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SUMMARY

An experimental program at PNL examined the release of volatile and
semivolatile radionuclides from irradiated nuclear fuel under different modes
of heat treatment. In support of this work, a literature evaluation was
conducted to review the information on: 1) physical changes in fuel and
cladding; 2) distribution, migration, and reactions of fission products; and
3) theoretical studies. Omitted from the review are evaluations of various
fission gas bubble behavior - swelling models. The different computer codes
that have been used to predict fuel behavior are also not included.

A large amount of work has been done on the behavior of nuclear fuels
during irradiation. The goals of this work have been to ensure acceptable
mechanical performance, provide safe operation, and assist in fuel design,
preparation, and recycle. Many fundamental studies, including diffusion and
lattice structures, are also reported.

The primary physical change of the fuel resulting from irradiation is
swelling. The part of concern is the swelling due to buildup of solid and
gaseous fission products. Except for the effects caused by cesium, which can
form complex oxides and thus cause variable temperature dependent effects, the
net results from fission solids are generally predictable and can be
accommodated by fuel design. Swelling caused by gas release is a more complex
phenomena and is related to release of fission gases from the grains. Data
from actual fuel studies relate this swelling to grain size, burnup,
temperature, and grain growth patterns (a function of temperature). Thermal
transients impose an additional complexity in that rates, e.g. diffusion and
crystal growth, are very important. The temperature in various regions of the
fuel may range from a few hundred degrees centigrade to over 3000°C.

The data on fission product distribution in irradiated fuels are
voluminous. Evidence for extensive migration of fission products as well as
for chemical changes is very clear: formation of metallic and nonmetallic
inclusions, formation of solid solutions with mixed oxide fuel, extensive
interaction at the fuel-cladding interface, and high concentrations of certain
compounds or elements in void spaces.



Experimental studies are difficult. Of the more than 30 fission product
elements, only a few can be studied by gamma spectroscopy. Electron probe
microanalysis has been very useful as an analysis technique. It should be
noted that the elements and compounds studied in the post reactor examination
are not often those that are formed in fission. Data for 25 elements are
surveyed in the document, both as to location in the fuel element and as to
chemical form,

High migrations are shown by the more volatile elements such as T, Br, I,
Cs, Sb, Tc, Te, and Pd. Strong oxide formers, such as Y and the rare earths,
migrate Tittle. Although migration is normally along a temperature gradient,
the direction is not always predictable.

The behavior of several fission products is a function of the oxygen
availability and the oxygen to metal ratio (and the 02 free energy), and can
be quite critical in determining fuel behavior. In particular, compound
formation and the roles of Cs, and to a lesser extent, Mo and Ru, are
dependent on this value. The oxygen to metal ratio also affects the fuel-
cladding interaction. Although stoichiometric U0, is stable with respect to
cladding attack, extensive reaction can occur after fission changes the oxygen
potential. Individual fission element-cladding reactions also occur.

The very important role of excess oxygen or lack of oxygen in determining
fuel behavior and the behavior of individual fission products relates directly
to the experimental program conducted by PNL. This work, which utilized
oxygen-free conditions, indicated that the atmosphere in which the fuel is
heated determines the extent and rate of release of products such as tritium
and krypton.

Further experimental work is needed; in particular, studies involving
carefully controlled and instrumented fuel testing are needed to supplement
the extensive post-irradiation data.
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I. INTRODUCTION

A very large amount of work has been done on the behavior of nuclear fuels
during irradiation, much of it to ensure acceptable mechanical performance.
Other studies relate to safety, fuel preparation, and recycle as a function of
fuel type. Still other work has been directed at fundamental studies, e.g.,
lattice structure changes and diffusion of chemical species. A surprisingly
large number of these studies provide information pertinent to the task to be
surveyed here: the release of volatile fission products as a result of
thermal treatment of irradiated fuels.

