcals./gm.-mole reported by Waber6
for the oxidation of uranium in water vapour in the
temperature range 50°-226°C, but differ significantly
from the values obtained during atmospheric oxidation49

(22 to 24 Kcals./gm.-mole at temperatures between 90° -
165°C).

It must be pointed out that, while linearity in
log rate vs. l/T plots is generally considered to reflect

the operation of a single rate-controlling process, it

would be unsound to draw this conclusion in the present
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case in view of the narrow range of temperature
involved. It is equelly significant, however, that
uSing a much wider range of temperature, Thoma564 and
Potter and Mann65 have discovered that the aqueous
corrosion of gzirconium and mild steel, respectively,
involves a much lower activation energy than the corres-

ponding atmosphefic oxidation,

. Belle and Lustmaéfhave measured the activation
energy for the self-diffusion of oxygen ions in UO2
and obtain a value of 29.7 Kcals./gm.-mole in fair
agreement with the activation energies for the atmbs-
pheric oxidation of uranium. It would appear, hence, -
that in the absence of water, the oxidation of uranium
occurs almost entirely by the inward diffusion of oxygen.
This observation makes the lower energy-requirements of

aqueous corrosion processes difficult to explain although
a different mechanism may be postulated involving a large

reduction in the activation energy for metal diffusion.

It may be argued from the results that such a
change in meohanism could arise from the presence of
hydrogen ions in an oxide formed in aqueous conditions.
Thus, Figs. 40 and 41 show that the activation encrgy
for parabolic corrosion is reduced by increasing hydrogen
activity. That the addition of small amounts of a foreign

cation can lead to an increaese in the self-diffusion of
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uranium is borne out by the work of McNamara63. His
observations may be related to the present work which
has shown that alloying additions lower the activation
energy for parabolic corrosion, It is an interesting
speculation that the increasc in lattice disorder to
which have been attributed the higher parabolic constants,
k_, measured for the alloy (sce sub-section V(d)) may be

D
the cause of this decrease in activation energy.

Corros;on measurcments on uranium (EHA= -0.3V)
in solutions at temperatures above BOOC (Fig.39) fail
to obscrve parsbolic growth and instead show that an
initial linear period is succeeded by complex growth
laws. It is. believed, however, that the absence of a
parabolic law from the growth-sequence does not indicate
the existence of a different corrosion mechanism at high
temperatures, but can be explained in terms of the
sensitivity of the rate-measuring instrument. It can
be estimated from Fig. 39 that the constants of linear
Vcorrosion, kl, for the three curves are of the order
of 100 thickness units/100 mins. If, for the sake of

argument, it is assumcd that ﬁhe thickness, T of

theo?
*

the hypothetical protective film is 3 thickness units,

ﬁ.B. It is found that the protective oxide film grows to
greater thicknesses at higher temperatures. This effect
has not been investigated in detail but is believed to

be due to some form of annealing-action.
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then it can be shown from the ce¢xpression

kp = 2 kl . T

that the parabolic rate constant will be 600 units/

theo

100 mins. Taking this value for kp, end substituting

in the parabolic growth equation,
yoo= k- t (vhere y=T., =3)

it is evident that the protoctive film will grow to the
critical thickness Tiyeo in the order of 2.5 minutes.
Thus, since the instrument is not sufficiently sensitive
to measure accurately a complete process occurring
within 2 to ﬁ_minutes, the results do not show the

existence of the perabolic period.

