
INFO 0668

CA9700435

Corrosion and Deuterium
Ingress in CANDU Pressure
Tubes: A Literature Review

and New Model

by

G.S. Frankel, A.I. Markworth
and A. Sehgal

2 8 k 19

Atomic Energy Commission de controle
Control Board de I'energie atomique Canada



INFO 0668

CA9700435

7 8 «i t 9

1*1 Atomic Energy Commission de controle
Control Board de I'energie atomique Canada



INFO-0668

Corrosion and Deuterium
Ingress in CANDU Pressure
Tubes: A Literature Review

and New Model

by

G.S. Frankel, A.J. Markworth
and A. Sehgal

Prepared for
the Atomic Energy Control Board

under its Regulatory Research
and Support Program

Ottawa, Canada

AECB Project No. 2.349.

February, 1997.

Atomic Energy
Control Board

Commission de controle
de I'energie atomique Canada



© Her Majesty the Queen in Right of Canada, 1997
AECB Catalogue number INFO-0668

Reproduction in whole or in part is permitted provided that its use falls within the scope of fair dealing
under the Copyright Act, and is solely for the purpose of private study, research, criticism, review or
newspaper summary. The source must be fully acknowledged. However, reproduction in whole or in part
for purposes of resale or redistribution requires prior written permission from the Atomic Energy Control
Board.



-111-

CORROSION AND DEUTERIUM INGRESS IN CANDU PRESSURE TUBES: A LITERATURE

REVIEW AND NEW MODEL:

A report by G. S. Frankel, A. J. Markworth and A. Sehgal under contract to the Atomic Energy
Control Board

ABSTRACT

The corrosion and associated deuterium (D) uptake of zirconium (Zr) alloy pressure tubes in
CANDU reactors have been studied for about 40 years. Zircaloy tubes exhibit rapid D ingress after
a period of in-reactor exposure, and have been replaced with tubes fabricated from the more-resistant
Zr - 2.5 Nb alloy. Recently, however, a small percentage of Zr - 2.5 Nb tubes have been found to
contain high D contents, and several phenomena that increase the corrosion and deuterium-evolution
kinetics of Zr alloy tubes are known. At present, there is no clear understanding of these phenomena
or the cause of the high-D tubes. There is even still some dispute whether the critical reaction occurs
at the inner or outer surface of the tubes. A model that predicts a constant rate of deuterium ingress
has been presented in the literature. However, there is little fundamental justification of this model.
Given the poor understanding of the situation, the concern exists that an increasing number of high-
D tubes will develop with time.

This report addresses the problem of Zr corrosion and D uptake in two ways. The published
literature and some proprietary reports are reviewed and critically assessed in the first section. A
new model for Zr corrosion is then presented in the second section. The rate of corrosion is shown
to be dependent on the rate of transformation of the protective inner oxide layer to a porous outer
layer. The mechanism of this transformation is not known, and should be the subject of future
investigations. It is assumed in the model that zirconia chemically dissolves into the solution at the
pore bottom. The rate of this dissolution reaction depends on the local pH, which will increase if
there is a build-up of deuteroxyl ions generated in the cathodic part of the Zr corrosion reaction. A
mathematical description of this model containing several parameters with unknown values is
presented. Assuming certain values of these parameters results in predictions of oxide formation
(and thus D build-up) that are similar to observations.

The model is nonlinear in nature, and is thus capable of oscillations or chaotic behavior. A
discussion of nonlinear dynamics applied to aqueous corrosion is given as an appendix of this report.
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RÉSUMÉ

La corrosion et l'absorption concomitante de deuterium (D) par les tubes de force en alliage de
zirconium (Zr) des réacteurs CANDU sont étudiées depuis quelque 40 ans. Les tubes de zircaloy,
qui laissent pénétrer le D rapidement après une certaine période d'exposition dans le réacteur, ont
été remplacés par des tubes en alliage plus résistant (Zr - 2.5 Nb). Toutefois, il s'est avéré
récemment qu'un faible pourcentage des tubes au Zr - 2.5 Nb renfermaient de fortes teneurs en D et
plusieurs phénomènes qui accélèrent la cinétique de corrosion et d'évolution du D se sont manifestés.
Ces phénomènes ne sont pas entièrement compris actuellement, pas plus que la raison de la forte
teneur en D des tubes. Il y a même encore un débat pour décider si la réaction critique se passe à la
surface intérieure ou extérieure des tubes. Un modèle prévoyant une vitesse constante d'entrée du
deuterium a été publié dans la littérature. Ce modèle est cependant peu justifié fondamentalement.
Vu la mauvaise compréhension de la situation, certaines personnes craignent qu'un nombre croissant
de tubes à forte teneur en D apparaissent avec le temps.

Ce rapport pose le problème de la corrosion du Zr et de l'absorption du D de deux façons. La
littérature et certains rapports exclusifs sont analysés et évalués dans la première partie. Un nouveau
modèle de la corrosion du Zr est ensuite présenté dans la deuxième partie. Il est montré que la
vitesse de corrosion est fonction de la vitesse de transformation de la couche interne d'oxyde
protecteur en une couche externe poreuse. Le mécanisme de cette transformation, qui n'est pas
connu, devrait faire l'objet de recherches dans le futur. Le modèle pose l'hypothèse que le zirconium
fait l'objet d'une dissolution chimique et qu'il passe en solution à la base des pores. La vitesse de
cette dissolution dépend du pH local, qui augmente lorsqu'il y a accumulation des ions deutéroxyles
produits (côté cathode) par la corrosion du Zr. Une description mathématique de ce modèle est
présentée; elle inclut plusieurs paramètres de valeur inconnue. Lorsque certaines valeurs de ces
paramètres sont fixées, les prévisions de la vitesse de formation de l'oxyde (donc de l'accumulation
de D) correspondent aux observations.

Le modèle est non linéaire, donc capable d'oscillations ou d'un comportement chaotique. Une
discussion de l'application de la dynamique non linéaire à la corrosion en milieu aqueux est
présentée dans l'appendice de ce rapport.

DISCLAIMER
The Atomic Energy Control Board is not responsible for the accuracy of the statements made or
opinions expressed in this publication and neither the Board nor the authors assume liability with
respect to any damage or loss incurred as a result of the use of the information contained in this
publication.
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1. INTRODUCTION

The elevated-temperature aqueous corrosion of zirconium alloys (Zircaloy family and Zr - 2.5 wt%
Nb) in CANDU reactor environments has been investigated extensively during the past forty years.
A portion of the deuterium* gas produced during the corrosion reaction is absorbed into the pressure
tube leading to an increase in the deuterium (D) content of the pressure tube. Increased D contents
have resulted in precipitation of zirconium hydrides (deuterides), blister formation, and subsequent
cracking of the pressure tube.1

There are several goals of this project. Chapter 2 is a review of published and unpublished reports,
conference proceedings and limited circulation reports on experiments and in-service corrosion of
the zirconium alloy used in CANDU pressure tubes. A critical assessment of existing models is also
given. Although many investigations have been made on corrosion and deuterium uptake by
CANDU pressure tubes, most of the meaningful data is proprietary and not available to the public.
Therefore, our critical assessment of the existing literature was limited to the ASTM STP
proceedings and the CANDU Owner's Group (COG) protected reports supplied by AECB. Of
particular interest to AECB is the observation that a small percentage of pressure tubes have been
found to contain relatively high D concentrations. These observations and the explanations provided
for them will be a focus of this review.

The models published in the literature on Zr tube corrosion and D uptake were found to be rather
simple and with limited fundamental justification. A second goal of this project was to develop a
mechanistically-based model with a mathematical framework. Such a model is presented in Chapter
3, starting with a description of the physical concepts in the model. A mathematical representation
of the model is then presented, and sample calculations are made using arbitrary values of some of
the model parameters.

In the Appendix, a tutorial on the application of nonlinear dynamics in aqueous corrosion is given.
The fundamentals of nonlinear dynamics and chaos theory are presented and some examples of their
application to corrosion systems are shown.

•In this report an attempt has been made to distinguish between deuterium and hydrogen, and not use them
interchangeably.



2. LITERATURE REVIEW

Deuterium can enter the CANDU pressure tubes by several routes as shown in Figure 1. It is a by-
product of the corrosion reaction on the inside surface between the primary heat transport (PHT)
coolant and the Zr alloy tube. Generally, less than 5% of the deuterium evolved during corrosion
is absorbed into the tube.2 Some deuterium can be absorbed from the annulus gas, especially when
the annulus gas environment is reducing or its flow is blocked. Finally, deuterium ingress can occur
at the stainless steel endfittings.

The D content of pressure tubes has been found to exhibit considerable scatter with a small
percentage of tubes having high D content.1"5 Figure 2 shows D contents of pressure tubes removed
from Pickering unit 3. It should be noted that the high D values are limited in number, i.e., only a
small percentage of the tubes contain high levels of D. For these tubes the corrosion rate may
increase after about 9 Effective Full Power Years (EFPY)6. One can infer that the rate of deuterium
will correspondingly increase at that time. The high-D content tubes also apparently have a peak in
the D concentration near, but not at, the tube outlet3. These observations have not been fully
understood or predicted by any of the proposed theoretical models for deuterium ingress. They will
be addressed in detail later on in this chapter.

Many operating and metallurgical variables influence the deuterium ingress rate into Zr- 2.5 Nb
pressure tubes. Parker and Smith3 performed a very elegant and through statistical analysis of the
many variables influencing deuterium ingress and found that the only variable showing a significant
relationship with D ingress was the duration of a preheat treatment process done during the
manufacture of the pressure tube. It is not clear how this process step might influence subsequent
D ingress. One possibility is that it causes critical changes in the alloy microstructure or surface film
characteristics. Despite the lack of statistical correlation between D ingress and other factors, we
will attempt to review various influences.

2.1 Corrosion and Deuterium Absorption

Prior to installation, the cold-worked Zr - 2.5 Nb pressure tubes are autoclaved in steam (H:O) at
400°C to develop a black adherent zirconium oxide film about 1-2 um in thickness.7 During service,
the inner diameter (ID) surface of the pressure tube is exposed to the PHT coolant, which is D:O at
250 to 310 °C, with a pH of 10.3 as a result of the addition of LiOH. Hydrogen is added to keep the
PHT somewhat reducing. The outer diameter (OD) surface of the pressure tube is exposed to a
gaseous environment that contains some water vapor. Corrosion of the pressure tube is therefore
possible at both the ID and OD, and takes place via:

Zr + 2D:O - ZrO: + 2D:(g) (1)

A small fraction of the deuterium generated on the surface is absorbed into the pressure tube.
Reaction 1 looks simple, but is actually quite complex. It involves three regions; the metal, the
oxide, and the corrosive environment.8 Growth ot the oxide is believed to involve the movement
of anion vacancies.89 The total reaction given above can be divided into an oxidation reaction that
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occurs at the metal/oxide interface8:

Zr + 2O2 - ZrO2 + 2V0
:+ + 8e" (2)

and a reduction reaction that occurs at the oxide/solution interface8:

2VO
2+ + 8e + 2D2O - 2O2" + 4Dad (3)

where Vo
2+ represents an oxygen ion vacancy in the oxide, O2' is an oxygen ion in the oxide, and D^

is atomic deuterium adsorbed on the oxide surface. In reaction 3, both water and the oxygen
vacancies are reduced. It is written with 8 electrons so that it sums to Equation 1 when added to
Equation 2. It has been suggested that the reduction reaction is8:

4VO
2++ 8e + 4D2O - 4O2'+ 8D+ (3')

In this reaction, the deuterium is not reduced; only the oxygen vacancies are. It suggests that the
diffusing species in the oxide is D* and not D, which we consider to be unlikely.