The scope of the present study is to review the information available
on: 1) physical changes in fuel and cladding; 2) distribution, migration and
reactions of fission products; and 3) theoretical studies. The present review
evaluates selected aspects of nuclear fuel behavior believed to be related to
the release of volatile fission products; only documented information has been
considered. In particular, review and critique of the various computer codes,
either in existence or under development, used to predict fuel behavior under
normal and transient_reactor conditions has been omitted. Similarly, this
review does not attempt to evaluate or critique the various models of
swelling, fission gas bubble behavior, etc. This review is restricted largely
to those experimental studies conducted under controlled conditions and their
results.

This work is in support of an experimental program conducted at PNL which
examined the release of gases from irradiated fuels under different modes of
heat treatment. °

A practical goal is the development of a process to remove certain
volatile fiésion products before fuel dissolution for reprocessing or long-
term storage of irradiated fuel. However, it is anticipated that the
information obtained will be applicable to other areas of the nuclear program.






IT. PHYSICAL CHANGES IN THE FUEL AND CLADDING

SWELLING

Swelling is the term used to denote physical expansion of reactor fuel
during irradiation. Swelling is a significant safety concern in reactor fuels
because it may rupture the cladding, releasing volatile fission gases and
exposing the fuel matrix to the coolant, resulting in additional spread of
radioactive fuel and fission products. The concern for maintaining the
cladding integrity during both the normal lifetime of the fuel in the reactor,
and during transient reactor conditions has resulted in a sizable background
of information concerning the cause and magnitude of swelling. In addition,
models have been proposed to explain the observed behavior and project fuel
behavior as a function of reactor conditions. This background of swelling
information is directly related to the thermal release of volatile fission
products as will be shown in the following discussion.

Swelling is caused by thermal expansion of the reactor fuel and by the
formation of fission products as a consequence of the fission of the fissile
nuclei. Thermal expansion is a quantity that has been characterized and is
accommodated by proper fuel manufacture--it will not be addressed herein.
Both solid fission products and gaseous fission products (primarily Kr and Xe)
contribute to fuel swelling. Although it is difficult to determine the
magnitude of individual effects, the following are generally accepted as
factors related to fuel swelling: 1) burnup, or total number of fissions of
fissile nuclei; 2) rate of fission; 3) temperature during irradiation;

4) temperature gradients within the fuel, both axially and radially; 5)
grain size; 6) initial operating conditions; 7) power and/or temperature
transients during irradiation; and 8) the type of fuel (power reactor or
fast breeder reactor).

The as-fabricated fuel element consists of stacked fuel pellets (1imited
to U0, or UO,-Pu0, for purposes of this report) of near theoretical density
(typically >90%), but retaining a finite, uniform porosity within each fuel
pellet found mostly at the grain boundaries.

Initial operation of the fuel rapidly establishes thermal gradients
within the fuel pellet which commonly reach 3000°C/cm in typical power reactor



fuels (Childs 1963) and may be as high as 10,000°C/cm for fast reactor fuels
(Bramman and Powell 1975). Frequently, these thermal shocks cause radial
cracks within the fuel pellet. The number of thermally-induced cracks has
been correlated with peak fuel power for at least one type of fuel pellet and
its in-reactor operating conditions (Hargreaves and Collins 1976).

Solid Fission Product Effects

The effect of solid fission products on swelling has often been neglected
in the literature. The potential release of fission gases has been more
apparent and assumed to be the dominant mechanism of fuel swelling. However,
solid fission products do contribute to fuel swelling (Bramman and Powell
1975, Hargreaves and Collins 1976, Zimmerman 1978). Hargreaves and Collins
(1976) state that below ~1300K, fuel swelling is caused primarily by solid
fission products at a rate of approximately one volume percent per percent
burnup. They (Hargreaves and Collins 1976) indicate that at temperatures of
less than ~1300K, the fission gases, Kr and Xe, do not contribute
significantly to fuel swelling because they remain trapped within the
individual grains and do not coalesce in large bubbles at the grain
boundaries.