The occurrence of complex-growth is similar to
"breakaway" and can be interpreted on the basis of the
film-cracking hypothesis, It is clear that the com-
bined effect of cathodic polarisation and high tecmper-
atures lcads to enormous increases in the corrosion rate,
and it is suggested that the stress concentrations which
result from sﬁch high rates of corrosion will be suffic-
ient to cause a progressive cracking-back of the pro-
tective film, thereby incurring a growth rate which

increcases with tine,

V(f) Effect of Solution Oxygen-Content on Corrosion Rate

Report555’56 from America had stressed that
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uranium and its alloys were protected by dissolved
oxygen in solution, This was interpreted to mean
that oxygen caused the formation of more compact pro-
tective films. This is not, however, the general case.
The presence of large amounts of oxygen is found to
increcase the initial rate of corrosion, and the films

formed consist mainly of a non-adherent green oxide

(perhaps U508>' Moreover, the results illustrated in
Fig. 42 show that the cathodic depolarisation of oxygen

in solution leads to a lower rate of corrosion.

It must be pointed out, however, that the con-
ditions under which the present experiments were con-
ducted differ merkedly from the American work, and
results‘from the two sources are not, therefore, directly
comparable. The present results were obtained by short-
time tests at very high oxygen concentrations., Further,
no corrosion tests in oxygenated solutions reported from
the U,S.A. were carried out under potentiostatic control.
Indeed, it is possible that the presence of small amounts
of oxygen undcer such conditions could depolarise the
corrosion~product hydrogen and/or faise the natural
corrosion potential and thus cause a decrease in the
corrosion rate. In any case, it has been shown even
in the prescnt work (sub-section IV(h)) that,when the
potential of the specimen is not stabilised, tests in

oxygenated-solutions appear to give irrational results.
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It has not becn established whether the appar-
ently non-protective films observed in the present
rescarch can eventually stifle further corrosion, but
it is clear from the descriptions that the oxides
obtvained during tests in America are very different in
character. This suggests that the corrosion products
of uranium are very sensitive to the concentration of

oxygen in the solution,

PART TWO - CORROSION IN ATKATLINE SOLUTIONS

V(g) Modification of pH-Potential Diagram for the

System U-H,O.

2

Visual observations of specimens corroding in
alkaline solutions have shown thét the corrosion products
are generally darker in colour and less compact than
their counterparts in pH 5.4. Furthermore, the results
show that corrosion in these solutions (pH 9.7, 11.6, 13)
is exemplified by (1) complex-growth (under certain
conditions), even during room-temperature tests, and
(2) the absence of a direct relationship between hydrogen
activity and rate. The difference between the behaviour
in alkaline solutions and in pH 5.4 is considered to be

of sufficient significance to merit separate discussion.

The existence of complex-growbth mechanisms (shown

in Figs. 34b, 35b, 3%6a, 36b, and 37) may again be related
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to a progressive 'cracking-back' of the protective film
due to high rates of corrosion. The normal parabolic-
linear combination of growth laws is seen to hold in
instances when the corrosion rates are lower (Figs. 34a,
%35a). It should be noted that measurements in both
alkaline solutions and in pH 5.4 solution were conducted
at identical values of EHA“ Higher corrosion rates, in
the present case, cannot, therefore, be attributed
directly to the effect of cathodic polarisation, but
appear to indicate a change in the character of the
corrosioh film formed. In this context, it is perhaps
significant that increasing alkalinity has been found

to result in higher rates not only for uranium (Fig. 38),

65

but for other materials as well ™.

It can be seen, both from Figs. 34a, 34b, 36a and
36b, and the description of the results, that the
_corrosion rate of uranium is subject to a complex variat-
ion with potential. That this behaviour is primarily é
characteristic of the environmént is confirmed by the
observation of similar variations during the corrosion
of the ten weight-percent alloy (Figs. 35a and 35b).
Again, it is difficultrto intérpret these data in terms
of the simple model derived for the corrosion in pH 5.4
solution. Instead, it may be possible that the variations
in rate are related to changes in the semi-conducting

properties of the corrosion product.
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The difference betweén fhe corrosion behaviour in
alkaline solutions and in pH 5.4 has been clearly
established from the present results. While it seems
likely that this difference in behaviour corresponds to
a dissimilarity, either in structure or in composition,
between the corrosion films formed in the two environ-
ments, it is difficult to reconcile the existence of
two distinct species with the data presented in the
U—H20 Pourbaix diagram (Fig. 7). Here, the sole species
considered stable, in the pH - potential range of interest,
is given as U02. However, the diagram has been derived
for equilibrium conditions, and it is possible that,
during a kinetic process such as studied here, the con-
figuration is significantly sltered. As an example of
this type of effect, it is interesting that although FeO
is thermodynamically unstable, with respect to Fe and
Fe504, below 57000, a layer of FeO may be found during