Once formed, the deuterium atoms can recombine to form molecular deuterium and leave the surface
as gas (Equation 4a), or be absorbed into the oxide in the atomic state and diffuse toward the
metal/oxide interface (Equation 4b):

2Dld - D2(g) (4a)

Dad - Dab (4b)

It has been shown that the deuterium that diffuses to the base alloy is the reaction product of the Zr
corrosion reaction and is not the deuterium gas that is dissolved in the PHT coolant.10 Infrared
spectroscopy of the oxide film has indicated that the dominant D-containing species is a deuteroxyl
species4" and not the expected D species, Figure 3. Deuteroxyl may form during one of the
following reduction reactions:

2VO
2+ + 8e" + 2D2O - 2OD2

 ld + 2Dad (5)

2VO
2+ + 6c- + 2D2O - 2ODl

ad + 2Dad (5')

The difference in these two reactions is the oxidation state of the D in the deuteroxyl species. In
reaction 5' the D in the deuteroxyl is not reduced, similar to Equation 3'. Note that D is generated
along with deuteroxyl. Once formed, the deuteroxyl species may also then absorb and diffuse into
the oxide.

Elmoselhi et al." have done some experiments that are at the core of the current understanding of
the D transport in zirconium oxides formed on pressure tubes. They studied the D concentration
profile following exposure to gaseous atmospheres of predominantly D; or D2O. It was concluded
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that the D concentration profiles at the inner surface oxide is the sum of two components. Following
exposure to D,0 gas, the predominant contribution is from charged deuteroxyl groups that are
strongly bound to accessible sites along grain boundaries in the ID surface oxide. A smaller fraction
of the total D in the oxide is due to the mobile deuterium atoms. A sharp D gradient was observed
at the oxide metal interface, with little D actually in the metal. Elmoselhi et al." concluded that,
despite their high concentration in the outer layer of the ED oxide, the deuteroxyl groups may not be
the deuterium-containing species that enters the pressure tube. Deuterium atoms are the most likely
deuterium-containing species that enters the pressure tube. The D profile following exposure to D :

gas was starkly different from D:O exposure. In this case little D was found in the oxide, whereas
the D concentration in the metal was extremely high. Deuteroxyl is apparently associated with
water-containing environments. However, the diffusing deuterium-containing species and
permeation paths have yet to be unequivocally established.

At the oxide/metal interface, the Zr dissolution reaction, Equation 2, occurs. Other reactions also
take place there. Diffusing deuterium enters the metal, and may pass through an interface state:

^oxide " ^interface - D m e t a l ( 6 )

If deuterium associated with deuteroxyl enters the metal, another series of steps must occur:

Odn
oxide - ODn, nterface - D,n[ - Dmcul (7)

Depending upon the charge of the deuteroxyl, the transformation of deuteroxyl to D may or may not
involve reduction:

O2- + D,m (8)

e - O 2 - + D,m (8')

The net result of the possible corrosion reactions described in Equations 1 -8 is the formation of oxide
on the Zr tube surface and uptake of D into the tube.

2.2 Deuterium Absorption at the OD Surface

The outside of the pressure tube is exposed to a relatively dry annulus gas. Elmoselhi et al." have
reported the composition of annulus gas to be dry CO2 gas at approximately atmospheric pressure
containing up to about 130 Pa D : with traces of oxygen and water. The D : in the annulus gas comes
from diffusion from the PHT through the stainless steel endfittings in the annulus gas system.1 The
deuterium in the annulus gas is not believed to be the major source of deuterium pickup by the
pressure tube provided a protective OD oxide is maintained on the OD surface.5 However, in some
blocked tubes, it has been suggested that reducing environments may form.3 These reducing
environments supposedly degrade the permeation barrier capabilities of the oxide. Ontario Hydro
investigators studying pressure tube corrosion have blamed the high deuterium contents in some
Pickering unit 3 pressure tubes on the formation of reducing atmospheres.1'35 Some of the tubes



-5-

showing high D contents were close together and shared a common annulus gas manifold.5 To
prevent the formation of local reducing atmospheres and degradation of the OD oxide, oxygen has
been added to the CO2 annulus gas. Oxygen additions preserve the oxide as a hydrogen barrier,
scavenge hydrogen impurities in the gas and eliminate deposit formation.2

The conditions required for reduction of zirconium oxide can be determined from thermodynamics.
Consider the equilibrium between Zr and O::

Zr + O2 = ZrO2 (9)

The free energy for this reaction at 310°C = 583°K is AG° = -236,176 cal /mole.12 The partial
pressure of oxygen in equilibrium with Zr and ZrO2 can be calculated from pO2 = exp (AG°/RT) =
2.6 x 10'89atm. From the equilibrium between hydrogen, oxygen and water, for which AG° = -51355
cal /mole at 583 °K, this pO2 can be found to correspond to a ratio of pH^pHjO = 1 x 1025. It is
therefore extremely unlikely that the oxygen partial pressure in the annulus gas will ever decrease
to the extent that reduction of zirconium oxide to metallic Zr will be thermodynamically favored.
This does not rule out the possibility that there may be a non-stoichiometric oxide that could alter
the permeability or structure of D along the lines of what has been observed by Elmoselhi et al.1'
However, Zr must be viewed as an extremely effective getter for oxygen under these conditions.

Recently, Warr et al. studied oxide surfaces of Pickering unit 3 pressure tubes in order to understand
the cause of high D contents6. The authors did not find any substoichiometric OD oxides in their
work except in one sample, and even that sample had a constant rate of oxidation. The constant rate
of oxidation/corrosion shows that no oxidant depravation conditions existed in the annulus gas
during in-reactor exposure, which is supported by the observation of a stoichiometric oxide. The
authors concluded that the degradation process in the annulus gas systems (OD surface) may be quite
different from that previously hypothesized.1'35 They concluded that the cause of high D contents in
tubes may be related to phenomena at the ID instead of at the OD surface.6

Many investigators have shown that the microstructure, permeation characteristics, and thickness
of the oxides at the ID surface of the pressure tubes are very different from those at the OD
surface.IZ6-711 The ID oxide is believed to be a bi-layer; an outer oxide with interconnected porosity
and a less-porous oxide adjacent to the metal/oxide interface.6 The OD oxide is much thinner than
the ID oxide.6 Both the ID and OD oxides on pressure tubes with high D contents have differences
when compared to oxides on tubes with low D contents.

Warr et al.7 studied the microstructures of oxides at the ED and OD of pressure tubes, and their role
as permeation barriers to D ingress. For tubes having low D contents in the base alloy, the deuterium
content in the OD oxide was consistently three orders of magnitude higher at the outer surface than
at the metal/oxide interface7. The D concentration profile suggested that diffusion was the
controlling influence. For the tubes with high D contents, the deuterium concentration profile in the
OD oxide varied considerably, Figure 4. The end of the D profile marks the metal/oxide interface.
Some of the profiles suggested diffusion control while others were flat, showing a uniform D content
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in the oxide and a higher D concentration at the metal/oxide interface. These observations imply that
events at the OD may play a role in generating high D concentrations. For the tubes with low D
contents the OD oxide was still a good permeation barrier. However, when the effectiveness of the
OD oxide was lost, easier diffusion paths for the D to get to the metal/oxide interface were formed.

Elmoselhi et al." studied the mobility of deuterium in the oxide and the factors affecting D
absorption by the pressure tubes using SIMS. In an effort to understand possible deuterium ingress
from the annulus gas and the permeation routes, experiments were conducted with prefilmed Zr -
2.5 Nb samples exposed to D-containing gaseous environments. It was shown that the D surface
concentration was increased by increasing the D2 partial pressure and dissociating the D : gas to
atomic D. Exposure to D2O vapor resulted in a tremendous increase in the surface D concentration
relative to D2 exposure. Figure 5 shows that, in D2O vapor at 300 °C, the final D profile in the oxide
was developed after 4 hours of exposure and remained the same after about one week of exposure.
The nature of the bonding of the deuterium-containing species was examined by subsequent
exposure of one sample to vacuum at 300 °C for 12 hours. The D profile in the oxide was
unchanged indicating that the deuterium-containing species was strongly bound to the oxide. This
is in contrast to the weak bonding that would be expected if the deuterium-containing species was
physisorbed on the surfaces of cracks and pores. Subsequent re-exposure to D2O vapor resulted in
a D profile similar to what would be expected if the sample had been continuously exposed to D:O
and never exposed to vacuum at all. Interestingly, exposing an H2O-steam prefilmed sample to D:O
resulted in complete isotope exchange, i.e., deuterium completely replaced hydrogen in the oxide.
This suggests that there is continual interchange between the D in an aqueous environment and that
in the oxide despite the strong bonding. From this work we conclude that the saturable traps inside
the oxide are filled up in 4 hours and that these traps are probably on the surfaces of intergranular
porosity present in the oxide. The D profiles appear to result predominately from deuteroxyl groups
strongly bonded to sites.

Elmoselhi et al." also exposed prefilmed samples to pure D2 gas at different temperatures and
measured the D profiles from the oxide surface well into the metal. Exposure to pure D2 gas at 300
°C for 48 hours did not result in any measurable D pickup in the oxide, whereas exposure to D2 gas
at 380 °C for 330 hours generated significant D uptake in the oxide, Figure 6. The D2:D:O ratio in
the latter experiment was 250:1. Exposure to only D2O vapor, at the same partial pressure, at 380
°C for 360 hours resulted in very low D content in the base alloy. However, as mentioned above,
a strong signal is observed in the oxide after D2O exposure. In contrast, exposure to D2 resulted in
a relatively low D concentration in the oxide and a high concentration in the bulk. The authors
indicate that the measured D profiles come from a combination of strongly bound OD groups and
relatively mobile D. It was concluded that both the temperature and the D::D2O ratio is important
in determining D entry into the bulk alloy. When the D2:D:O ratio is small (< 250 for out-of-reactor
and 0.5 for in-reactor exposure) the D:O heals the oxide and plugs up (at least some) of the porous
outer oxide layer resulting in low bulk deuterium pickup. When the ratio becomes larger than the
above-mentioned values, the oxide cannot be healed and the D present in the environment (that
added to the PHT chemistry and that generated by the corrosion reaction) can permeate the oxide
through short circuit paths leading to high D uptake. Given the above-mentioned thermodynamic
predictions of oxide stability, in our opinion these observations suggest that the D2 somehow alters



-7-

the protectiveness of the oxide without reducing it.