Other values reported for the swelling caused by solid fission products
include: 0.35 volume percent per percent burnup when cesium was assumed to be
present as an unspecified ionic compound (Anselin 1969); 0.5 volume percent
per percent burnup, assuming molybdenum is present as an oxide and cesium
exists in elemental form (Frost and Wait 1967); and ~0.65 volume percent per
percent burnup (Zimmerman 1978). )

As shown above, estimates of the magnitude of swelling caused by solid
fission products do vary. However, swelling caused by solid fission products
is not a significant problem because the fuel can be designed to accommodate
the buildup of solid fission products as a function of burnup (Hargreaves and
Collins 1976). Bramman and Powell (1975) concluded that migration is also not
likely to affect fuel swelling because only a small fraction of the fission
products soluble in the oxide fuel are 1ikely to migrate as mobile
precursors. The existing uncertainty in the form of cesium and its mobility
is a concern, however, because it may react with the fuel matrix to form



incompressible complex oxides in the cooler regions of the fuel; such complex
oxides have been experimentally observed (Stalica and Seils 1969).

Fission Gas Effects

During irradiation, Kr and Xe are produced at a rate of ~0.3 atoms per
fission event (Dollins 1973). Although some other elements and compounds may
be volatile at the fuel temperature, Kr and Xe are the primary fission gases,
comp}ising ~12 at. % of the total fission products in irradiated natural U0,
(Childs 1963). The solubility of these noble gases in the fuel matrix is low,
and they are expected to precipitate (Johnson and Shuttleworth 1959). Once
precipitated, the fission gases may: 1) exist as atoms within the individual
grains of the fuel; 2) form gas bubbles (2 or more atoms) within the
individual grains; 3) migrate as atoms to the grain boundaries; 4) migrate
as bubbles to the grain boundaries, or 5) re-enter the fuel matrix as a
result of irradiation-induced resolution. Each of these mechanisms occurs,
and the degree to which they exist is dependent on the factors previously
Tisted in this discussion.

It is important to note that very 1ittle experimental evidence exists
that would clarify the behavior of the fission gases and their effect on
swelling. Swelling is a physical phenomenon, and therefore its magnitude can
be determined. However, the role of fission gases in contributing to swelling
is usually postulated from a variety of analytical models. The success of a
given model is the correlation of its predictions with experimental
behavior. Most current models correctly predict the magnitude of swelling
based on a presumed fission gas behavior. However, there is 1ittle
experimental evidence to substantiate the postulated fission gas behavior.

Power reactor fuel operates at a lower centerline temperature and has a
smaller radial thermal gradient than fast reactor fuel. Temperature during
irradiation is a dominant factor in the behavior of fission gases and
swelling. Because of the differing temperatures, swelling is expected to
differ for the two types of fuel although general conclusions are applicable
to both fuel types.

Low irradiation temperatures are too lTow for noble gas diffusion, thereby
precluding gas bubble formation (Speight 1969). Reported values of this
temperature range may vary, but Dollins (1973) estimates these temperatures to



be <900°C. Other authors indicate the fission gases have little effect on
swelling below approximately 1300K, although gas bubble formation does occur
within this temperature range (Hargreaves and Collins 1976; Hastings, Notley,
and Rose 1978; Haynes and Wood 1977).

Equiaxed grain growth occurs over the temperature range of ~1300-1800K
and gas bubbles are generated at the grain boundaries. Very small gas bubbles
have been identified in the grains over this temperature range (Hargreaves and
Collins 1976, Haynes and Wood 1977).

At temperatures >1873K, columnar grain growth occurs and gas bubbles can
migrate up the temperature gradient toward the center of the fuel pin
(Hargreaves and Collins 1976, Haynes and Wood 1977).

