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Fig 13: Cs PROFILE AND Cs/Te RATIOS AS MEASURED

IN PIN N°C1 (CFC05)

General Considerations on the Oxide Fuel - Cladding Chemical Interaction

by R. Pascard, France.

I - INTRODUCTIOH-

Since the very first experimental irradiations in thermal reactors,

performed in view of the future Rapsodie fuel general study, corro-

sion cladding anomalies were observed. They were not considered

with too much attention, so strong was at this date the dogma of

compatibility between oxide fuel and stainless steel cladding.

Since then, the tremendous experience accumulated after ten years

of Rapsodie performance - and more than two years for Phenix -

brought definite confirmation of the chemical reaction between

irradiated fuel and cladding. At the same time, the extreme varia-

bility of the phenomenon was recognized with regard to the condi-

tions for its appearance as well as to the aspect of corroded zones.

Corrosion is not considered at present in France with deep con- 23

cern, since out of more than 5000 pins irradiated in Rapsodie

beyond 10 at % burn-up, no failure unequivocally attributable to

corrosion has been recorded. Furthermore corrosion does not seem

to increase with burn-up beyond about 8 at %. On the other hand,

complete confidence cannot be obtained as long as the phenomenon

is not fully understood. Finally, from a practical point of view,

the fuel designer expresses an urgent need for an expression for

corrosion rates, whatever crude it might be.

After a review of the present knowledge on the subject, we insist

particulary on the apparent discreprancy between this knowledge

and the large body of stastistical results, available to-day

through the accumulated experience on the driving fuel behaviour.

We feel that this uncomfortable situation results mainly from too

nuch relying on too logical, but oversimplified mechanisms. New

approches are tentatively proposed.

II - SEMI-EMPIRICAL LAWS AND PROPOSED MECHANISMS FOR CORROSION

The literature on corrosion, very profuse on possible corrosion

mechanisms, is rather poor in definite analytical corrosion laws,

probably because such laws can be postulated and tested only with

the aid of a large irradiation program. Generally, corrosion is

supposed to obey a classical diffusion process leading to expres-

sion of the type )t = A T exp. - Q/T, where i, is the corrosion

depth, T the burnup, Q an activation energy for an unknown process

and T the cladding inside surface temperature in K. It is not al-

ways specified if T et T apply to the point where corrosion is

measured.

An exemple of such a corrosion law with a particularly good fit

with experimental points is given in [/!}

V = 2» 4 3- 1° 5 T °'517exp (- 5"fi) T in at I

One can also find linear laws in T, for example :

I = 1.57.10"3 T 1/^2 CT-630) [2] T in °C
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althoug a linear law appears difficult to justify, it can be suf-
ficient in practice if we remember that the explored temperature
range is generally small.

One can argue about the choice of the burn-up as an independant
variable. If diffusion is the basic process and the corrodent agent
is in large excess, the time is certainly a better variable. Any-
way, as long as this question is not cleared out, comparison of
corrosion for pins of different diameter is simply meaningless.
Note also that the heat rating is supposed to play no role. We
shall come back to this point farther.

With regard to the corrosion mechanisms, they all rely upon clas-
sical thermodynamics assorted with kinetics considerations. The
validity of classical thermodynamics in a medium subjected to ther-
mal gradients of more than a few thousands degrees par mm. may be
questionable. Even after the radical simplification of assigning
to the medium a mean, definite temperature of say, 1 000 K,
difficulties remain, considerable, due to the inextricable chemical
phenomena taking place at the surface of the fuel. Most of the
fission products susceptible to play a role in corrosion (Cs, I, Te,
Mo, Pd, Ba...) migrate towards the surface to give compounds not
identified with certainty nor even all listed. The existence of
these compounds depends critically upon the oxygen potential at the
fuel surface wich they modify in turn. So, we are brought back to-
wards teasing problems, not yet really solved :

. oxygen redistribution under a thermal gradient
• role of the soluble fission products on the fuel oxygen
potential.

. oxygen balance with burn-up.