Hillner9 has summarized the absorption of hydrogen by Zircaloys and concluded that the presence
of added hydrogen to the steam phase does not significantly alter the corrosion rate of Zircaloys.
However, it does affect the hydrogen absorption rates quite significantly. When the hydrogen-to-
steam ratio exceeded 10,000:1, Zircaloy-2 specimens with preformed films hydrided within 15
minutes. Specimens exposed to mixtures less than this ratio did not hydride but did have an
accelerated pickup of hydrogen. Hillner9 also mentions a study of the corrosion and hydrogen
absorption by Zircaloy exposed to hydrogen-steam mixtures with insufficient steam to yield the
normal corrosion kinetics for that temperature (399 °C). When the corrosion rate was limited by the
amount of steam reaching the oxide surface, relatively small additions of hydrogen were found to
cause catastrophic hydriding of the sample. While we do not have access to those references to
better understand what insufficient steam means, we believe based on the results reported in Hillner's
report9 that the D2:D2O ratio is important in determining the D entry into the bulk alloy.

2.3 Deuterium Absorption at the ID Surface

For the general case of diffusion-limited oxide growth, parabolic growth kinetics are observed.
Under these conditions, the oxide growth rate, dx/dt, is inversely proportional to oxide film
thickness, x:

dx/dt = A/2x (10)

Integration yields:

x=(At)1/2 (11)

The corrosion rate, R, is assumed to be proportional to the rate of oxide thickening:

R = B (dx/dt) (12)

where B is a constant that will vary with the current efficiency of oxide formation. Substitution of
equation 10 into 12 reveals that the corrosion rate will decrease as the oxide thickens during
diffusion-limited growth. The D concentration is assumed to be a fraction of the time integral of the
corrosion rate:

= aCjRdt (13)

where a is the fractional uptake of deuterium and C is a constant. Substituting and integrating, it is
found that the D concentration will increase with t"2 for a diffusion-limited reaction:

[D] = (aB C A"2) tl/2 (14)



For both zircaloy and Zr - 2.5 Nb, parabolic growth kinetics are only observed at the beginning of
oxidation at the ED, after which the rate of reaction is found to be linear.13 The ID oxide growth rate
on Zr - 2.5 Nb during in-reactor exposure changes from parabolic to linear when the oxide is 2-4 um
thick2.

Oxide thicknesses of up to 25 /zm have been observed on ED surfaces of Zr - 2.5 Nb pressure tubes2.
These Zr-Nb oxides are cracked, porous and spalled. The fact that ID oxides are defective correlates
with observations of increasing oxide growth kinetics. It will be shown below that the ID oxide
growth kinetics tend to accelerate with time.
o

In order for parabolic kinetics to hold, the oxide must maintain the ability to be a good barrier to
diffusion. The observed change in kinetics on Zr - 2.5 Nb is believed to be associated with
development of a network of fine pores in the oxide layer.14 For Zr - 2.5 Nb, these pores do not
appear to penetrate through to the metal/oxide interface, implying that transport in the oxide layer
next to the metal is rate controlling.14 Zhdanov and Norton have studied the transition from
parabolic to linear kinetics in the oxidation of Zr alloys.1516 In their first paper they address the
critical oxide thickness needed for transition from parabolic to linear kinetics15. The breakdown of
the oxide film is considered to result from stresses induced in the oxide film. These stresses may
be generated by the increased volume of the oxide compared to the metal it replaced. Preferential
oxidation of the grain boundaries, as occurs in Zr-2.5 Nb2, will force the oxide layer to develop
ridges at grain boundaries. For Zr-2.5 Nb, the authors conclude that the transition from parabolic
to linear kinetics may be connected to crack formation in regions near the metal grain boundaries.15

The relationship between the grain structure of the metal and formation of cracks is then
considered16. If crack formation is connected to the crack reaching a grain, then the transition from
parabolic to linear kinetics is smooth provided that the grain size distribution is large.16 For narrow
size distributions, the kinetics will show a few transitions before achieving linear oxidation rates.
For cracks originating at the junction of three grains or a second phase grain, the oxidation kinetics
show a smooth transition to linear kinetics. The authors have not fit their model to the Zr - 2.5 Nb
system as they do not fully understand the crack formation mechanism.16

There are other hypotheses to explain the formation of pores and cracks. They have been
summarized into three groups depending on whether the defects from at the outside, from within or
from the inside of the oxide film13. From the outside there are various stresses that can lead to crack
initiation. Also, it has been suggested that pre-existing pores might enlarge by a
dissolution/reprecipitation mechanism17. This notion will be expanded upon below. Within the
oxide voids may become interlinked, or phase transformation of the ZrO: could initiate cracks.
Thermal stresses might initiate cracks at the metal/oxide interface and propagate into the oxide. We
believe that it is critical to understand how the pores in the oxide form initially and how a barrier
oxide is converted to a porous oxide given the fact that it is the barrier oxide that controls the whole
reaction.

The most recent work of Warr et al. is a study of both ID and OD oxides on pressure tubes, with the
goal of investigating the cause of the variability in D contents in the outlet region of the pressure
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tube6. Figure 7a shows that samples with high D contents have thicker ED oxides (the position of
the oxide/metal interface for each sample is marked with an arrow). These samples also contained
a 4-5 ^m thick inner region that was not present in oxides from samples with low D contents. For
samples with low D content, the D content of the ID oxide drops off very sharply at the metal/oxide
interface. The depth from the surface at which the D content is 20% of the maximum value is 10
and 18 ̂ m for samples with low and high D contents, respectively. The ID oxides had O:Zr ratios
consistent with fully stoichiometric oxides. From the shape of the gradients in Figure 7a, the authors
conclude that the high-D tubes have increased porosity in the ID oxides. OD oxides were thinner
and contained less D compared to ID oxides, Figure 7b. Similar to the ED case, the sample with
higher D content had more D at the metal/oxide interface.

Since both ED and OD oxides contain more D for tubes with high D content, these data are
insufficient for clear determination of the surface at which the rate of D uptake increases. Increased
D uptake at the OD surface may be caused by the formation of reducing annulus gas environments
as discussed above. Increased D uptake at the ID surface may be associated with increased oxide
porosity and/or the "thick film effect", as will be discussed below.

Warr et al.6 also presented a novel technique of studying corrosion kinetics through the distribution
of I2C and l3C isotopes. Nuclear radiation produces I3C. By subtracting the carbon already present
in the tube as an impurity, the excess l3C concentration is determined. This excess 13C is produced
only after the oxide has formed, and has a recoil range of about 0.5 ^.m. Hence, only the prefilmed
oxide is exposed to the complete dose of radiation and exhibits the maximum 13C concentration. The
newly-formed 13C is trapped at the oxide lattice sites and undergoes very little thermal diffusion
thereafter. From the inverse slope of the excess 13C versus depth plot, the local oxide growth rate
is determined as a function of time, Figure 8. The OD oxides of all pressure tubes, regardless of base
D content, appear to show a constant and low growth rate of about 0.1 ^m/EFPY. However, the
growth rate for ED oxides was different for high- and low- D-content tubes. For low-D tubes, the ID
oxides had a constant growth rate of about 0.3 /^m/EFPY. Note that this value is higher than the OD
oxide growth rate. It was mentioned above that it is difficult to assess the surface at which most of
the D enters the tube. However, the oxide growth rates provide a possible clue. Assuming that the
corrosion rate is proportional to the oxide growth rate, and the rate of D ingress is proportional to
the corrosion rate, more D would be expected to enter the tube at the ID surface than at the OD
surface. This holds for both low and high D content tubes.

Tubes having a high D content showed an increase in ID oxide growth rate from about 0.4 um/EFPY
to 1 ̂ m/EFPY after 9 EFPY. Using the logic given in the last paragraph, the authors conclude that
D uptake from the ID surface corrosion reaction is higher for high-D-content tubes. However, they
do not go so far as to say that the phenomenon causing the increased rate of oxide growth is
responsible for the high D content in the tube. To explain the measured D content of the base alloy,
they concluded that all the D generated in the corrosion reaction is absorbed into the pressure tube
after the increase in corrosion rate. This increase in ingress rate (from the normal 5% to 100% of
the total deuterium evolution) was attributed to increased porosity in the CD oxides. It is suggested
that even the barrier portion of the ID oxide of the high-D tubes would have increased porosity that
would reduce the effectiveness of the oxide as a permeation barrier. From electrochemical
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impedance spectroscopy and SIMS results the authors concluded that there is a different oxide next
to the interface in ID oxides on tubes with high D contents. For tubes with low D contents, the steep
D concentration profile indicated a less porous and more effective barrier ED oxide.

The authors of this work have recently indicated that matrix effects associated with the SIMS
analysis may be affecting the analysis, and they have backed off from the implication that the
corrosion rate of high-D tubes increases with time18. SIMS data in general certainly need to be
treated with caution and a comprehensive understanding of this analysis is crucial. However, it is
entirely reasonable that the high-D tubes corrode at a faster rate than low-D tubes. Furthermore, it
is not unreasonable that there is an increase in rate with time. The reasonableness of the data do not
belie the importance of the implications. This information strongly implicates the ID as the critical
surface for the generation of high-D tubes, and suggests that the phenomenon is similar in nature to
the thick film effect, which will be described presently.

Warr et al.6 have presented very interesting results in their paper. However, the tubes were stored
in light water for 4 years at room temperature prior to analysis. In an earlier work, it was indicated
that deuterium loss occurs during storage, and results in differences in D concentration profiles".
In order for storage not to have an effect, the diffusion rates of H2 and D2 in Zr -2.5 Nb and ZrO:

must be extremely slow at room temperature. Unlike the experiment reported in reference 11, where
D replaced H throughout the oxide thickness, the converse must not occur, i.e., H must not replace
D" even though the exposure time is 4 years (1.26 x 10'seconds). Assuming a DH (diffusion of
hydrogen in ZrO2 at room temperature) of 1 x 1O'23 cnr/s"", in 4 years the hydrogen will permeate
a zirconium oxide layer of about 0.001 ^m thickness. The oxide thickness (inside and outside) on
Zr pressure tubes is much greater than that. Therefore, we believe that neglecting the effect of
hydrogen diffusion does not appear to be very significant.

There is yet another phenomenon that results in an increase in kinetics. Lanning et al.:i and other
researchers have observed that Zircaloy starts corroding and absorbing deuterium at a faster rate
when the oxide film thickness reaches a certain threshold value. This has been called the "thick film
effect"21. For Zircaloys the transition occurs at an oxide thickness of about 15-20 /urn.'1 Figure 9
shows that both the oxide thickness and peak hydrogen content increase faster after about 2600
operating days. To explain the existence of a threshold thickness, Lanning et al.21 propose that the
coolant-bome H2 can penetrate the oxide film to suppress oxidizing species produced by radiolysis.
However, this can only occur through an oxide of limited thickness. When the oxide thickness
becomes larger than the threshold value, the oxidizing species are not neutralized by hydrogen and
therefore increase the corrosion rate. Radiolytic processes may also create deuterium atoms or ions
in the oxide and produce favorable conditions for D absorption into the base alloy.20 This would lead
to increased deuterium absorption by the pressure tube.