Swelling has been determined to reflect the amount and behavior of
fission gases in each of the temperature zones. The highest temperature zone,
or region of columnar grain growth, is assumed to release essentially all the
fission gases within this zone. Hence, fuel swelling caused by fission gases
is negligible within the high temperature zone. The lowest temperature
regions, the unrestructured zones, retain essentially all their fission gases
within the individual grains and also do not contribute significantly to fuel
swelling. Fission gases contribute most to fuel swelling within the
temperature region in which equiaxed grain growth occurs. Gas bubble growth
in the grain boundaries causes fuel swelling, but is limited in magnitude by a
"saturated" fission gas bubble population (Hargreaves and Collins 1976;
Hastings, Notley, and Rose 1978; Haynes and Wood 1977; Zimmerman 1978).
Swelling has also been reported to pass through a maximum value with
increasing temperature (Nelson and Zebroski 1966).

Fuel swelling is also dependent upon the grain size of the fuel.
Al though the temperature of a given zone of the fuel pellet determines the
grain type (columnar, equiaxed, or unrestructured), the as-fabricated grain
size and irradiation history are the dominant factors in grain size effects on
fuel swelling. Dollins' (1973) model for fission gas swelling is based on the
following grain behavior: 1) Irradiation decreases the as-fabricated grain
size; 2) Swelling is predicted to have a maximum value as a function of
grain size; and 3) Maximum swelling occurs at larger grain sizes with an
increasing burnup.



Other authors do not agree with all of Dollins' (1973) assumptions, but
most do agree grain size affects both swelling and fission gas release.
Turnbull (1973) reported experimental evidence that fine-grained U0, resulted
in greater swelling and fission gas release. The normal explanation for this
observation is that diffusion of fission gases created within the individual
grains have a shorter path to travel to the grain boundaries in smaller
grained material. Hargreaves and Collins (1976) essentially support this
mechanism but point out that irradiation-induced grain growth occurs (note the
variance with Dollins' (1973) model). They (Hargreaves and Collins 1976)
postulate that the irradiation temperature in the first few thousand megawatt
days per ton determines the fuel structure and grain size; hence, the swelling
and fission gas behavior are determined. Hargreaves and Collins (1976)
concluded that if the starting grain size is to have any significant effect on
fission gas release, it must be considerably greater than the grain size
normally attained as a result of the given reactor conditions.

Zimmermann's (1978) experimental studies found no differences in fission
gas release as a function of grain size. These results are in apparent
conflict with the experimental studies of Turnbull (1973) and the concepts of
Hargreaves and Collins (1976) regarding grain size effects on fission gas
release and swelling. However, Zimmerman (1978) indicates that his results
are not a contradiction of grain size effects. Rather, he (Zimmermann 1978)
states that if the fuel matrix is not saturated with fission gas, both
swelling and gas release are determined by grain size. As burnup increases,
the fuel develops a subgrain structure that functions essentially the same as
the grain boundaries, thereby resulting in an apparent independence of
swelling and grain size. Zimmerman (1978) irradiated U0, in a variable, but
uniform (no thermal gradient within the fuel), thermal environment both with
and without physical constraint on the fuel. The studies were carefully
conducted and represent one of the few experimental studies of swelling
conducted under controlled conditions. Unrestrained fuel swelling values
exceed those of restrained fuel under the same conditions. Figure II-1
represents Zimmermann's (1978) results. As-expected, swelling has a very
strong temperature dependence. However, burnup is also a strong factor as
shown by the decreasing rate of swelling with increasing burnup at all
temperatures. Caution should be used in utilizing numerical values from
Zimmermann's (1978) studies because, as he points out, bubble migration in
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FIGURE 1I-1. Swelling of U0, as a Function of Burnup (Zimmerman 1978).

Reprinted with permission from North-Holland Publishing Company,
Amsterdam,® 1978.)

high thermal gradients within actual fuel will reduce the values by as much as
a factor of ten.

One of the aspects of swelling that is a significant safety concern is
its magnitude during thermal transients. Unfortunately, 1ittle has been
reported. Dollins' (1981) most recent model of swelling and gas release in
oxide fuels during fast temperature transients predicts swelling increases of
2-3 volume percent during the transient. He (Dollins 1981) defines a fast
temperature transient as one »10°C/sec. Additional information has been
determined on the release of fission gases during thermal transients, and
these results will be discussed later.

