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I feel myself greatly honoured to be the second recipient
of the William J. Kroll Medal for Zirconium, and very humble at
being considered worthy to follow so major a personality in the
nuclear field as Admiral H.G. Rickover USN. I was a relative late-
comer to the zirconium alloy field, having joined the U.K. Atomic
Energy Authority's research establishment at Harwell only in
September 19 55. When I arrived the first Geneva Conference on
the Peaceful Uses of Atomic Energy had already taken place the
previous month, and one of my first duties on arrival at Harwell
was to search through a stack of preprints of the conference
papers for the ones relevant to the area I had been assigned to
work in - zirconium alloy corrosion.

For a new Ph.D. from Cambridge, whose work had been mainly
in the area of structural inorganic chemistry, this was quite a
change in field, and I eagerly sought a copy of the new bib]e of
the zirconium aficionado (The Metallurgy of Zirconium, edited
by Lustman and Kerze), which had been published simultaneously
with the Geneva Conference. At that time, copies were rare and
prized possessions, and it is a token of the amount and quality
of information that had already been generated on zirconium alloys
that it remains even now the basic reference book of the zirconium
field.

Considering the picture as it appeared at that time, I
miaht have wondered how I could carve out a niche for myself in
this field. The alloy Zircaloy-2 (still the "reference alloy"
for the industry against which others are compared) was already
developed and in use. The first U.S. nuclear submarine, the
Nautilus, was already at sea; what more was there still to do in
this field? I conclude that it has been the approach I have
adopted to the study of corrosion mechanisms, and more recently to
the mechanistic aspects of other areas of the physical metallurgy
of zirconium, which has lead to this award. I hope my listeners
will find it informative, therefore, if I delve firstly into those
factors which have conditioned me to this approach, and then summa-
rize briefly where this approach has led me.

Undoubtedly one of the primary influences was that of my
supervisor at Cambridge, Dr. A.G. Sharpe, who, himself something
of an iconoclast, insisted on cultivating a healthy scepticism
towards currently assumed theories in all who worked for him. I
think such a questioning attitude to received information is a
prerequisite for any scientist hoping to solve complicated mecha-
nistic problems, and is epitomised for me by the English north
country expression "believe nowt ye read, and only 'alf ye see".

The second major influence on the subsequent direction of
my studies was to have been assigned to the U.K. Homogeneous Aqueous
Reactor (HAR) Project, rather than to the parallel light water
reactor project (LEO). In the parallel U.S. Homogeneous Reactor
Project enormous increases in the corrosion rate of zirconium alloys
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(thousands of times the laboratory rate) were being observed under
irradiation conditions. This large irradiation-induced increase
in corrosion showed that all was not ideal with the behaviour of
zirconium alloys in all situations.

Thus, there were some major factors affecting the corrosion
process which could not be ignored and needed to be understood.
It was many years before workers in the light water reactor area
became convinced that irradiation universally affected the corrosion
rate of zirconium alloys, and that it was merely- the chemistry of
the aqueous environment which determined whether these effects
were so large as to kill a reactor project or so small that they
required many years of observation to reveal their presence.

The third major factor determining my course of action has
been my personal predilection for developing techniques to look
at specific aspects of an overall problem, rather than the more
commonly adopted approach of specialising in one, or a few related,
techniques, and then seeing what problems can be tackled using
these techniques. This line of attack has enabled me to pursue a
predetermined attack on the remaining mechanistic problems in the
corrosion field, at least over the last twelve years or so, by
first identifying a sequence of questions needing to be answered
if the process was to be understood and then trying to find, or
develop, techniques capable of answering these questions; an example
is given in Table 1.

The detailed development of this attack has been summarised
in the reviews which I have written recently (1,2). I do not
propose to try to do a further such review here, but I will restrict
myself to a more anecdotal approach, covering first the early years,
where I was in the process of deciding what the questions were that
really needed asking; and will then give a fairly general summary
of the later development of the programme. In learning what were
the important questions there were inevitably many false starts.
However, perhaps we learn most from our mistakes, so I hope you
will bear with me if; in the next few minutes, I seem to be relating
a series of failures rather than successes.