**Ramasubramanian and Balakrishnan'v present experimental results showing that D in the oxide after a number of
years in exposure can be readily exchanged for hydrogen and "ice versa for a few days vapor exposure at 300 'C .
•**The diffusivity of hydrogen in ZrO, at room temperature is unknown; the hydrogen diffusivity in ZrO : at 300 ' C

and in iron oxide (determined to be 1 x 10"1 to 1 x 10'* by Oriani et al.:o) was used to get an estimate.
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This explanation for the thick film effect, however, has been criticized13. It was suggested that the
deuterium generated by the corrosion process would be available in the pores, provided that less than
100% of the generated D is absorbed. Therefore, it is unlikely that transport limitations exist. It was
concluded that, in order to understand the thick film effect and the influence of irradiation, it is
critical to understand the mechanism of porosity formation13. Certainly, it is not realistic to expect
the relatively smaller magnitude increases in reaction rate that occur in Zr - 2.5 Nb to be understood
if the much larger effect observed with Zircaloys can not be clearly explained.

In summary, Zr - 2.5 Nb pressure tubes can undergo different transitions in oxide growth rate and
corrosion rate. All of the transitions result in increases in the kinetics. The transition from parabolic
to linear growth kinetics described at the beginning of this section occurs at an oxide film thickness
of about 2-4 ^m, and all tubes seem to exhibit this phenomenon. The increase in ID oxide growth
rate after 9 EFPY occurs later in the exposure period when the oxide is about 8 ^m thick, and is
exhibited by only a small percentage of the tubes. The "thick film effect" occurs at a thickness of
15-20 ,um for Zircaloy pressure tubes14. It is important to know if the "thick film effect" happens to
Zr- 2.5 Nb pressure tubes and, if so, when it will happen. Conflicting results are presented in
literature about this. Urbanic et al.14, Moan et al.1 and Lichtenberger et al.3 state that an increased
rates of corrosion and D absorption in Zr- 2.5 Nb pressure tubes have not yet been seen. Although
not explicitly stated by Warr et al.6 as such, their results show evidence for a possible "thick film
effect" in some Zr-2.5 Nb pressure tubes. Note the similarity in form of Figures 8 and 9. Warr et
al.6 claim that ID oxide porosity rather than the "thick film effect" is responsible. Nonetheless, we
believe that it is possible that the high D content in certain tubes may result from a phenomenon
similar to the "thick film effect". Regardless of the mechanism, it is still not clear why only a small
percentage of the tubes are affected.

2.4 Influence of Various Miscellaneous Factors

The influence of radiation on the corrosion rate and hydrogen uptake of pressure tube has been
thoroughly investigated. As mentioned above, radiation effects are suspected to cause the
accelerated corrosion rate associated with the "thick film effect" in Zircaloy pressure tubes20.
However, for Zr- 2.5 Nb tubes, Warr et al.2 have found the contrary; irradiation appears to decrease
corrosion and hydrogen uptake. Lichtenberger et al.3 believe this reduction is caused by the
precipitation of fine Nb-rich particles within the a-Zr grains. It is expected that the Nb-rich particles
are less efficient getters for deuterium compared to a-Zr8. Formation of these particles should
decrease the hydrogen pickup capabilities of the base alloy.

Several investigators have reported circumferential variations in the D content with the highest D
contents being found near the top of the tube (12 o'clock position).5 20 Tubes from Pickering unit
3 clearly show this phenomenon. Figure 10. Moan et al.1 attribute the variations in D contents to
circumferential thermal redistribution of deuterium. The circumferential thermal gradient exists
because of the position of the fuel bundle in the tube. Gravity forces the bundle closer to the 6
o'clock location, and creep of the pressure tube increases the distance between the top of the bundle
and the pressure tube. As a result, the 6 o'clock position is closest to the fuel bundle and therefore
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the hottest, whereas the 12 o'clock position is the coldest. In an attempt to model the
circumferential redistribution of deuterium in Zircaloy tubes, Lanning et al.:o added the
circumferential thermal gradient to the nominal tube temperature. The thermal gradient was 17°C
in a tube of 6.88 cm inside diameter. They found that deuterium preferentially moved towards the
top of the tube under the influence of a circumferential temperature gradient.

The preferential movement of deuterium from a hotter to a colder region can be explained by the
Soret effect.-:4 When a metal or alloy is held in a thermal gradient, there will be a net flux of atoms
along the temperature gradient. In response to the thermal gradient, concentration gradients of the
various diffusing species develop. A steady-state gradient, the Soret gradient, may be established
when the thermal forces are balanced by the concentration forces. Wada et al.24 have shown that the
Soret effect in a one-component system (only one diffusing species as is the case here, D in Zr- 2.5
Nb) will only result in preferential accumulation of solute at the cold end.

While Lanning et al.:o established that circumferential temperature gradients and D redistribution
occur in Zircaloy tubes, it must be determined if the same phenomena can occur in Zr-2.5 Nb tubes.
Since the temperature is hottest in the 6 o'clock region and coldest in the 12 o'clock region, the rate
of corrosion and the amount of deuterium absorption should be lowest at the latter location. But
circumferential D distributions measured on Zr-2.5 Nb tubes show the opposite trend.5 This
difference between the measured and expected D contents can only be explained by thermal
migration of deuterium. In CANDU fuel channels thermal radiation, bundle contact, flow bypassing
and slight radial creep can make the bottom of the pressure tube hotter. Also, phase stratification
at low flow, pressure tube sag and convection make the top of the pressure tube hotter.25 The net
effect is difficult to resolve. Since the circumferential deuterium distribution measured on Zr- 2.5
Nb tubes show the opposite trend,' the factors previously listed, along with thermal migration, may
influence the circumferential diffusion of deuterium in Zr- 2.5 Nb tubes.

Moan et al.1 have also compared the D concentration data of pressure tubes that were or were not in
contact with their calandria tubes and found that contact conditions made no difference. They did
not find any influence of channel power on D uptake either. Warr et al.5 did not find any observable
influence of coolant boiling on D contents. As mentioned earlier, Parker and Smith4 investigated
many operational and metallurgical variables that might affect D ingress. They concluded that
specific pressure tubes could not be blamed for high D uptake. In fact, tubes made from the same
ingot had experienced significantly different D uptake behavior (cf. table 1 of reference 6). The only
variable showing a significant functional relationship with D ingress was the duration of a preheat
treatment process done during the manufacturing of the pressure tube."1

2.5 Axial Deuterium Distribution

Tubes having high D content exhibit a peak in axial deuterium concentration near, but not at, the
tube outlet3. In contrast, tubes having low D contents do not show this peak. Before attempting to
examine the reasons for peak formation it must be clear that the peak is an actual phenomenon and
not an artifact of the measurement techniques. Initial scrape measurements were unduly high, but
Moan et al.' believe that the problem has been corrected and the data obtained in subsequent scrapes
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are the actual values. It must further be determined if the concentration profiles determined from
the scrapes are representative of the distribution of local D ingress rate along the length of the tube,
or if the concentration profiles can be altered by diffusion at the operating temperature. Evidence
for radial diffusion suggests that axial diffusion and redistribution may in fact occur in the pressure
tube. Deuterium in Zr-2.5 Nb tubes diffusing circumferentially in response to thermal gradients
travels a distance of about 16 cm from the bottom to the top of a tube of 10.3 cm inside diameter.
Since D diffusion can occur circumferentially over 16 cm during the period of in-reactor exposure,
and this distance is comparable to the distance between axial scrape locations, it does seem possible
that significant axial diffusion can occur in Zr-2.5 Nb tubes. Therefore, the D concentrations
measured at various axial locations do not accurately reflect the local D ingress rate at that location.
However, we believe that the extent of axial diffusion is not clear. If diffusion along the tube length
is rapid, concentration gradients would not be expected. So while axial diffusion to some extent is
possible, it is not controlling the distribution over long distances.

Three different hypotheses have been proposed by the Ontario Hydro researchers to explain the peak
in D content along the pressure tube. The peak was attributed to total pressure tube strain.27

However, no correlation was found between the axial D concentration and total strain profiles, and
the theory was discarded.26

A second hypothesis, which was briefly reported by Warr et al.5, apparently suggested that the peak
forms as a result of competing influences of temperature and concentration gradients on corrosion
and D uptake. Unfortunately we do not have the original report, but we will speculate as to the
underlying rationale of this interesting hypothesis. The primary heat transport (PHT) coolant
temperature is 250 °C at the inlet and increases monotonically to 310 °C at the outlet of the
approximately 6 m long pressure tube.8 This thermal gradient is reported to be smaller than the
circumferential thermal gradient27. It must be noted that the higher temperature at the outlet will
result in a higher rate of corrosion and hence, more deuterium evolution. This may or may not result
in a larger deuterium content in the pressure tube at the higher temperature as it also has to diffuse
through a thicker oxide layer. Deuterium will diffuse down the concentration and temperature
gradients along the tube length. The situation is further complicated by the fact that in the middle
of the tube (2-4 m from inlet) neutron flux suppresses the corrosion rate due to microstructural
changes in the pressure tube.' If the deuterium absorption flux is much larger than the D diffusion
thermal flux in the tube, then the D content would increase axially down the tube from the inlet to
the outlet end. If the D diffusion thermal flux is much greater than the D absorption flux, then the
D concentration profile should show a maximum near the inlet due to the Soret effect. The resultant
deuterium distribution would result in a peak close to the outlet only if the D absorption thermal flux
is slightly faster than the D diffusion flux. These rates are not known and need to be determined.

The third hypothesis, proposed by Metzger et al.27, suggested that a localized source was responsible
for causing the peak. The localized source would increase the D ingress rate after some years of
operation of the pressure tube. The nature of the source or why it would be a localized source acting
only at that location was not discussed. It is possible that a local occurrence of either the increased
oxide growth rate described by Warr et al.6 or the "thick film effect" could be a local source of D.
However, it is not clear why the increased oxide growth rate described by Warr et al.6 would be local.



-14-

The "thick film effect" occurs after a threshold thickness is reached and happens to all oxides having
thicknesses greater than the threshold value. The reason for the possible appearance of the "thick
film effect" in a few select tubes is not clear. Recall that this peak in axial D is only found in high-D
content tubes. Pressure tubes not having high D contents in the base alloy have a low and flat D
concentration axial profile from 4.0 to 5.8 m, figure 11, or an increase in D contents near the outlet
end5. It is reasonable that the mechanism for formation of the axial peak is associated with the
mechanism for generation of high D contents.

2.6 Modeling Hydrogen Ingress into Pressure Tubes

Moan et al.1 have discussed deuterium ingress into the pressure tube. They concluded that there was
no justification for the D content in the pressure tube to have a piecewise linear (step corrosion rate)
or quadratic dependence on time. They stated that the deuterium content in the pressure tube
increases linearly with time (the notation followed is that used in the original reports):

D = At (15)

where D is the deuterium concentration in the tube at time t and A is a constant. The D ingress rate
(D') is given by

D'=dD/dt = A (16)

The authors state that the linear ingress rate of deuterium is justified by experimental results.1 The
premise of the model is that the D ingress rate is proportional to the ID surface corrosion rate and
assumes that D entry from the annulus gas is negligible.5 Furthermore, the ID surfaces are believed
to be corroding at a constant corrosion rate.' Equation 15 thus becomes:

D(t) = (icorr)(% Pickup) (t) ± 2a (17)

where D(t) is the total amount of D ingress, in ppm, after time t; icotT = [0.8 + O.OO16(T-25O)] ± 30%
^m/EFPY is the 2a range of the corrosion rate of the pressure tube as a function of temperature with
T in °C; % Pickup = 0.75 ±0.3 ppmAum is the 2a range of the percentage of maximum possible
theoretical ingress percentage of D; and t is the time in EFPY. Note that no justification is given for
the values and the temperature dependence of the corrosion rate is not an Arrhenius-type
relationship, despite the fact that another report" suggested that it should be.