The nature of the fuel, uo, or (U, Pu)Oz, does not appeaf to be a factor
in swelling. Differences in swelling between power reactor fuel and fast



reactor fuel are attributable to differences in operating temperature, the
magnitude of the thermal gradients within the fuel, and the burnup.

Summary

It is generally accepted that swelling caused by solid fission products
is ~0.5-1.0 volume percent per percent burnup, and its effects can be
accommodated by proper fuel design. The possible exception to the predictable
solid fission product swelling is cesium, which can form complex oxides and

thereby greatly increase swelling.

Swelling caused by fission gases is closely related to the release of
these fission gases from the fuel grains. Swelling is greatest in the
temperature range that results in equiaxial grain growth, but reaches a
"saturation" value determined by grain size, burnup, and temperature. The
magnitude of fuel swelling attributable to individual effects is difficult to
determine. Most swelling data have been derived from actual reactor fuel and
not from carefully controlled experiments.

Thermal transients impose an additional complexity in prediction of fuel
swelling. Transients are nonequilibrium situations, and their effects may not
coincide with those obtained under equilibrium conditions.

Fuel swelling caused by fission gases is an area that needs additional
study. Emphasis should be placed on obtaining accurate and well-characterized
experimental data. Model development of swelling will never be satisfactory
until the actual mechanisms and their magnitude caused by fission gases are

determined.






III. DISTRIBUTION, MIGRATION, AND REACTIONS OF FISSION PRODUCTS

DISTRIBUTION OF FISSION PRODUCTS IN IRRADIATED FUEL AND CLADDING
(CONCENTRATION PROFILES)

Introduction

More than thirty elements (approximately 120 isotopes) are produced in
the fission of uranium or plutonium. Only a few of the isotopes produced can
be studied in detail by gamma spectroscopy, thus the behavior of many must be
inferred from the few that can be studied. Electron-probe microanalysis is a
second tool capable of confirming general trends (Bramman and Powell 1975).

In general, fission products are very mobile in the environment of the
high temperature and radial temperature gradients associated with U0, and
U0,/Pul, fuels. The fact that many fission products are found as elements
indicates that much migration out of the oxide lattice occurs (Bramman and
Powell 1975).

Camoszzo (1972) described a typical post-irradiation structure of a mixed
oxide element (transverse section) as follows:

o an outer zone, which remains at Tower temperature and which keeps its
initial structure;

e an intermediate zone where equiaxed grains are seen, formed by
recrystalliization of the material at high temperature;

e an inner zone, where the temperature has reached the highest values,
consisting of columnar grains;

e a central void along the axis of the element, with a geometry dependent
on the operating conditions.

Camoszzo (1972) indicated that although fission product distribution is net
homogeneous within the fuel, specific lTocations for the various fission
products are observed. Inclusions of solid products are always in grain
boundaries, which suggests that some products are not soluble in the fuel
matrix. Some investigators have established a classification system for
fission product distribution (Camoszzo 1972):

e white metallic inclusions, l1ocalized in the zones of columnar and
equiaxed grains;
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e non-metallic inclusions, forming the "gray phase" in the zone of equiaxed
grains, in proximity to the zone of columnar grains;

e mixed oxide matrix (in homogeneous dispersion, solid solution).

The metallic inclusions contain Mo, Ru, Tc, Rh, and Pd. Located in grain
boundaries and radial voids of columnar grains, these elements form about 70%
of all inclusions. Mo, Ru and Tc represent 90 weight percent of the total
inclusions with distributions as diagrammed in Figure III-1 (Camoszzo 1972).
Isolation and analysis of inclusions attached to walls of the central void
indicate a hexagonal structure with a composition, in wt%, of Mo-41.0,
Ru-31.9, Tc-14.9, Rh-7.1 and Pd-2.0. Steindler et al. (1978) have compiled a

table of the composition of metallic inclusions; these are given in Table
III-1.
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TABLE III-1.