Again serendipity played its part in the early days, both
as a result of the specific task I was set on arrival at Harwell -
to develop a technique for in situ measurement of the corrosion
rate of zirconium alloys in high temperature and high pressure
(irradiated) solutions - and of the commercial zirconium alloy
materials with which we had to work at that time in the U.K. In
attacking the main task, the availability of large laboratory
autoclaves led us to study techniques for monitoring the corrosion
rate of individual specimens within a large autoclave, rather than
adopt the ORNL approach of monitoring the corrosion rate of a small
autoclave itself (by following the decrease with time ir the oxygen
over-pressure). Thus we were led into the field of electrical and
electrochemical corrosion monitoring techniques, and the vagaries
of high-pressure electrical seals.



The techniques we used were of two types, firstly measure-
ments of the polarisation curves of zirconium alloy electrodes,
using early models of potentiostat, which were already available
(constructed by the Harwell electronics division). Ultimately,
this type of d.c. electrochemical measurement was abandoned after
we succeeded in repeatedly and unexplainedly electrodepositing
gold (from the counter-electrode) on the specimens. Gold, rather
than platinum, was used at this time because of its supposed
greater stability in these solutions. Thus, it was obvious that
the polarisation currents we were measuring contained sizeable
components representing electrochemical dissolution and deposition
of supposedly inert parts of the system.

Our attention was next directed towards a.c. methods/
especially measurements of oxide film capacitance, for continuous
monitoring of the corrosion process. We started off using a com-
mercial capacitance bridge, and using this we were soon able to
demonstrate the major effect which the rectification phenomenon,
discovered by John Wanklyn, had on the specimen corrosion rate.
Using this technique, all zirconium alloy specimens were soon
covered with thick white oxide films which indicated that rectifi-
cation of the a.c. current had caused a large increase in the amount
of corrosion occurring. We were not the last investigators to fall
into this trap. We changed to a homemade bridge using a transformer
to reduce the a.c. applied voltage, and also studied the use of
the square wave polarograph (an instrument then having only recently
been developed by George Barker). It was possible to derive
capacitance figures using this instrument and we thought that the
small square wave pulses it used might cause less of a problem
than the continuous a.c. applied by the capacitance bridge. In
fact, both instruments seemed to give reasonable plots of 1/C
versus thickness when applied to anodised zirconium at room
temperature, and we got similar apparently convincing plots versus
time during autoclave tests at ?50°C.

I was on the verge of publishing this work, when I began
to have doubts after studying the capacitance behaviour of the
system during autoclave cooldown - the capacitance of the samples
apparently increased (i.e. film thickness apparently decreased).
This led me to study in more detail than previously, the double
layer capacitance on the gold counter-electrode. We had established
its variation with temperature, but had assumed that at any given
temperature, it would remain roughly constant with time - it didn't.
So we had again been measuring some peculiarities of the electro-
chemistry of the counter-electrode rather than the specimen.

These experiments had led to no usable results, but they
did convince me of the importance of the electrical properties of
the oxide in the oxidation mechanism, and disillusioned me suffi-
ciently about the interpretation of high temperature aqueous
electrochemistry that I subsequently decided, when I returned to
studies in this area, to use a fused salt as the electrolyte , an
approach which was to prove far more fruitful.
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The materials we had to work with at that time also affected
my approach to the subject. Although we had some arc-melted
Zircaloy-2 manufactured by I.C.I. Metals Division (as it was then),
most of it was still melted in graphite crucibles The zirconium
carbide particles in such alloys were obviously playing a major
part in the corrosion process, as could be seen from an optical
metallographic examination of specimens before and after corrosion.
However, I was unconvinced that this was simply a case of prefeiren-
tial attack on the carbide particle: itself, as was commonly assumed.
In order to examine the process in more detail, I was led into the
field of electron microscopy, and particularly the interpretation
of electron microscope replicas, which had not up to that time been
used extensively in the study of corrosion processes.

This foray into the field of electron microscopy opened up
a new world to me. I was able to see that the corrosion attack
did not start at the carbide particle, but in the matrix adjacent
to the matrix-particle interface. Many other interesting things
also appeared, such as localised oxidation along what was originally
a metal grain or twin boundary. The formation of large pores in
the oxide at prior metal grain boundaries in pre-oxidised specimens
bombarded with fission fragments and subsequently re-oxidised was
a phenomenon observed, but still not fully understood - why were
these pores not randomly distributed? This early work on the
application of the electron microscope led to a number of papers,
for one of which I was proud to receive in 1961 the A.B. Campbell
Award from NACE. It also developed my continuing interest in the
application of all types of electron optical techniques to corro-
sion studies , an interest which is still evident in the programme
of the Materials Science Branch at Chalk River.