We were given access to a report that alters this model slightly in order to make the temperature
dependence Arrhenius-like in nature27. In this modified model, the rate of D uptake is still assumed
to be constant with time:

[D](t,T) = A t exp (-Q/RT) (18)

where A is a fitting parameter and Q is the activation energy.
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The fact that some tubes have extremely high D contents is not predicted or explained by this simple
model. The formation of reducing annulus gas environments, the formation of local D sources, and
the "thick film effect" are not accounted for. Interestingly, in order for the corrosion rate to be
constant with time, it is necessary to assume that the oxide either does not thicken with time, or
provides no protection in terms of reducing the corrosion rate. The ID oxide does increase in
thickness with time. However, it apparently is a bi-layer oxide, the inner part of which is dense and
protective. Therefore, it is necessary that the inner oxide layer not increase in thickness, and that the
outer oxide layer not affect the corrosion rate or the deuterium uptake rate.

In summary, the model that has been suggested for prediction of tube deuterium concentration fails
to explain several important observations, and could be improved.

2.7 Summary of Literature Review

Review of the available literature reveals that:

1. A small percentage (about 3.4%) of tubes that have been analyzed exhibit anomalously
high deuterium contents.

2. The oxides that form on the tube ID and OD are exposed to different environments and
are different in nature. Deuterium may be absorbed into the alloy from both surfaces.

3. The deuterium in the oxide is present largely as deuteroxyl groups and is very strongly bound
to sites in the oxide. For aqueous exposure, there is a continuous exchange between the
deuterium in the oxide and that in the environment.

4. Pressure tubes with low deuterium contents had a very sharp decrease in deuterium content in
both the OD and ID oxides. In contrast, samples with high deuterium contents had some OD
and ID oxide deuterium profiles that were not so steep, implying that easier diffusion paths for
the deuterium to get to the metal/oxide interface were present.

5. The D2.D2O ratio appears to be important in determining deuterium pickup at the OD with the
deuterium ingress rate increasing as the ratio increases. This effect needs to be systematically
investigated.

6. CANDU pressure tubes undergo an initial transition from parabolic to linear oxidation kinetics
when cracks are generated in oxide ridges near the grain boundaries. This transition happens
with an oxide thickness of about 2-4 wm.

7. After 9 EFPY, the tubes having high deuterium content undergo a transition to a faster
corrosion rate.

8. A phenomenon called the "thick film effect" has been observed for Zircaloy when the oxide



-16-

thickness is about 15-20 ,am. This phenomenon is an increase in corrosion rate that is thought
to be caused by the cessation of neutralization of oxidizing species generated by radiolysis. It
is not clear if the thick film effect is related to the increase in corrosion rate exhibited by high-D
content Zr-2.5 Nb tubes.

9. It has been suggested by several researchers that the high-D contents are related to the formation
of a reducing environment in the annulus gas, which degrades the protective nature of the oxide
film.

10. The deuterium concentration profiles in pressure tubes show that the deuterium content in the
base alloy increases with position along the length of the pressure tube from inlet to outlet.
Tubes having high deuterium content in the base alloy show a peak in axial deuterium
concentration about 5-6 m from tube inlet.

11. The peak in axial deuterium concentrations in rubes containing high deuterium contents can be
caused by a number of factors. Such a peak may form if the deuterium thermal flux is slightly
faster than the deuterium absorption flux. Other mechanisms rely on a local source associated
with the "thick film effect", increased deuterium ingress from blocked annulus gas channels and
increased porosity in the ID oxide.

12. A statistical study found that the only operating or metallurgical variable that might account for
the high deuterium ingress by pressure tubes is the duration of a heat treatment during the
manufacture of the pressure tube.

13. Circumferential variations in pressure tube show that the highest deuterium contents are always
measured at the 12 o'clock position of the tube. Circumferential thermal diffusion of
deuterium, along with other pressure tube operating parameters, may influence the high
deuterium content at the 12 o'clock position. This issue has not been resolved.

14. The published model that predicts deuterium entry into pressure tubes cannot account for many
of the experimental observations in its present form.
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3. A NEW MODEL FOR CORROSION OF ZR TUBES AND D UPTAKE

3.1. Model Description

We have assembled a new model to describe the corrosion of Zr tubes. In this model it is assumed
that the rate of corrosion depends solely on transport across the dense barrier layer. The model of
Macdonald et al.29"31 has been used to describe this phenomenon. The barrier layer is transformed
into a nonprotective porous layer at the outer side of the barrier layer. This transformation ultimately
controls the reaction, because the thickness of the barrier layer is dependent on this transformation.
The exact mechanism for the transformation of dense barrier layer to nonprotective porous layer is
not understood, but is critical to the whole corrosion reaction. In our model, we assume that this
transformation occurs as a result of chemical dissolution of the zirconium oxide. Zirconia will
dissolve chemically to form zirconate if the pH is high enough:

ZrO2 + OD-- DzrO3 (19)

The solubility of the zirconate is pH-dependent and at room temperature is given by31:

[DzrO3] = lO1746 + pH = io-346 + 10*[OD-! (20)

This solubility is actually for hydrated oxide, ZrO2»H,O. As discussed in chapter 2, there is evidence
that, under some conditions, D in the oxide is present in the form of a deuteroxyl. Equations 5 and
5' describe the reactions that might form the deuteroxyl, depending upon the oxidation state. If OD
forms, the pH would certainly increase. The cathodic reactions available in water typically cause
an increase in pH. For water reduction the reaction is:

4D2O + 4e• - 4Dad + 4OD" (21)

Reaction 3 was described as the reduction reaction in the corrosion process. The water reduction
reaction above results in reaction 3 if one considers that the OH" further reacts with oxygen vacancies
(Note it is the vacancies that are reduced in this reaction):

4OD + 2V0
:* + 4e - 2OO

2' + 4D2O (22)

The sum of reactions 21 and 22 is reaction 3. The reduction reaction 3 can thus be viewed as a two
step reaction. It will describe the reduction process if all of the deuteroxyl formed by water reduction
reacts further. Under these conditions there will be no increase in pH associated with the cathodic
reaction. If, however, not all of the deuteroxyl generated in reaction 21 reacts further, there can be
an increase in pH. This increase would occur at the location of the cathodic reaction, which has been
described above to be at the oxide/solution interface. Considering, however, that the oxide is a bi-
layer with the dense inner layer controlling the reaction, it is reasonable to assume that the cathodic
reaction occurs at the bottom of the pores, i.e. at the barrier layer/porous layer interface. If there is
an increase in pH associated with the cathodic reaction, this would occur at the position where the
barrier layer is transformed into porous layer. Therefore, the increase in pH may be responsible for
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the transformation of the dense barrier layer to a nonprotective porous layer. The cathodic reaction
may be generalized to include the possibility of some deuteroxyl formation:

(2 + 3n/4) D:O + 8e" + (2 - n/4) Vo
2* - (4 + n/2) Dad + nOD" + (2 - n/4) Oo

:" (23)

Equation 23 reduces to 3 if n=0. It also is equivalent to reaction 5'. The total zirconium corrosion
reaction is obtained by adding reaction 23 to reaction 2 to get:

Zr + (2 + 3n/4) D2O + n/4 Oo
:" - (4 + n/2) Dad + nOD + ZrO2 + n/4 Vo

:* (24)

This reaction reduces to reaction 1 if n=0, and assuming that the adsorbed D recombines to form D2.
Along with the increase in pH resulting from the generation of OD\ a consequence of this reaction
scheme is that the oxide will be non-stoichiometric; there should be excess oxygen vacancies in the
oxide.

The consumption of water atoms in the cathodic reaction will also effectively result in an increase
in pH owing to a concentration of the added LiOH. This effect has not yet been included in the
model.

The zirconia dissolution reaction, equation 19, consumes deuteroxyl, which will decrease the pH and
slow the dissolution reaction. The excess deuteroxyl will diffuse, along with the zirconate ions, out
of the pores. As the pH decreases along the pore length, the zirconate ion may reprecipitate as
zirconia. The rate of dissolution of zirconium metal will be controlled by the thickness of the barrier
oxide layer, which is being transformed to a barrier layer by chemical dissolution owing to the
increase in pH.

This mechanism of dissolution/reprecipitation has been discussed by Cox and Fidleris33. They found
that porosity is developed in ZrO: films during irradiation with UV light if a large electric field is
present. This behavior was observed in concentrated alkaline and acidic electrolytes where zirconia
is relatively soluble. It was suggested, however, that similar reactions could occur in reactor
environments, and that a dissolution/reprecipitation mechanism was responsible.

3.2. Mathematical Implementation of the Model

In this section, the model described above is expressed in mathematical form as a set of coupled,
nonlinear, ordinary differential equations. Solutions generated numerically, using somewhat
arbitrarily selected sets of values for the system parameters, are described in the section that follows.

Let Lb be the thickness of the barrier layer at time r. The first thing we shall establish is an
expression for dLf/dt, to which there are two contributions. One arises from barrier-film formation
at the m/b (metal/ barrier) interface. The other is a loss term and results from transformation of
dense barrier material to porous material at the b/p interface, which is the assumed sharp boundary
between the barrier and the porous layers. For the former, we use the film-growth model of
Macdonald and co-workers29"31, and for the latter the classic dissolution-kinetics formalism for a
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mineral dissolving into an aqueous medium'4. We thus obtain

d L b ^ M B - l )
dt exp(2AfL L ) - l K '

b

where

R = kl(Cze-Cz)
j (26)

Here, A, B, K, and fc, are parameters that depend on temperature, but not on any of the system
variables. Also, Cze and C. are, respectively, the equilibrium and actual concentration of zirconate
ions, at the b/p interface, in the electrolyte contained within the pores of the porous layer, and; can
be any positive number (not necessarily an integer). From equation 20, we deduce

Cze = aCd (27)

where a = 10'346 and Cd is the concentration of deuteroxyl ions in the porous-layer electrolyte, at the
b/p interface.

The first term on the right-hand side of equation 25 is the Macdonald film-growth model (equation
49 of reference 29). This is a model of film growth based on the diffusion of charged oxygen
vacancies through the barrier layer from the m/b interface to the b/p interface. Mechanisms of
chemical diffusion and electromigration are both included. The former results from a concentration
gradient of vacancies within the film, the latter from the existence of an electric field within the film.

The second term on the right-hand side of equation 25. which is fully defined in equation 26, is a rate
law that is commonly used34 to describe the dissolution of a mineral into an aqueous medium. It
actually is a simple way of describing the possibly complex processes that occur at the dissolving
interface. The quantity j is known as the "order" of the reaction. Clearly, for dissolution to occur,
we must have C. < C.e.