66

oxidation at temperatures as low as 100°¢ . PFurthermore,

there is considerable evidence which suggests that data
from which the diagram is derived does not permit either
an accurate or a comprehensive representation of the
system. Firstg the free energy values on which the
calculations are based are questionable. Pourbaix and

12

co~workers have chosen values for UO, UOE’ U308 and UO5

67

which were calculated by Brewer using thermodynamic

data collected from several sources. The followlng



values are quoted:

U0 = 123 Kcals.
UO2 = =246.6 Kcals.
UBOB = =804 Kcals.
UO3 = =273 Kcals.

Latimer68, on the other hand, reports values for U0, and

U0, which are 3 to 4 per cent greater:

3

U0 = =257 Kcals.

2
U0, -
2

Il

~-283 Kcals.

(Note that a relatively small difference in free energy
can have a considerasble effect on the poteﬁtial at which
a given species is stable). Second, Waber6 has reported
several observations of the presence of the hydroxide
U(OH),, which is not shown in the diagram, in aqueous
corrosion films formed on uranium. Xatz and Rabin‘owitch69
have also commented on the possible formation of hydrated
oxides ( U(OH), = U0, . 2H,0 ). lMoreover, Pourbaix o
himself is not emphatic in denial of the hydroxide, and
states:

"Si la valeur d'enthalpie libre gque nous avons
admise pour U(OH)4 est exacte, 1'hydroxyde est thermo-
dynamiquement moins stable que l'oxyde, et 11 tend a se
dé%hydrater selon la réaction U(OH)4 — U0, + 2H20.

Nous n'avons pas connaissance d'observations expé}i—

/ »
mentales qui confirmeraient cette reaction'.
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Clearly, one possible explanation for the difference
between the corrosion in pH 5.4 and in alkaline solutions
could be‘based on the formation of U(OH)4 in one of the
two environments and of UO2 in the other. Third, the

two stable phases U,0, and Uz0, (identified by Willardson
and co—workerslB) of O/U ratios intermediate to UO2 and
U508 are not included in the diagram. The importance tok
the present work of this omission 1s cdnsiderable gince
the measurements have been conducted within the potential
range at which, if they exist in eguilibrium in H,0,

these species are likely to be stable.

In‘view of these possible inadequacies of the
Pourbaix diagram, it is not unreasonable to reconstruct
the relevant portions to fit the data obtained during
the present lnvestigation. However, it is necessary to
this intention, first, to discuss the results in greater

detail and, second, to make a number of assumptions.

Fig. 46 illustrates the dissimilar trends ex-
hibited during the corrosion of uranium in pH 5.4 and
in alkaline solutions. A demarcation between the two
hypothetical species has been shown at pH 7 (although
there is probably a gradual transition). It is clear
that the rate in pH 5.4 soluticn increases with in-
creasing hydrogen activity between EHA = 0V and

E ==0,6 V. A similar increase has also been shown

HA
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for both uranium-5 wt % zirconium and uranium-10 wt %
zirconium in the same solution (Figs. 29 and 30). This
suggests from considerations of electronic conductivity
(sce sub-section V(c) ) that corrosion films formed
under these conditions are n-type semi—conductors; The
behaviour in alkaline solutions is illustrated for

pH 9.7, and is similar for both pH 11.6 and pH 13 (Figs.
36a, 36b and 37). It is shown in Fig. 46 that the rate
increases with decreasing potential between EHA = +0.,2 V
and EHA =0V, decreases'between EHA = -0.2 V and