A third area of techniques, which I entered in the early
days to see whether or not they could contribute to our under-
standing of zirconium corrosion, was that which can be broadly
classified under the heading autoradiographic. These comprised
not only the true autoradiographic techniques using radioactive
isotopes of the species concerned (of the ones we tried at that
time, iron, chromium, nickel and tritium,only the last led to any
success), but also techniques such as "Bitter Figures" which depend
on imaging magnetic domain boundaries, and by which we tried
unsuccessfully to locate iron-containing second-phase particles.
However, a continuing interest in this area ensued, and following
my move to Atomic Energy of Canada Limited at Chalk River Nuclear
Laboratories in 1963, I was able to pursue the tritium autoradio-
graphy further and also to extend my interest into the area of
nuclear reactions for identifying the location of particular species
(there being already a strong group at CRNL working in this area).

Thus, by the time I left AERE I had already developed my
interests in the three areas of experimentation (electrical
properties of oxides, electron microscopy, autoradiographic tech-
niques) which were to form the base from which I could attempt to



•. :-.>-_ai!i the oxiuatioa mechanism. Other experiments at AERE on the
corrosion properties of numbers of different alloys, and in the
reactors there provided the background from which to decide those
questions which played an important part in the corrosion mechanism.
Soon after arriving at CRNL these ideas were formalized into a
list of questions to be answered. While this list has seen some
modification (and some answers inserted in it) it still remains
much the same (Table 1). Similar sets of questions could be listed
for other phenomena, such as hydrogen absorption during oxidation,
or stress corrosion cracking. But for illustrative purposes the
one related to oxidation mechanism will be used.

With Table 1 as the basis for discussion, I will now try
to summarise the progress that has been made in elucidating the
oxidation mechanism of zirconium alloys. Strictly speaking, a
separate set of answers should be prepared for each alloy, but
for a general discussion it will probably be sufficient to orient
the answers towards the Zircaloy type of alloy (i.e. one containing
iron, chromium, and nickel second phase particles). For a more
detailed exposition of the problem,readers should consult references
1 and 2.

In order to decide whether the oxidation process is controlled
by diffusion through a protective oxide film or not, it is seldom
sufficient to rely alone on the kinetic form of the oxidation
curve. There will always be the possibility of misinterpretation
since, for instance, parabolic kinetics imply only that the oxida-
tion rate is inversely proportional to the oxide thickness. Such
kinetics can be achieved equally by diffusion through a barrier
oxide, or by gaseous flow through an increasing thickness of porous
oxide. A technique which can distinguish between these possibili-
ties is to instantaneously change the environmental gas pressure
during a continuous microbalance experiment, and look for instanta-
neous changes in oxidation rate. This technique proved very useful
in identifying the onset of porosity during the oxidation of
Zircaloy--2 with the onset of the kinetic transition, and showed
that this porosity extended essentially up to the oxide-metal
interface. Prior to the rate transition in the oxidation kinetics
therefore, the transport process consists of diffusion through a
barrier film, except for the influence of local cracking at any
sharp edges on the specimen.

In the pre-transition period of the oxidation kinetics we
have to be concerned with both ionic and electronic transport
through the oxide, since the net charge transfer must be zero, and
we cannot assume that any species migrates with such ease that it
can be ignored as a factor in the overall transport process. The
evidence available on the ionic transport process suggests that
oxygen is by far the most mobile species, while, as we will see
later, the defect structure of the oxide lattice is of relatively
little concern for oxidation at normal reactor temperatures, because
of the microcrystalline nature of the oxide film.
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By using a nuclear reaction of oxygen (0!7 + i!e] -*• 0: ' + Hesj
we were able to show that the oxygen diffusion process during oxi-
dation was essentially a line diffusion process, and that the bulk
diffusion of oxygen in the oxide was several orders of magnitude
too slow to account for the amount of oxidation which occurred.
Incidentally, I have been criticised by other experimental ists ir.
the field of applications of nuclear reactions, for employing a
rare and expensive isotope of oxygen in a reaction that required
a large and even more expensive accelerator. However, as I have
already said I regard techniques as means to an end, and in chis
instance we were approached by physicists at Chalk River to make
some stable 0 1 7 targets for their studies cf transition states in
the neon nucleus. This coincided with our interest in using a
nuclear reaction to study oxygen migration. So by a happy conso-
nance of aims we agreed to provide targets for their study, if thc-y
in turn would do some measurements en our diffusion specimens. The-
narrow bulk diffusion profile at the specimen surface proved too
thin for accurate study by this technique, but usinc the same
targets Paul Pemsler and I were able to measure it successfully,
using an ion bombardment mass spectrometer.