Equation 25 describes the combined processes of film growth, taking place at the m/b interface, and
film reduction that occurs at the b/p interface. This general approach has been used in the past in
the modeling of other oxidation-related phenomena, such as the kinetics of oxidation/volatilization
by Tedmon35 and of oxidation/erosion by Markworth et al.36

As far as the porous layer is concerned, let its thickness at time t be Lp. Its behavior in time is taken
to be described quite simply by
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dlp
(28)

In obtaining this expression, any difference in average density between the barrier and porous oxide
is neglected. In addition, no account is taken of possible removal of porous-layer material, by
whatever means, originating at the p/d interface, that is, the interface between the porous layer and
the D2O.

Next, we describe the variation of Cd with respect to time, i.e.,

dC,
~J-= exp(2^)-l - * i * - ^ L ( ^ -C^) (29)

where k2, fc3, and k4 are new temperature-dependent rate parameters, Dd is the effective diffusivity
of the deuteroxyl ions through the porous-layer electrolyte, and Cdo is the deuteroxyl concentration
in the electrolyte at the p/d interface. The first term on the right-hand side of equation 29 is a
statement of our assumption (see equation 24) that there is some deuteroxyl generation in the porous
layer at the b/p interface. This occurs at a rate which is proportional to the corrosion current, which
in turn is proportional to the First term on the right-hand side of equation 25. The proportionality
factor, k2, is a function of several quantities, one of which is n in equation 24. The second term
accounts for loss of deuteroxyl at the b/p interface by reaction with ZrO2 to form porous-layer
material (see equation 19). The third term represents effective chemical diffusion of deuteroxyl.
through the electrolyte in the pores of the porous layer, from the b/p interface to the p/d interface.
A linear concentration profile is assumed. This last term is based on an admittedly weak
approximation. For example, we have not considered reprecipitation of zirconate ions, with
consequent production of deuteroxyl, which can occur to varying degrees throughout the volume the
porous layer.

Finally, we express the temporal rate of change of C. as

dC k*D-
( 3 0 )

where k5 is still another temperature-dependent parameter and D. is the effective chemical diffusivity
of zirconate in the porous-layer electrolyte. The first term on the right-hand side of equation 30
represents production of zirconate as porous-layer material is formed at the b/p interface. The
second term represents effective chemical diffusion away from this interface, through the porous-
layer electrolyte. It is assumed that the zirconate and deuteroxyl concentrations are in equilibrium
at the p/d interface. Again, this second term does not include effects of zirconate reprecipitation,
with accompanying loss of this species from solution.
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Equations 25 to 30 comprise a mathematical representation of the corrosion model. They can be
integrated numerically, provided that values for all the system parameters are known, which they
most likely are not. However, this problem can at least be partially alleviated by expressing these
equations in "universal" or dimensionless form. This has the advantage of removing all dependence
on systems of units, it reduces the number of independent system parameters, and it facilitates any
assessment of the relative importance of the various contributing mechanisms. Toward that end, we
define the following dimensionless quantities:

T = 2KA(B- l ) t (31)

X (32)

(33)

*2
A(B-l) • H2 ~ 2KC. • ^3 ~ 2KA(B-l)

0 4 = ^ ) • 05 = A(te) " <34>

and we note that G3M = aC5d. Now, combining these expressions with equations 25 to 30, we obtain
the model as expressed in totally dimensionless form, i.e..

dX, .

r = ̂ rTi-l3^aco-(o-~)J (35)

(36)

dcs. p~ • p .

ji(az-a) ' (38)
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In this dimensionless form, the model has four independent variables and six independent system
parameters (the five P's and;). In its original form, there were 11 system parameters. The model
is described in terms of four coupled, ordinary differential equations that are of first order and are
nonlinear and autonomous.

3.3. Some Sample Calculations

3.3.1 Introduction: We now present the results of numerically integrating equations 35 to 38 using
selected sets of values for the 3's. In all these calculations, we assume first-order dissolution
kinetics for the barrier layer, i.e.,) = 1, and we ignore diffusion of the zirconate ion in the porous-
layer electrolyte, i.e., f35 = 0. The numerical integration was carried out using a fourth-order Runge-
Kutta method with fixed interval size. The software package Mathcad PLUS 5.0 was used to
generate the solutions and plot the results.

It should be emphasized that we have explored the system's behavior only within a small portion of
its parameter space. Nevertheless, the results we have obtained do have some features that are in
qualitative agreement with experimental observations. It is entirely possible that the most interesting
and perhaps the most important behavior has not yet been seen. Because of its nonlinear character,
the model can potentially exhibit a rich variety of behaviors, including spontaneous oscillations of
system variables that are periodic, quasiperiodic, or even chaotic. Chaos is a possibility because the
requirements of nonlinearity and at least three independent variables are both met. Bifurcations in
dynamical behavior, as system parameters are varied, may also occur. Of course, such possibilities
are only of academic interest if they occur only outside the operating conditions of interest.

The initial conditions we selected for integrating the dimensionless rate equations were that at x =
0, the four variables had the following values: \ - 0. \ = 0, G5h= 1, GJZ = a. This presented a small
problem, because the right-hand side of equations 35, 37, and 38 all diverge under these conditions,
interfering with application of the Runge-Kutta method.

3.3.2. Numerical Results: Figures 12 to 16 contain the results of numerically integrating the
dimensionless rate equations (35 to 38) for selected values of the rate parameters. It should be
emphasized that the parameter values used in these calculations were not the result of any physically
based reasoning. They were chosen simply because their use resulted in solutions tnat appeared to
be "reasonable". Beside that, our main interest at this point is just to obtain some qualitative
assessment of how the predicted film-growth kinetics are affected as the various system parameters
are varied, one at a time. It should be noted that in all five figures, the dashed curve represents the
barrier film and the solid curve represents the total film, i.e., barrier film plus porous layer.

The parameter (3, can be seen from equations 35 and 36 to be one that plays a major role in
development of the porous layer. An increase of (3, essentially implies an increase in the rate at
which barrier-layer material is changed to porous-layer material. Effects of varying this parameter
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are shown in Figure 12, wherein we find that an increase through an order of magnitude causes
significant changes. The thickness of the barrier layer (at any given time) is suppressed, plus the
growth of the porous layer and of the total oxide thickness are considerably enhanced.

The parameter (3; appears in equation 37 and is associated with the rate of deuteroxyl production at
the b/p interface. At least qualitatively, the effect of increasing P2, again through an order of
magnitude, is seen in Figure 13 to be quite similar to that of increasing ($„ as shown in Figure 12.
From equation 37, we see that increasing P: causes the rate of deuteroxyl production at the b/p
interface to increase. This causes an increase of the equilibrium solubility of zirconate (after
equation 27), and in turn, an increase of the rate of formation of the porous layer.

The parameter P3 appears in equations 37 and 38, and is associated with loss of deuteroxyl and with
production of zirconate at the b/p interface. As illustrated in Figure 14, increasing P3 through two
orders of magnitude causes some increase of barrier-layer thickness, substantial decrease of porous-
layer thickness, and some thickness decrease for the entire oxide film. Decreasing the deuteroxyl
concentration and increasing the zirconate concentration both act to decrease R (after equations 8 and
9) and hence decrease the production rate of porous material.

The parameter P4 is associated with chemical diffusion of deuteroxyl through the porous-layer
electrolyte, as seen in equation 37. Increasing this parameter can be regarded, among other things,
as being equivalent to increasing the diffusivity Dd in the same proportion (see equation 34).
Increasing the rate of transport of deuteroxyl away from the b/p interface results in a decrease of the
equilibrium zirconate concentration, and hence in a concomitant reduction of the rate of formation
of porous material. Effects of an increase through an order of magnitude are shown in Figure 4, the
results of which are quite similar to those presented in Figure 14, for increasing p3.

Finally, one of the calculations shown in Figure 15 is repeated in Figure 16, except that it is extended
to a much larger time. At these larger times, the barrier layer is becoming slightly thinner, whereas
the thickness of the entire film continues to increase, showing some upward curvature.
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4. SUMMARY

The literature on Zr alloy corrosion and D uptake in CANDU pressure tube applications has been
reviewed. Specific conclusions of that review are given above in Section 2.7. In summary, we have
found that, despite the wealth of good work in this field over a period of decades, many important
unanswered questions remain. For instance, the dramatic thick film effect observed in zircaloys is
still not understood. It is not surprising that the more subtle and apparently random increases in D
content observed in Zr-2.5Nb tubes are unexplained. The kinetics of Zr alloy corrosion increase
from parabolic to linear, and then sometimes again at a later time to a faster rate. The oxide film on
Zr alloy pressure tubes is bi-layer in nature with a dense protective inner layer and a porous outer
layer. However a detailed understanding of the oxide film structure is lacking. The transformation
of the inner layer to the outer layer is closely linked to the transition in kinetics from parabolic to
linear. Explanations for each of these changes in kinetics have been given in the literature, but no
consensus exists. Considerable evidence has been found to suggest that the critical reaction for the
generation of high-D content Zr-Nb tubes is at the inner surface in contact with the PHT. However,
several researchers still believe that the high-D contents were generated as a result of the existence
of reducing conditions in the annulus gas. A simple model has been suggested to describe the uptake
of D by Zr-2.5Nb alloy pressure tubes. It predicts a constant rate of Zr corrosion and a linear
increase in D content. This model is essentially a fit to the experimental data, with little fundamental
justification. The model does not predict increases in corrosion rate that have been observed, and
cannot explain the high-D tubes.

We have developed a new model for the D2O-induced corrosion of zirconium pressure tubes. The
model describes the development of a two-layer oxide film, consisting of a dense barrier layer in
contact with the metal, over which is a porous outer layer in contact with the D:O. Growth of the
barrier layer is described using the film-growth model of Macdonald and coworkers29'31. It is
assumed that the porous layer develops as a result of the chemical dissolution of zirconia to form
zirconate ions at the interface between the two layers.

Using somewhat arbitrarily selected values for the various rate parameters, we have numerically
integrated the four coupled differential equations that describe the growth kinetics of the two films.
General features of the calculated behavior are in agreement with observations of actual tubes. The
barrier layer grows at an initially rapid rate and then reaches a saturation level (and may even shrink
to a certain degree). The porous layer grows continuously, and at a rate that varies widely with
values chosen for the rate parameters.

Given its simplicity, it is encouraging that the model behaves as well as it does. Inclusion of other
phenomena, such as reprecipitation of zirconate within the porous layer and removal of porous-layer
material by some mechanism, would make the model more realistic. However, this would also add
to its complexity as well as add new and possibly unknown rate parameters.

Although the model is presented in dimensionless form, we ultimately wish to obtain "real-time"
predictions of film-growth kinetics. This would first involve determination of a variety of rate-
parameter values. We also wish to investigate the possibility that its nonlinear nature might lead to
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unusual dynamics, such as bifurcations in behavior or spontaneous oscillations of system variables,
and to determine if such behavior might take place in reality.
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5. RECOMMENDATIONS FOR FUTURE WORK

The analysis presented in this report points to several key technical questions that need further
clarification. Furthermore, the model needs additional work to assess if it is an accurate description
of the situation, and to refine it so that it is a more-useful predictor of pressure tube behavior.