EHA = -C.5 V, and increases again below EHA = =0,5 V,
These two changes in process appear to indicate that
the semi-conductivity of the corrosion product is

altered from n- to p- to n-type as the potential is

decreased*,

The changes in the conductivity mechanism, in-
dicated by the rate changes in Fig. 46, are suggestiﬁe
of the formation of non-stoichiometric phases. Within
the domain of stability of a given species, the oxygen-
fich region (positive, with respect to potential) will

tend to be p-type while oxygen-deficiency will result

*
N.B. It must be stressed tlat the absence of parabolic
growth during corrosion at certain potentials in alkaline
solutions does not necessarily imply the total absence
of a diffusion process. As pointed out earlier, it is
believed that the duration of the process is too short

to allow detection by the measuring instrument.
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in n-type semi-conduction (e.g. UOE+X,V p-type, U4O9—x'v
n-type, U;O7+X“/ p~type). DNotec that, since the exact
potentials at which the ohanges in mechanism occur are
not known from the results, a division has been made

in Fig., 46 at the arbitrarily chosen potentials

EHA = ~-0,1 V and EHA = -0,7 V. These two potentigls,
hence, bound the domain of stability of one species
while immediately below lies the oxygen-rich region of a

stable compound of lesser 0/U ratio and immediately

above is the oxygen-deficient rcgion of the next phase.

The following assumptions have also been made
(1) that the sequence of stable phases formed in
alkaline solutions (in order of increasing 0/U ratioj
is either UOZ—U409-UBO7-U508—UO5 or U(OH)4—U409--U507
~U,04-U0,,
(2) fhat the free energy values quoted by Pourbaix12 for
U0, U(OH)4 and UO5 are acceptable. (Clearly, the
assumption that the values for both UO, and U(OH), are
correct appears mutually incompatible for the purposes
of this discussion since, if this be the case,. then it
is implicit that U(OH)4 can never be stable in preference

to U0 It is emphasised, therefore, that the free energy

2'
values of thesc compounds have been accepted solely in
order to calculate the two theoretical sequences, and

that their correctness remains open to doubt,
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(3) that the stable oxide phase within the potential

boundary of E, = -0.1V and By = -0.7Vis U409. p- and

n-type semi-conduction in this domain may then be
ascribed to the formation of U4O9+x and U4O9—x respect~

ively.

Consider the formation of higher uranium oxides

starting from UOE‘ Using the expression

S4AY

E°  (where, V; is the molar or
23 060 n

stoichiometric cocfficient of
constituentg',iﬁg is the
standard molar chemical potent-
ial of comstituent ¥ at 25°C,

n is the stoichiometric co-
efficient of the electrons in
the reaction, and E° is the
equilibrium potential when the
recactants are a2ll in the
standard state.)

the free energy of formation for U409 is calculated as
- 1075,3 Keals. and for U507 as - 821.8 Kcals. The
free energy of formation for UBOS can be obtained by

interpolation from a plot of free energy/gm. atom vs.
0/U ratio (Fig. 47, curve A) and is shown to be approx-
imately - 857 Kcals.

Similarly, in the sequence U(OH)4 - U409 - U507
- UBOS - UO5 the free energy of formation of U4O9 is
calculated as - _1041.9 Kcals, and of U;O as - 796.7 Kcals.

O
\,
\
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Again, by interpolation (Fig. 47, curve B) the free

energy for U508 is found to be approximately - 833, Kcals.