Composition of Metallic Inclusions Found in

Irradiated Oxide Fuel (Steindier et al. 1978)

Inclusion Composition, at.?%

Fuel Mo Cs Ru T¢c Te Rh Pd Zr Ba Ce Sn U Pu
vo,® 60 -- 24 16 -- -= = = o= = a= a= -
Uo,? 54 -= 23 17 -= 6 -= == == = = a= -
uo,? 33 == 13 9 = = = 17 22 6 -- -- --
Uo,® 7. D & B -
Puo; P 27 == 26 14 == 13 20 == == == = = -
Pu0,® 5 —= 37 8 -- 17 33 = o= an am an -
Uo. 8Pug. 207 e == 1 - -= 15 59 - - - - 18 8
Ug.gPYg. 207 21 -- 48 17 = 12 2 - = o= o= - -
U0.85pU0.1502 44 -- 32 15 -- 7 == == == == == ==
Uo.85Pu0.1501 .94 et L LR
U0.85PU0'1501.94 37 -- 37 10 -- 11 5 e e e e - --
Uo.85P0.15%2.15 -~ - 62 9 -- 20 9 -- - - - - -
Uo.85Pu0.1502.15 il S A S T
Uo.85Pu0.1592.15 - == -- -- 30 -- 60 -- -- -- -- 10 --
Uo.85Pu0.1502.023 L AR L e B A
Yo.85740.1502.023 - 1 -=-21 -7 - - - 5 3 -
(a) These inclusions were also reported to contain from 12 to 40 wt% uranium.

(b) Inclusions were not well formed and had entrained fuel material.
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“Gray phase" non-metallic inclusions have a high concentration of barium.

Other fission products found in these inclusions include Ce, Sr, Zr, Nd, Mo, Ru,
and Tc (Camoszzo 1972).

The oxide matrix has been found to contain Nd, Ce, Hf, Ba, Pr, Sr, and Zr

(Bullard 1978; Camoszzo 1972).

Bazin, Jouan, and Vignesoult (1974) tabulated the

various fission products they observed in irradiated fuel and cladding; these are
shown in Table III-2.

TABLE ITI-2.

Location of Fission Products in Irradiated Fuel (Bazin, Jouan, and

Vignesoult 1974)

Placement in Gaseous Volatile Soluble { Insoluble
Fuel Element Fission Prod. Fission Prod. Fission Prod. | Fission Prod.
Cladding T, Xe, Kr Cs (rare)
Oxide- Cs, I, Te Two reaction layers
Cladding U-Zr-Cs-Pd-Ba-Te-0
Interface
Single reaction layer
U-Zr-Cs-Ba-0
Fuel T, Xe, Kr Cs, I, Te Ir, Y, rare Metallic in-
around the earths, clusions
periphery Ba, Nb, Mo U-Pd-Sn and
Mo-Tc-Ru-Rh-Pd
Non-metallic
Free Volume Xe, Kr inclusions
U-Ba-Zr with
Mo-Ce-Nd-Sr-La
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Distributions of fission products in addition to those mentioned above are
also cited in the literature. The following discussion gives a more detailed
description of various fission products and their distribution in the fuel and
cladding.

Antimony
Bramman and Powell (1975) noted that 1254, migrates radially to the

fuel/cladding interface.

Barium

Electron-probe microanalysis and a scanning electron microscope, used to
examine U0, kernels irradiated at 1250-1350°C to 6.7% heavy-atom burnup, revealed
two kinds of barium-containing materials. One type, some small precipitates
approximately 1 um in diameter, contained Ba plus Zr and Sr in a Ba/Zr ratio of
~2:1 and a Ba/Sr ratio of ~(5-6):1. The other was a mobile Ba form that often
migrated to the hottest regions of the fuel (Friskney and Simpson 1975). Work by
Bazin, Jouan, and Vignesoult (1974) confirms the migration of Ba towards the
center (see Figure III-2). Fuels that were operated with a central molten zone
show oxidized phases in the central zone with 30 wt% Ba.