The key technical questions are as follows:

1. What is the exact nature of the oxide that forms on the Zr pressure tube surfaces? How is the
ED oxide different from the OD oxide? How is the outer oxide layer different from the inner
layer? What is the nature of the porosity? What are the size and shape distribution of the pores?
How does transport occur in the porous region? What is the distribution of the various
electrolyte species, deuteroxyl in particular, in the porous region? What are the other structural
or chemical differences between the inner and outer layers?

2. It is possible that the increase in corrosion rate observed in Zr-2.5Nb tubes is related to the
parabolic-to-linear transition in kinetics observed in all alloys, or even to the thick-film effect
in zircaloy. Therefore, it is important to understand the mechanism for each change in corrosion
kinetics: parabolic to linear, increases in the linear rate, and the thick-film effect.

3. The analysis of the C'3 SIMS data needs to be addressed to ascertain if the profiles are real or
artifacts associated with matrix effects. If the data are valid, more of this type of analysis would
be helpful in sorting out the cause of high-D tubes.

Further work on the model:

1. Collect feedback from researchers in the field on suggestions for extending/altering model.

2. Extend/alter model to more accurately reflect the physical situation.

3. Formulate interactive framework for model to facilitate exploration of parameter space.

4. Exercise interactive model to explore parameter space and investigate system responses.

5. Review literature to determine reasonable values for model parameters.

6. Formulate critical experiments to test model.
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Figure 1. Schematic of deuterium (shown here as hydrogen) ingress permeation routes
in pressure tubes (ref. 2)



-32-

£
Q.
Q.

2

o

O

O
O

3

UJ

UJ

ao

70 —

60 —

F 50 —

30 —

20

10

PICKERING UNIT 3 PRESSURE TUBES
DEUTERIUM CONCENTRATION

2 3 -1

DISTANCE FROM TUBE INLET (m)

Figure 2. Axial variation of the deuterium concentrations measured in the rings cut from pressure

tubes removed from Pickering unit 3 (ret. 1).



-33-

4000 3200 2400 1600
Wave number (cm"1)

800
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days; and C, re-exposed to heavy water at 300 degree C, 2.5 cm for 7 days (ref.
2)
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APPENDIX

New Concepts in Nonlinear Dynamics with Application to Aqueous Corrosion

Al. Concepts in Nonlinear Dynamics

Presented below is a brief summary of some relatively new concepts in the general area of
"nonlinear dynamics". These are applicable to nonlinear systems, in general, rather than being
specific to any given phenomenon or process. They describe behavior that can be incredibly
complex even for very simple dynamical systems. A nonlinear model for aqueous corrosion is
used to serve as an example of the types of behaviors that such systems can exhibit

Those of us who have been trained as scientists or engineers will most likely attest to the fact that
the greatest emphasis in our education was placed upon systems and behavior that can be called
"linear". For example, in our introductory physics courses we studied springs that obeyed a linear
relationship between applied force and displacement, pendulums that were restricted to small
amplitudes of oscillation, and viscous damping forces that varied linearly with velocity. We took
mathematics courses in linear algebra and linear differential equations. When departures from
linearity were encountered, we tended either to ignore them or to treat them as perturbations acting
on the predominantly linear behavior. Some of the reasons why nonlinear systems (even very simple
ones) have, in the past, been studied so little are the following: (a) Their importance and ubiquity
have, until recently, been underestimated and underappreciated, (b) They are generally much more
difficult to study and understand compared to linear systems, (c) Until the past few decades, the
computational hardware with which to conduct detailed theoretical analyses of such systems simply
was not available.

Actually, there are some very important phenomena that can legitimately be described in terms of
a predominantly linear system having a small nonlinear component. One example is the thermally
induced expansion of a crystal, which results from a small anharmonic contribution to the potential
energy of the vibrating atomsAl. Indeed, some truly elegant mathematical methods for treating such
problems have been developed over the years.

Our interest here, however, is not in phenomena for which the nonlinear contribution is small, but
rather in ones for which the nonlinearities completely dominate the dynamical behavior. The
existence of such phenomena has long been known. Around the beginning of this century, the
mathematician Poincare, in some calculations dealing with planetary orbits, found that the possibility
existed for apparently "erratic" behavior even for deterministic systems such as these (that is,
systems that have no stochastic or "noisy" characteristics whatsoever). But Poincare did not have
a computer, so he was unable to carry out the extensive numerical computations that would have
been required to study the details of such behavior. His work therefore received little attention until
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the 1960s, when the availability of high-speed computers made such computations easily
accomplished. Using computers, it was discovered that even very simple nonlinear deterministic
systems could exhibit incredibly rich dynamics, including the occurrence of bifurcations (that is,
sudden qualitative changes of behavior as system parameters are varied), as well as the existence of
multiple steady states, hysteresis, and spontaneously occurring oscillations that could be periodic,
quasiperiodic, or even chaotic, the last of these being a particular form of aperiodic oscillations.
Oddly enough, there was a time delay of about 15 years (to the mid 1970s) before the scientific
community came to fully appreciate and accept the importance of nonlinear science^. Applications
of these principles in the area of materials science became widespread even later, in the late 1980s.

The most interesting and important aspect of nonlinear dynamics is that of deterministic chaos. It
is to this general subject that we now direct our attention.

A2. Deterministic Chaos

Deterministic chaos consists of the apparently erratic oscillations exhibited by various nonlinear
systems within certain ranges of their operating parameters. Erratic though they may appear, these
oscillations are not random, since the types of system we are considering are completely
deterministic. Nevertheless, the oscillations are aperiodic and are extremely complex.

Chaos is important because it occurs ubiquitously among nonlinear systems, and moreover, can
occur over wide ranges of values for system parameters. Chaotic behavior has, by now, been
observed in virtually every field of science and engineering. Its concepts are being applied in diverse
other areas such as economics, politics, history, and the financial market. Some excellent books
have been written on the subject for the general public, e.g., GleickA3 or Briggs and PeatA\ as well
as some fine engineering-oriented booksA5A9. Tutorial articles on applications of chaos to
corrosionA1°, and more broadly to materials scienceA", have been published, as well as numerous
review articles dealing with chaos in general.

What is particularly fascinating about deterministic chaos is that it can occur in systems that are
extremely simple. Consider, for example, a special case of the "Duffing oscillator":

— + 0.05— + x3 = 7.5cos(r) (Al)
dt2 dt

where x represents displacement and t is time. This is simply a one-dimensional driven, damped
oscillator with a cubic rather than a linear restoring force. This particular system does indeed exhibit
deterministic chaos. In fact, it has been studied extensively*112.

We shall briefly (and only qualitatively) summarize some of the important technical details regarding
deterministic chaos. To begin, consider a system that is completely described in terms of N
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independent variables. If we know the values of each of these so-called state variables at a given
instant of time, then the state of the system itself is completely defined at that time. A simple
example of such a system is a one-dimensional, undriven harmonic oscillator, for which the state
variables are its instantaneous position and velocity (or momentum). The driven system described
in Equation Al has three independent variables, JC, dx/dt, and r.

Next, we construct an //-dimensional Cartesian state space in which each axis represents one of the
state variables of the system. At any given instant, the state of the system is represented by a point
within this state space. As time progresses and the system evolves, this point moves within the state
space, tracing out a trajectory. For our undriven oscillator, the state space is a two-dimensional
plane. If it is undamped, the trajectory is an ellipse that is periodically retraced, in a clockwise
manner, as the oscillations are repeated. Characteristics of the ellipse are determined by initial
values chosen for the position and velocity. However, if the oscillator is damped, its state-space
trajectory approaches the origin asymptotically with time, in either an oscillatory or a non-oscillatory
manner, depending on the level of damping. The origin is therefore called the attractor for this
system.

An attractor, in general, is a subspace of the state space toward which a trajectory converges, as long
as its starting position, in state space, lies within a more extensive subspace known as the basin of
attraction for that attractor. For our damped, undriven oscillator, the basin of attraction is the entire
state space. For an attractor to exist, some damping is required.

Suppose now that a system is started from two different points in state space that are, however, very
close to one another. In other words, the same system has two slightly different sets of initial
conditions. If the system is linear, the two trajectories that are traced out, as time progresses, either
remain very close or they may actually approach one another. The latter would be a consequence
of damping. The approach that occurs under damping is exponential in time, with the coefficient
of time being called a Lyapunov exponent, there being one such exponent for each state variable.
For a linear system, all the Lyapunov exponents are either zero or negative.

Consider next a system that has some nonlinearity in the state variables. Then, if it also has at least
three independent state variables, the possibility exists that over certain ranges of values for the rate
parameters, one of the Lyapunov exponents may become positive. This constitutes deterministic
chaos. What this means is that nearby trajectories undergo exponential divergence at a local level.
Such divergence does not, of course, continue indefinitely, since the system remains bounded. For
systems of sufficiently high dimension, it is possible for two or even more of the Lyapunov
exponents to become positive; this is called hyper chaos.

There are two characteristics of a chaotically oscillating system that are of crucial importance. Both
result directly from the aforementioned localized exponential divergence of state-space trajectories.
The first characteristic is extreme sensitivity to initial conditions. Since the initial conditions for a
system can never stipulated with perfect precision, two chaotic systems which appear to be initially
identical will, in the long term, become totally uncorrelated because of very slight initial differences.
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A specific example of this behavior is presented below. The second characteristic, which follows
from the first, is the intrinsic unpredictability of a chaotic system. Again, since initial conditions
cannot be specified with perfect precision, the behavior of the system in the long term simply cannot
be predicted. The accuracy of any short-term predictions depend on how well the initial conditions
are specified and on how chaotic the system actually is.

The attractor for a damped chaotic system is fractal in nature, meaning that it is of non-integer
dimension. For that reason it is called a strange attractor.

In the previous section, we gave a brief history of the rise in importance of nonlinear science, citing
the emergence of the computer as a key factor in gaining understanding at a theoretical level. This
leaves open the question as to why deterministic chaos, despite its now-recognized frequent
occurrence in a plethora of scientific, engineering, and other fields, was not at least identified as such
in experimental studies. The answer, of course, is that it most likely was observed, and on many
occasions. However, having been trained to expect "well-behaved" dynamics, investigators were
unable to make sense of such apparently erratic behavior and therefore would regard it as being a
result of some problem with the experimental system. In fact, Kawczynski et al.An made the
following observation pertaining specifically to electrochemical systems: "Probably chaotic
oscillations were many times observed in electrochemical systems but they were treated rather as
a noise and therefore all authors passed over them in silence". This is no doubt true for chaos as
observed in many other phenomena as well.

A3. Applications to Electrochemical Systems

The fact that electrochemical systems can exhibit rich and unusual dynamical behavior has been
known for over 150 years. One quite interesting and fairly early example is the work of
CentnerszwerAH, who reported "intermittent luminosity" of phosphorus in an oxidizing atmosphere.
He offered no explanation for this phenomenon, but Weiser and GarrisonA15 later attributed it to the
periodic breaking down and reforming of the protective oxide film.