Since the latter calculated value for the free
energy of formation of U508 ( - 83% Kcals) differs by
as little as 3.5 per cent from the value quoted by

Pourbaix12 and appears to bear a relationship to the
*
higher values given by Latimer68, the sequence from

U(OI—I),+ to U0, has been chosen in preference to the

5

sequence from U02 to U0, for the reconstruction of the

3
pH - potential diagram. The completed list of solid-

solid equilibrium reactions and potentials is given

below:
U+ 4 Hy,0 = UCOH),+ 4 A+ 4 e” Byp= -1.353
4 U(CH), = U,0g + 7 HyO + 2 g+ 2 e
Bpy= 0.7
3 Uy0q + H0 = 4 U0+ 2 g+ 2 e~ Eygy= -0.1
U507 + Hy0 = U508 + 2 H'+ 2 e” Egp= +0.45
U305 + H0 = 3 U0y + 2 H + 2 ¢ Egp= +1.53

Fig. 48a illustrates a reconstruction of the

Pourbaix diagram. The broken lines 1 to 5 represent

*N.B. It is interesting that if the free energy of form-
ation of UO» (-~ 257 Kcals.) quoted by Latimer is Smployed
in calculating the U02 - UBO8 oxidation reactiont

3 U0y + 2 HyO = Uz0g + st 4e” B = +0.533% - 0.0591 pH

then the free energy value obtained for UzOg (-835 Kcals.)
is in excellent agreement with the value obtained
theoretically in the present work.
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" the equilibrium activities of the various ionic species
in solution; these remain unaffected by the incorporation
of U(OH)4, U4O9 and U507 into the diagrem, The values

of the redox potentials which correspond to these lines

have been taken from Pourbaixlg.

Equilibrium potentials between the solid species
(underiined) are represénted by the heavy horizontal
lines. Equilibrium activities between solid and ilonic
species are calculated from the general expression:

E = E° - 0.0591 m pH + 0.0591a log (C)
n . n

(where, E is the potential éf the electrode in equilibrium
with oxidized and reduced species in the reaction, E° is
the equilibrium potential when the reactants arc all in
the standard state, m is the stoichiometric coefficient

of H' ion, =n is the stoichiomctric coefficient of
electrons, and a is the stoichiometric coefficient of

the ionic species of which (C) is the concentration).

and are shown on the diagram by the set of lines marked

A to I. The following type of reaction was considered
A, U = U 43e F. . =-1.798+0,0197
HA 10% (U5+)
D. 4UOH "+ SH,0 = U,Oq+14H*+2e” By =+0.348-0.355 pH
+0.118 log (UOH?™)

I. UO§+ ¢ 0 = U0 + 2K log (UOST) =14.74 - 2pH
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It is possible now from Fig. 48a to consider the
corrosion behaviour of uranium in alkaline solutions in
terms of the formation of non-stoichiometric derivatives
of the species U507, U4O9 and U(OH)4. It has been shown
(Figs. 35a and 35b) that the changes in the corrosion
process of the 10 weight per cent alloy in pH 9.7 solut-
ion occur at more negative potentials than those of
the pure metal., It is believed that this effect can be
ascribed to the difference between the free cnergies of
formation of the pure oxides and those of the mixed

oxides which result from the corrosion of the alloy.

However, it is seen from the figure that, in the
potential range of interest (EHA =0V to By, = -0.6 V)
the so0lid species Uq_O9 and U507 are stable in both
alkaline solutions and in pH 5.4 It is still difficult,
therefore, to account for the difference between the
corrosion behaviour in the two enviromments in terms of
the formation of distinct species. Nevertheless, since
no other explanation for this phenomenon seems rational,
it may be concluded that although the reconstructed
Pourbaix diagram provides a fuller representation of the
U - HEO system than the previous one (Fig. 7), it is
by no means either entirely complete or accuyrate, and
that it is possible, for example, that the lines re-
presenting ionic activity (A4 to I) should be shifted

a number of pH units to the right.
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Consider the activity lines D representing the

reaction

4 YoE?*+ 5 Hy0 = U,0q + 14 '+ 2¢°  (Pig.48a)

If these are moved two pH units to the right, then the
continuation of the unit activity line (marked O0) will
cut the vertical axis of the diagrem at Eg,= + 0.92V,
which value will correspond to E? in the equation