Such a complicated situation favors of course the proliferation of
basic corrosion mechanisms, according to the choice of the main
corrosive fission product (Cs plus oxygen, iodine, tellure). It
appears to-day that in all cases the first step of corrosion is
chromium depletion of the steel permitting, after a sufficient degree,
oxidation in depth of the clad.- No one of these mechanisms has been
fully elaborated to the final point of a quantitative corrosion law.

Nevertheless they all contain the implicit result that, since oxygen
potential of the fuel is continously .increasing with burn-up, corro-

sion should accelerate with time,which is rather in contradiction 24
with semi-empirical laws previously given. Conversely, they brought
to the conclusion that starting with a sufficiently hypostoichiome-
tric fuel would prevent the corrosion completely.

Ill - STATISTICAL ASPECT OF THE FUEL-CLADDING REACTION

Semi-empirical laws and mechanisms we have just told about are es-
sentially based on a few experimental irradiations, generally of a
parametric type and on a more abundant body of out-of-pile simula-
tion tests. Besides this experimental results, a considerable amount
of information, directly outcoming from the Rapsodie or Phenix
driving fuel is now available in France. Up to what extent is this
information consistent with laws and mechanisms presently in
favour ? A careful, conservative answer would be that the consis-
tency is not obvious. This is not suprising because most of the
statistical information is not itself self-consistent as illus-
trated by the fact that two identical pins with identical irradia-
tion conditions may display very different corrosion states. A
very similar point of view has already been expressed by BATEY and
BAGLEY [3J whose comment reproduced below in extenso is in complete
agreement with our own feeling.

It fails, (the oorrosion mechanisms) in its present form, to account for the
erratic incidence of attack in irradiated fuel pins, e.g., the absence of at-
taek in the majority of pins irradiated in DFR and the wide range of corrosion
depths in nominally identical or closely related pin designs. It is feasible
that the discrepancies in corrosion behaviour stem from inconsistency in a
vital, and supposedly standard, test characteristic, e.g., fuel oxidizing po-
tential. The differences are, however, as likely to arise from a more esoteric
source such as the content of a minor impurity, or some factor which either
removes or reinforces the passive oxide layer originally present on the stain-
less steel and so renders it less or more able to resist fission product attack.
Until the reasons for observed idiosyncrasies in corrosion behaviour have been
established it will not be possible to predict confidently the extent and effects
of corrosion in fast reactor oxide fuel pins.

Keeping in mind this important restriction about the apparently
erratic pins behaviour with respect to corrosion, it is possible on
the base of a limited analysis restricted to the actually corroded
pins to announce the following general observations :



1. for a given pin, the corrosion is always null for internal
cladding temperatures below 500°C. As temperature increases
above this value, the corrosion passes through a rather sharp
maximum, corresponding to a cladding temperature significantly
lower than the maximum running in temperature. Furthermore,
corrosion is generally very weak in the hottest spat of the
pin.

For a set of pins run in identical conditions, the maximum
corrosion spot, located in the highest third of the pin,
remains at a fixed position with burn-up (or time). An il-
lustrating example of this behaviour, coming from Phenix
fuel, is given in a joint paper.

Clearly, such a- sharp corrosion maximum is not accounted for
by the accepted laws, as given in section II. Moreover, it
appears very difficult to explain it with the proposed mecha-
nisms. One way to solve this dilemma could be the introduc-
tion of heat rating as an effective corrosion parameter. At
least, two explanations can be offered with regard to a pos-
sible role of heat rating on corrosion.

a) a direct effect of the thermal flux. In other words, the
heat flux cannot be neglected in the thermodynamic equations.

b) the true acting parameter is the surface temperature of the
fuel, function of heat rating and cladding temperature
through the annular gap. As a first support of this idea,
we note that the maximum corrosion spot coincides rather
well with the point where the temperature difference bet-
ween the fuel surface and the cladding is maximum.

2. If corrosion depth, at maximum corrosion spot, is plotted
against burn-up, the resulting cuve can be fitted more or less
conveniently by a A law, at least for not too high burn-ups
(< « 8 I). In the precise example of Phenix fuel (see joint
paper) a linear law with burn-up would be better. For burn-
ups well beyond 8 I, the corrosion depth seems to reach a
steady-state. In any case, a corrosion acceleration is not

observed, as would be the case if the constantly increasing
oxygen partial pressure at the fuel surface were the main
driving force for corrosion.