Thus, the deduction from this work is thjt the line diffu-
sion process represents diffusion along crystalline boundaries in
the oxide, and that this is the primary route for oxygen migration
during oxidation, diffusion through the bulk being too slow by
several orders of magnitude. Transmission electron microscopy
has been used extensively to study the development and epitaxy of
crystallites as the oxide thickens, but the limited transparency
of the oxide to electrons at up to 200 keV, has meant that a
different technique had to be used to study the crystallite morpho-
logy near to the kinetic transition. It was found that a technique
for rapid fracturing of thick oxide films, coupled with replication
of the fracture surface, gave very good impressions of the large
crystallites which developed in thick oxide films. By the technique
we were able to observe in unalloyed zirconium (which does not
show a kinetic transition in 600°C oxygen at film thickness up to
10 microns) the large columnar crystallites formed, whereas in
Zircaloy--2 the crystal growth process was interrupted, so that (at
the transition?) renucleation of small crystallites occurred. This
process of growth and renucleation appeared to continue repetitively.

Thus the ionic transport process is apparently one in which
oxvgen ions diffuse along crystallite boundaries in the oxide,
the precise kinetics being determined by the manner in which the
crystallites change size in any particular oxide film.

To study the electron transport process we needed a method of
forming an electrical contact with the outer surface of the oxide
which would satisfy the following criteria:

1. It should not affect the oxidation rate L'f the surface
beneath the contact.



2. It shoulei contact the whole specimen area, or a known
fraction or that area so that the current density could
bo measured.

3. It should be as near as possible to an ohmic reversible
contact" Fn. both ionic a^d electronic processes.

-1 . y.c add i t i on 31 contributions to the measured current (i.e.
fror proccssos other than specimen oxidation) should be
present:.

Various J orms of metallic or porous conducting oxide were
el i r.'imtod, nn.i our previous experience with hiqh temperature
3qi;eoi:Fi e] ectrnciiemi stry suggested that it did not meet some of
the above conditions. We finally settled on a conducting, oxirfisinr
fused salt as the best solution to the problem.

"y using this technique to measure the current-voltage (I-V)
characteristics of growing oxide films, and by separating these
curves '. ;;to their ionic and electronic components we have been able
to show that the electronic transport process is quite variable,
although it can often be approximated to a Schottky emission process.
It appears that the electron transport process may differ at different
locations ovi the specimen surface with the measured charactertistic
being a weighted mean of the processes contributing over the whole
a r e a .

rsoth electron and hole conduction have been identified under
different conditions, again showing the variability of the electron
conduction processes which occur. Using an imaging technique for
the electron curie.*t it was possible to show that, at least at room
temperature, conduction was mainly localised at intermetallic parti-
cles in Zircaloy type alloys. It is inferred that this is also the
main route for electron conduction during oxidation. From observa-
tions in a number of oxidising media of differing conductivity,
and from direct measurement we have also been able to deduce that
surface resistivity is a major part of the overall electronic
resistance, especially for unalloyed zirconium.

Putting this evidence together we find that in zirconium and
the Zircaloys the electronic component of the oxidation current
flows primarily at a few sites, commonly identified with the inter-
metallic particles. Since the reduction of oxygen and its diffusion
through the oxide are occurring more uniformly over the surface
(because of the small crystallite size) the electrical circuit must
be closed by surface conduction. The oxidation field across the
oxide is set by that voltage needed to equalize the two components
of the oxidation current. In practice, because of the steeply
rising nature of the electronic current as a function of increasing
voltage, this oxidation field is determined largely by the electronic
conduction. The ionic flux is controlled by this field, and hence
the oxidation rate is fixed, within limits set by the oxygen diffusion



process, ,jy tne electronic properties of che oxide. In such ^
situation neither process can be said to be uniquely controlling
the oxidation. Thus a change in conditions which causes a large
change in only one of the two components of the I-V curve will
not result in a big change in oxidation rate. Both processes
must be changed significantly before any large changes in oxidation
rate can be observed. This argument formed the basis of an
hypothesis I proposed to explain effects of irradiation on the
oxidation rate. So far this hypothesis seems to have withstood
the test of time and further experimental observations.