E=E" 0.0591 m pH + 0,059l log (C). Assuming that
' n

. n
no change is involved in the free energy of formation
of the solid species U409, the free energy of the ionic

species UOH5+ mey be recalculated by use of the i
expression < (,(F /"Lb )
A

23,060 n

= E°

r

Since it may be assumed further that the potentials of

the redox reactions 1 to 5 are accurately established
and not liable to change, it is possible to re-estimate
the free energies of formation of all iomic speciesé
on the basis of the value thus deduced for UOH5+. '
Table 5 shows both the values quoted by Pourbaix and
the new values which follow from a two pH unit shift

to the right of the ionic-solid equilibria in Fig. 48a,.
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TABLE FIVE

Pourbaix values Recalculated values

yot 124.4 Kcals 131.1 Kcals.
utt 138.4 " 145.1
por>* 193.5 200.2 "
o=t 036.4 M. o4z,1 ¢

Clearly, the 'new' values are not significantly different

from the figures given by Pourbalx.

Fig. 48b illustrates the Pourbaix diagram, using
the recalculated free energies of formation for the ionic
species, derived to fit the data obtained during the
present work. Although it would appear from the equilibria
that‘the formation of a solid compbund is impossible in
the region to the left of the ionic-solid activity lines,
the kinetic data do not agrece. IExperimentation has shown
film growth on uranium cathodically-polarised in sulphuric
acid solutions of unit pH. It is probable, however, that
the sclid species formed under such conditions differ
fundamentally from the compounds stable under equilibrium
conditions, and it is suggested, therefore, that Fig.48b
can be used to provide a satisfactory explanation for
the difference between the corrosion behaviour of uranium
in pH 5.4 and in alkaline solutions in terms of the form-

ation of dissimilar species in the two environments.
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V(h) Electrode Measurements

Detailed discussions of electrode measurements
on pure uranium and an uranium-molybdenum alloj have
already been published elsewhereq’g. It was concluded
from these reports (i) that the very high values of
capacity and conductivity which are recorded for these
metals at less negative potentials are evidence of a
valency change occurring in the oxide formed, and
(ii) that the mechanism of the increase in conductivity

with current density at very cathodic potentials is

difficult to explain.

The formation, in alkaline solutions, of higher
oxides of uranium, associated with a change in valency
from 4 to 6% of some fraction of the metal ions, has
been predicted from theoretical considecrations. There-
fore, it is interesting that the peak in the capacity
and conductivity of the pure uranium electrode in
pH 9.7 solution (Fig. 22) is found at approximately
Egy = +0.4 V, which corresponds to the potential at
which a change occurs in oxide species from U507 to
UBOS (Fig. 48b). aAccording to thc same theory, similar
peaks in capacity and conductivity should be observed
at the equilibriun potentials between other oxide phases.,
Some recent researcgohas, in fact, shown the existence

of a further peak at a potential positive to +0.4 EHA’
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and it is believed that this corresponds to the
equilibrium between U308 and UO5' The absence of the
two peaks which should be associlated with the

U'409 - U507 and U(OH)4 - U'q_O9 equilibria at more cathodic
potentials, however, requires to be explained. Possible
explanations appear to be (1) that the oxide-oxide
reactions at these potentials are highly irreversible
and occur so slowly that the capacity effect is not
observed; (2) that the definition of the peaks may be
impaired by the non-stoichiometry of the oxide present
on the metal, and, thus, in the case of the U4O9 - U5O7
equilibrium the associated "peak" may be incorporated
in the broad "peak" ascribed to the'U307 - U;O8 equil-
ibrium; (3) that the hydrogen evolution reaction can,

in some way, mask the changes in the measured capaclty

of the systen.