Corrosion stabilization for higher burnups suggests strongly
the onset of some antagonist mechanism operating after a suf-
ficient burn-up. This mechanism could be the accumulation of
fission products compounds (uranate, molybdate ...) in the
fuel cladding gap resulting in an effective protective layer.
If it was confirmed, such a mechanism would be of course in
complete contradiction with mechanisms quoted in section II.

To close this chapter, we add that the comparative study of
Rapsodie and Phenix fuel is currently in progress in order to
separate clearly the time and burn-up variables.

3. We must add now some considerations on the role of the initial
fuel stoichiometry and fissile material nature on corrosion. It
is recalled that these two parameters are generally viewed as
decisive.

For such a study, which is now just starting, the Phenix fuel —
pure U02 or two Pu contents with a stoichiometry range 1,96 -
2,00 — is particularly suitable. Very preliminary results indi-
cate no dramatic difference in corrosion behaviour for the three
fuel types.In accordance with what has been said in the prece-
ding chapter, minor differences are expected only in the low
burn-up range.

IV - GUIDE LINES FOR A FUTURE PROGRAM. CONCLUSIONS.

All along this paper, we have stressed the erratic conditions
for appearance of the oxide-cladding corrosion. It is obvious
that such a problem can be fully appreciated only by a statis-
tical approach based on a very large number of observations on
true LMFBRs pins. The task is really huge but not insuperable,
if at the same time the means and the methods are improved. :

. a reliable detection and a measure, even approximative, of
the corrosion depth by non destructive means would obviously
offer a decisive progress. To-day, eddy-currents auscultation

25



is notoriously unreliable and the painstaking metallographic
method must be used.

. the use of microprobe as an investigation tool can be
judged as too exclusive. Other more global methods, per-
taining to classical analytical chemistry would certainly
bring an invaluable complement of information.

. with respect to the pins to be observed, it is necessary
to choose them in a larger range of running conditions,
the temperature and burn-up parameters being certainly not
alone to be taken into account ; It would be also very pro-
fitable to include corrosion as one of the principal criteria
for final examination.

In parallel with this statistical approach, in any way leng-
thy and painstaking, one is led to appreciate the effort to
be devoted to out-of-pile tests. The feeling prevails now in
France that these tests have had their time, that they have in
fact brought credible, but oversimplified explanations and that,
except for new ideas, they will not permit to approach the
truthmore closely. Moreover, the conditions in which they are
carried to-day, offer a poor simulation of the tremendous
complexity of the real fuel and neglect the gradient and ther-
mal flux parameters.

It remains to examine the place, in an exhaustive corrosion
study program, of the experimental irradiations. Their contri-
bution is in principle invaluable since they alone permit to
cover a large variation of the parameters (w, T, T, t and fis-
sion products concentration) but it must be kept in mind that
unless we accept their proliferation, the results are in part
of a probabilistic nature.

A promising route, up to now little explored, would consist
in systematic reirradiations in different conditions of highly
irradiated, practically not corroded pins (such pins exist !)
in order to induce a brutal start of corrosion.

We want to close this chapter on future work, by turning
back to the "fond du problSme". If the corrosion is so
erratic, qualitatively as quantitatively, what could be the
effective probabilistic factor, up to now ignored by conven-
tional mechanisms ? Refusing to consider such trivial expla-
nation as impurities effect, we are led to incriminate the
behaviour of the complex medium present in the oxide clad gap.

For example, according to some workers, caesium in the gap is
under the form of a liquid oxygen rich phase £4} . One can
imagine that unpredictable corrosion could be due to liquid
indexes of this phase, not fixed in position with time.

In fact, our own experience indicates that this interfacial
medium is mainly composed of solid caesium uranate. This
uranate can creep very easily and is then unevenly distribu-
ted in a fuel cross-section (and also axially). An overall
reexamination of previously obtained results with special at-
tention to uranate distribution, seems to show a correlation
between local corrosion and presence or absence of uranate :
Corrosion is weak or absent when interface compound is parti-
cularly abundant.
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