We have still to consider the processes occurring during the
post-transition oxidation period when the whole oxide does not
represent a diffusion barrier. Here we have made extensive use of
electron microscopy to characterise the size, location and develop-
ment of pores and cracks in the oxide. We have also developed
techniques based on the rate effect of capillary rise of an electrolyte
in these flaws on the impedence of the oxide; and a mercury porosi-
meter, where the flow of mercury in the flaws was monitored by
impedance measurements, to give information o.. the size, depth and
frequency of these defects.

Studies of the stress generated in the oxide, and the recrys-
tallization processes proceeding in the oxide have also been
important in reaching conclusions about the mode of oxide breakdown.

I have concluded that, because small pores are always
generated at the oxidation transition, whereas cracks in the oxide,
although common, are not univerally observed, the development of
small pores in the oxide is the primary cause of the loss of the
protective nature of the pre-transition oxide. These pores are
thought to develop at crystallites boundaries by virtue of the
recrystallization processes occurring during oxide growth. The
precise details of crystallite growth from specimen to specimen
and alloy to alloy may be quite variable; however, the common end
effect is that pores develop which permit oxygen gas to flow through
most of the oxide thickness. For Zircaloy-2 any remaining barrier
at the oxide/metal interface is exceedingly thin, only a few nano-
meters at most, whereas for some other alloys such as Zr-2.5% Nb
the pores appear only to penetrate through a much smaller fraction
of the oxide thickness. Thus, unlike Zircaloy-2, where a pressure
change during oxidation results in a proportional change in oxida-
tion rate, for Zr-2.5% Nb little effect of a pressure change is
seen. By the combined application of the above techniques to studies
of the effects of variables such as heat treatment, alloying and
irradiation it should be possible to predict the behaviour of alloys
under any given set of conditions. However, the effort involved
in such an approach would be massive, and it remains probable that
in most instances "ad hoc" solutions will remain the preferred
approach, unless such a solution is found to be too elusive.

In recent years my interests have expanded to cover the
environmentally induced cracking of zirconium alloys, and their
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delayed hydride cracking. Whenever possible I have tried to adopt
a similar philosophy to that described above in tackling these
problems. Broader responsibilities have also permitted me to
apply this approach to other aspects of the physical metallurgy
of zirconium. T^ particular, I have been able to encourage other
members of the ivterials Science Branch at Chalk River to develop
new techniques wi anever possible to aid in the understanding of
in-reactor creep, the defect structure of zirconium and ordered
alloys. I expect to continue working in these areas in the future,
and finish by thanking you for your attention, and the Kroll Award
Committee for the honour bestowed on me.

A c h i:c(<:Cc dg CIT.V i> t$ :

It would take too long to list all the people who have
collaborated in, assisted with, or commented on this programme
over the years. The names of iay principal collaborators can be
obtained from the co-authors listed in the bibliography. To them
and the others acknowledged individually in individual papers I
offer again my sincerest thanks for the help I have received.
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TABLE I. Understanding the Thermal Oxidation of Zirconium Alloys

Is the oxidation controlled by diffusion through a protective oxide film?
(deduce from kinetics and pressure dependence)

Study transport of ions and electrons through oxide film

Ions

1. Which is mobile ion?
(metal, oxygen, both)

2. What is oxide defect structure?
(p-type, n-type, junction)

3. What is macroscopic diffusion
coefficient?

4. What is microscopic diffusion process?

5. Identify diffusion route from studies
of oxide morphology.

Define ionic transport process

Electrons

If NO,

Study the migration of molecular species in the oxide filn

1. What is electron transport process?
(diffusion, tunneling, emission)

2. What is mobile species?

3. What is microscopic transport route
for electron current?

4. What is contribution of surface
conduction to overall electron
transport process?

Define electron transport process

Determine rate-controlling process

1. Study visual occurrence of cracks,
pores, etc., in oxide.

2- Determine size, depth, and frequency
of these defects.

3. Study processing generating defects.
a. Stress in oxide
b. Recrystallization of oxide

Define oxide film breakdown process

Assess effect of variables (e.g. heat treatment, irradiation) on all processes"

Predict behaviour of Alloy under given Conditions
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