Two other points are relevant to the discussion.
First, it can be seen from Figs. 22, 23 and 24 that the
addition of zirconium to uranium appears to lower the
potentials at which the peaks in capacity and conductivity
occur. It is believed that this confirms the previous
observation, ascribed to the difference between the free
energies of formation of the pure oxides and those of
the mixed oxides which result from the corrosion of alloys,

that alloying causes the changes in corrosion process to
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occur at more negative potentials (compare Figs. 34a, 34b
with Figs. 35a, 35b). Second, it has been reported7o that
the values of capacity and conductivity measured for U/UO,
electrodes in pH 5.4 solution are significantly lower,fhan
in alkaline solutions, and that "peaks" do not occur. This
may be taken as an.iige;éndent,illuatr;tion ofr the iiliference
Betrzen the oxidcs formed duriny coriosion ih thie two Types
of sdlutions.

With regard to the increase in conductivity and current
dehsity at very cathodic potentials, it would appear that
for the oxides of metals such as zirconium, aluminium and
tantalum, where the capacity bears an inverse relationship
to the thickness (i.e. the oxide behaves as a dielectric),
this is caused by a real decrease in the resistance of the
oxide due to the entry of hydrogen as can be shown55 by
measurements at more positive potentials immediately after
cathodic polarisation. Under these conditions of low
imposed current and, hence, low Faradaic admittance, the
measured resistance of the oxide remains low for a short
time, In the case of pure uranium and the uranium- |
molybdenum alloy, however, this experiment is not possible
since at the more positive potentials the reaction in the
oxide produces a large Faradaic admittance which masks the
. relatively small effect on the resistance due to the hydrogen.
Here, although this simple explanation has yet to be

confirmed, it is believed that the increase in the
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conductivity and the current may be ascribed to a combination
of both Faradaic and oxide effects. As a result of these
complexities, it does not seem possible to relate the
capacities at these cathodic potentials either to the
double~layer capacity or, simply, to the oxide thickness.

The hystéresis effect which was observed for all
impedance and current density curves has been previously

4,9,55 who obtained similar

discussed by several workers
resultse, The present work does ndt add to the explanations
offered, The effect of oxygen in solution on the electrode
9

properties of uranium has been studied in detail by Issaacs

and 1t is not proposed to discuss these results here,
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SECTION VI.

SUMMARY AND CONCLUSIONS
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VI(a) Summary.

The following list summarises the major obser-

vations made during the course of the present work:-

(1) The room-temperature corrosion of uranium in
non-alkaline solution (pH 5.4) follows the kinetic
sequence: parabolic—linearl-linear2. The kinetics at
higher temperatures and in alkaline solutions can be
more complex.

(2) Cathodic polarisation of uranium and its alloys
in non-alkaline solution increases the corrosion rate,
It is found that the corrosibn rate is directly related
to the square of the hydrogen activity.

(3) For given conditions, an increase in cathodic
polarisation does not significantly alter the thickness
of the protective oxide formed on uranium and the alloys
during corrosion,

(4) Alloy additions of zirconium to uranium are
found to increase both the diffusion rates in the pro-
~tective oxide and the thickness of the film,

(5) Although the rate of parabolic growth is in-
creased by zirdonium additions to uranium, the overall
corrosion rate is reduced due to the greater thickness
of the protective film.

(6) The activation energy for the aqueous corrosion

of uranium is much lower than the activation energy both
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for atmospheric oxidation and for oxygen self-diffusion

in UO,, and is reduced further both by the addition of

2'1
zirconium as an alloying constituent and, for both

the pure metal and the alloy, by cathodic polarisation,
(7) The uranium-water pH-potential diagram due to

12 does not appear to provide a

Pourbaix and co-workers
comprechensive representation of the system for the con-
ditions employed in the present research.

(8) The overall corrosion rate of uranium and
uranium-zirconium alloys in alkaline solutions is in-
creased by increasing solution pH.