Over the years, an enormous amount of experimental work has been devoted to such topics as
spontaneously occurring periodic and (more recently) chaotic oscillations in electrochemical
systems. The extensive study of electrochemical systems, in particular, has resulted, according to
Koper and GaspardA16, from two of their properties that offer important experimental advantages:
First, their controllability, using a potentiostat, is technically straightforward compared, for example,
to systems that must be stirred. Second, the time scale of electrochemical oscillations is typically
the order of seconds, which facilitates experimental manipulation. On the other hand, theoretical
understanding of these complex electrochemical dynamics has come about only more recently.
Much of the work in this area has been reported within the past decade or so and has been based on
such techniques as linear stability theory and bifurcation analysis, e.g., Talbot and OrianiA17 and
Markworth et al.Als

So what is it about the physical nature of electrochemical systems that gives rise to the
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extraordinarily complex behavior that they often exhibit? The answer is rooted in the fact that these
systems are, in general, highly nonlinear. Some of the sources of these nonlinearities have been
summarized by Parida and SchellAI9, and are the following:

• Rate parameters can vary nonlinearly with the potential difference between an electrode and
its ambient solution.

• Chemical rate equations, which quantitatively describe the dynamics of the system, can be
nonlinear in the concentrations of various species on electrode surfaces.

• Mass-transport fluxes, that exist across the boundary layer separating the bulk solution from
the surface of an electrode, can have nonlinearities associated with them.

Other factors may also arise. For example, adsorbate-adsorbate interactions on an electrode surface
can be represented in terms of rate parameters that are functions of the surface coverageAI7;
moreover, this functional dependence may be nonlinear.

A4. Example: Chaos in a Corrosion Model

As an illustration of chaotic dynamics in an electrochemical system, we briefly consider a simple
model for general corrosion of a metal surface exposed to an aqueous medium. Dynamical
properties of this model have been described in great detail elsewhereA20.

The model is one in which two films can form on the metal surface, an oxide film and a hydroxide
film. In addition, the bare metal, M, can go directly into solution, where it can react with a dissolved
anion, A (which is something other than OH"), and form a precipitate, which we take to be MA. The
chemical reactions that take place are the following:

M - M * + e (A2)
* i

M * + H2O •* MOH + H * (A3)

M * + A - MA (A4)

MOH iq ** MOH^ (A5)
* - 4
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+ H * + e ' (A6)

M + MO^ + H2O - 2MOHid ( A 7 )

where the £*s are the rate parameters and the subscripts "aq" and "ad" refer to aqueous (that is,
dissolved) and adsorbed species, respectively. The model has three independent state variables: 0OH

and 8O, which represent the fractional coverage on the surface of the MOH^ and the MO^ species,
respectively, the third variable being the concentration of M+ in solution. Rate equations for each
of these variables can be deduced from the reaction sequence'*20. Here, we simply state the results,
i.e.,

6OH = r*M ' i'+ e x P ( - p e 0 H ) ] e 0 H + 2 , e o e M (AS)

e o = ' 9 O H - ' e o e M
 (A9)

Y =P6M - gY (A10)

where Y is the concentration of NT in solution, expressed in dimensionless form, p, q, r, and s are
various dimensionless combinations of the rate parameters (i.e., the #s), and 0M is the fractional
surface coverage of bare metal, with 6M = 1 - 80H - 6O- The "dot" denotes differentiation with
respect to a dimensionless time, x. The important assumptions that went into the derivation of these
rate equations are the following'*20: First, the hydrolysis reaction (reaction A3) is always in
equilibrium. Second, the rate parameter k^ varies as exp(-P0OH) where P is a positive, dimensionless
constant. This dependence takes adsorbate-adsorbate interactions into accountA17.

Equations A7-A10 clearly satisfy the necessary conditions for chaos to occur, that is, there are three
independent variables (the minimum number necessary) and two of the three rate equations contain
nonlinearities in the state variables. Satisfaction of these conditions does not, however, guarantee
that chaos actually will take place. But ranges of values for the various rate parameters, and for P
were indeed found over which the state variables did exhibit spontaneous chaotic oscillations.

As an example, we consider one set of values for these parameters for which chaotic behavior was
found to occui^20:

i p , q, r, s , PI = ( 2 « I0~ 4 , 1* 1 0 " \ 2 * 10"' , 9 . 7 " 10 J, 5 ) ( A l l )
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All the calculations reported below were carried out using these parameter values. The numerical
computations were done using the software package Mathcad PLUS 5.0.

Simultaneous integration of Equations A8-A10 was executed using a fourth-order Runge-Kutta
method with fixed time increment. In addition, for all the calculations reported here the initial values
selected for the state variables (i.e., the values at / = 0, at which the integration was begun) were
(6OH, BQ, Y) = (0.35,0.1175,0.108), except for the dashed curve in Figure A3, for which the initial
value of 60H was shifted slightly, to 0.3501. These initial states lie on the attractor.

A trajectory lying on the chaotic attractor is shown in Figure Al, as projected onto the 0OH - 0O

plane. Motion runs counterclockwise in this figure, as time proceeds. In Figure A2, a time series
is illustrated, that is, the variation with time of one of the state variables or of some observable
function of the state variables. The state variable used here is 0OH and the time variable is our
dimensionless time, x. Only the dynamics at times beginning well after the initial time, T = 0, are
shown in Figure A2.

Next, we give an illustration of the sensitive dependence of long-term behavior upon initial
conditions for a chaotic system. We re-calculate the time series presented in Figure A2, except with
the initial value of 0OH changed slightly, from 0.35 to 0.3501, all else being the same. The two time
series (i.e., that shown in Figure A2 plus the re-calculated one) are shown in Figure A3. Clearly, at
these later times, the two motions have become completely uncorrelated, despite the fact that they
are described by the same rate equations and had nearly the same initial conditions.

A5. Chaos in Experimental Systems

The above example provides a good description of how we can analyze chaos in a mathematical
model of a physical system. In fact, much more could be done in the way of analysis, such as the
construction of Poincare maps and bifurcation diagrams or by studying different "routes" to chaos;
all this has indeed been done*20 for this particular system. However, an issue that has not yet been
addressed relates to how we deal with experimentally obtained chaotic data. In an experiment, one
does not normally obtain direct measurement of the state variables. For example, in a chaotic
potentiostatic system, one would normally measure the corrosion current as a function of time, which
may be some function of one or more of the state variables. Therefore, it appears that it would not
be possible to obtain information that can be gotten using a model, e.g., the topology of the chaotic
attractor. Actually, this is not true. It has been demonstrated that a chaotic time series (that is,
values for some system property measured at regular intervals of time) has embedded within it all
the topological information regarding the state space attractor.

One approach to dealing with an experimental time series is the so-called time-delay method, which
consists of the following: Suppose we have data of the form
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y(0), >(6<), y(26t), y(n6t) (A12)

where y is the measured variable, 6/ the interval between measurements, and where n is a positive
integer, the order of several tens of thousands or more. Using these data, we construct a set of points
in a ̂ /-dimensional Cartesian space. These points have the form

iy(i&t), y(ibt + to), y(ibt + 2To) y(ibt * {d - l)To)} (A13)

where / = 0,1,2, and where To is some characteristic delay time. Plotting these points in the d-
dimensional space yields what is known as the reconstructed attractor. It should exhibit the same
topological features as the state-space attractor. There is a major pitfall, however, in applying this
method, and that lies in selection of appropriate values for d and for T0. This is an issue which still
has not been completely resolved. If, for example, T0 is too small, all the points will lie scrunched
along the main diagonal of the space. If it is too large, all correlation will have been lost (the
"sensitive-dependence-upon-initial-conditions effect"), and the resultant structure will look like
random noise.

We shall illustrate the use of the time-delay method by applying it to chaotic 0OH<T) "data" from our
corrosion model, using the parameter values given in equation Al l . In so doing, we simply forget
that the data have come from the model, and treat them as though they had been measured
experimentally. For present purposes, we consider only a projection of the reconstructed attractor
onto a plane, so we construct doublets of the form

where / = 0,1,2, , with 6T being the sampling interval, and with T0 selected to be 40, a value known
to be appropriate for this system. The result is shown in Figure A4. Clearly, the reconstructed
attractor has general features that are quite similar to the state-space attractor shown in Figure Al.

It should be noted that Figure A4 also illustrates the order that underlies chaotic dynamics. If the
data were just an expression of random noise, the result of such a reconstruction would be likewise
"noisy" in appearance, and would not exhibit the beautiful order shown here.

A6. Current Interests in Chaos Research

Control and prediction of chaotic dynamics are two areas that are of current interest. Some very
brief comments on these two subjects are presented below.
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A6.1 Controlling Chaos

At the present time, a great deal of effort is being made in the general area of chaos control. The
idea behind this is to eliminate chaos altogether, if it is considered to be detrimental to the system.
This is accomplished by introducing an appropriate control into the system to force it to oscillate
periodically, on either a simple or a complex orbit, or to stabilize an otherwise unstable steady state
and thus altogether eliminate oscillatory behavior. The original work in this area was reported by
Ott et al.*21 in 1990, and there have since been around 300 papers published on various control
strategies and applications to specific models and experimental systems. Control of chaos in an
aqueous corrosion experiment*23 has been one such application.

Sometimes chaos is desired, however, an example being a chemical reactor for which perfect mixing
is desired. In such cases, the control (sometimes called "anticontrol"*24, since we seek here to
maintain rather than to "control" or eliminate chaos) is one that would prevent the system from
leaving the chaotic attractor.

A6.2 Predicting Chaos

As noted above, long-term predictions of chaotic behavior simply cannot be made. This follows
from the exponential divergence of neighboring trajectories in state space. However, short-term
predictions can be made, and a number of strategies have been used. Although there is not yet a
single strategy that has been identified as being clearly superior to all others, one that does show
exceptional promise involves the use of neural networks. For example, this approach was applied
by Brawley et a/.*25 to the electrochemical model discussed above and was found to work quite well
even when considerable "noise" was superimposed on the chaotic data

A7. Summary

The emergence of nonlinear science over the past few decades, particularly as related to deterministic
chaos in relatively simple systems, has had a major impact on our understanding of nonlinear
phenomena. For example, the study of electrochemical systems has been profoundly affected, due
to the fact that these are generally highly nonlinear, in the state variables. Ongoing investigations,
in areas such as the control and prediction of chaotic dynamics, are already leading to new and
exciting applications, some of which will eventually be of major practical value.
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Figure Al. A trajectory on the chaotic attractor for the electrochemical model. The
trajectory is shown as projected onto the 60H - 9 0 plane.
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Figure A2. Time series plot of 0OH as a function of dimensionless time x. The
calculation was begun at T = 0, but the plot begins at T = 2 x 10 .



-60-

06

0.5

\ i;-| !

I i
i ! ]' 'I

0.3

0.2

0 I 1

i;\
!n

M .'

11 ,'

2*10 2.5-10 3.5-104

Figure A3. Another time series plot. The solid curve is the same as that in Figure A2.
The dashed curve corresponds to the same initial conditions as the solid
curve, except that the initial value of 90H (that is, its value at T = 0) has been
changed from 0.3500 to 0.3501.
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Figure A4. Two dimensional projection of the reconstructed chaotic attractor for the
electrochemical model.