(9) The corrosion products formed in non-alkaline
solution are believed to differ significantly from those
formed in alkaline solutions.

(10) The corrosion rate of uranium is a sensitive
function of the oxygen concentration in the test solution,
(11) The measured capacities and conductivities of
those metal-oxide systems in which the metal can display

two or more valencies are difficult to interpret in

conventional terms.

Vi{(b) Conclusions

The following conclusions have been drawn from
the results obtained in the prcesent research :-
(1) Hydrogen increases the corrosion rate of uranium
and its alloys in non-alkaline solutions without disrupting

the protective oxide. This conclusion does not support
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the view held by Draley and Ruther5 that the deleterious
effects of hydrogen can be explained on the basis either
of physical changes in the oxide or the formation of a
hydride or gas phase at the metal-oxide interface, but
suggests rather that the higher rates follow from a
change in the cléctrical properties of the protective
oxide due to the increase in the activity of hydrogen
ions. A similar argument has been proposed by Wagnerl
to account for the dependence on the electronic con-
ductivity of the rate of sulphidation in the system

LAg - Aggs - S,

(2) Alloying with zirconium has a marked effect on
both the ionic diffusion rates in and the thickness of
the protective oxide. The increase in diffusion is
difficult to explain in terms of the conventional
'Hauffe Valency Rule', but may result from an increase
in disorder in the oxide lattice due to the presence of
zirconium ions. The increase in thickness has been
interpreted to imply a change in the mechanical propert-
ies of the oxide due to alloying. It seems likely that
such changes are associated with an incréase in the
plasticity of-the oxide rather than in the strength.

(3) The energy requirements for the agueous corrosion
of uranium are significantly different from those for

atmospheric oxidation. This may imply that the presence

of water (or H' ions) can cause a comnsiderable change in
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the corrosion process involving, perhaps, very high

63

mobility of the metal ions. McNamara has recently
shown that small additions of zirconia to urania increase
the mobility of uranium ions in the solid mixture. This
observation supports the present results which have

shown that the activation energy for the corrosion of
uranium is reduced by alloy additions of zirconium,

(@) The corrosion behaviour of uranium and uranium-
zirconium alloys in alkaline solutions has been shown

to be markedly dAifferent from the behaviour in pH 5.4
solution. Alkalinity appears to influence not only the
corrosion rate but the nature of the protective film.

The effect of cathodic polarisation in alkaline solutions
has been discussed in terms of changes in the stoichio-
metry of the corrosion product.

(5) The corrosion of uranium is a process of some
complexity. Clearly, further work is necessary both to
clarify and to establish many of the effects which have
been observed in this investigation. in evaluation of
the relative importance of theée effects has led to the
following proposals for future work :

(a) That corrosion rate measurements be conducted over

a period of time which comprises both protective and non-
protective oxide growth, and, further, that during
measurement such variables as potential, pH, temperature

and oxygen content of the solution be strictly controlled.
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(b) That the effect of surface preparation on the corrosion
raté be investigated.

(¢) That rate measurements be extended to include other
alloys of uranium in order to establish whether, as in
the case of uranium-zirconium alloys, an improvement in
corrosion resistance 1is again associated with an increase
in the thickness of the protective oxide..

(d) That an independent study of the deformation of
uranium oxides be conducted in order to establish whether
alloying of the base metal leads to greater strength or
to greater pléstiéity of the mixed oxide.

(e) That high temperature measurements be extended to
cover a wider range both of temperature and of solution
pH in order to establish, among other things, whether the
higher corrosion rates observed in alkaline solutions

are accompanied by a change in activation energy.

(f) That the semi-conduction of uranium oxides be in-
vestigated as a function of hydrogen -content and 0/U
ratio,.

(g) That the difference between the structure and com-
position of corrosion products formed in non-alkaline

and alkaline solutions be established by an independent

technique such as elcctron diffraction.
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