Electron-probe microanalysis by Bramman and Powell (1975) indicated radial
migration of stable barium (mainly 138Ba). The barium oxide formed was insoluble
in the oxide matrix; it was found in the equiaxed-grain zone and the outer end of
the columnar grains. Contrary to elemental Ba migrating to the hotter fuel
zones, barium oxide moved toward the cooler end of the columnar grains.

Migration down the temperature gradient was usually associated with its
precursors, Xe and Cs. A Ba-Mo phase has also been found in mixed oxide fuel in
the outer 1/3 of transverse cross sections and near the cladding (Bramman and
Powell 1975).

Bromine

In irradiated U02 and UOZ-PUOZ fuels, bromine was driven to the outer cooler
regions of the pellet; in some instances it may escape from the fuel {Clayton and
Riddle 1969). Camoszzo (1972) assumed Br migrated through the matrix using a
“distillation" process that concentrated volatile elements in the colder fuel
regions.
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Vignesoult 1974)
Cadmium

Electron microprobe analysis detected no Cd above background levels in
any of four irradiated fuel rod cladding segments (Ivak and Waldman 1979).
Camoszzo (1972) indicated that elements with a low boiling point 1ike Cd would
exist in vapor form in the columnar region where the temperature is about
1700°C. He assumed a migration through the fuel matrix with the same
mechanism as that used by the inert gases.

Cerium

No radial migration of 144Ce was observed in a 7mm diameter fuel pin
irradiated in DFR at about 75 KW/m heating rate (Bramman and Powell 1975) (see
Figure II1I-3). Others have found similar results for 141ce, However,
migration of 140ga/La as showh by gamma scanning implies the daughter isotope,
140Ce, will be nonuniformly distributed.
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Cesium

Experimental data on cesium distribution confirmed the view that alkali
metals, probably present in highly volatile elemental form, would migrate
extensively. Bramman and Powell (1975) indicated the following:

a) Gross radial migration to the cool periphery occurs even in relatively
mild irradiation conditions; fuel pins in which only equiaxed grain
growth has occurred have been found to have caesium concentrations
near the periphery which are a factor of 100 or more greater than
those near the centre . . .

17



b) Axial migration of caesium toward the cooler end of pins is frequently
observed.

However, Kelman (1975) found no evidence of axial redistribution in a rod of
H. B. Robinson fuel, based on an axial gamma scan (see Figure III-4). A study
done on the content of Cs in cladding examined the inside diameter surface of
four segments of cladding (from 4 separate rods). Two of the four segments
showed high concentrations of Cs, especially at the location corresponding to
a pellet-to-pellet interface region (Ivak and Waldman 1979).
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Chromium

Chromium was once thought to be produced in the fuel as a result of
jodine attacking the cladding and transporting the cladding elements into the
fuel (Camoszzo 1972). However, such a mechanism has since been shown to be
incorrect (Epstein 1975). Whatever the mechanism of transport is, Camoszzo
found Cr hardly penetrated the fuel matrix and remained in regions near the

fuel-clad interface.

lodine

Various analytical results have indicated the presence of iodine in the
cooler, peripheral regions of the fuel (Ivak and Waldman 1979; Clayton and
Riddle 1969; Bazin, Jouan, and Vignesoult 1974; Bramman and Powell 1975).
Bramman and Powell (1975), using gamma scanning on fuel samples and cladding,
indicated axial iodine migration towards the cooler end of the fuel pin.
Their post-irradiation annealing tests have shown that the released fraction
of fodine is as great as that for xenon, a fact indicating extensive radial
migration. Camoszzo's (1972) discussion of iodine vapor indicated its
migration to the fuel-clad interface and formation of metallic iodides; these
jodides in turn were believed to have migrated into the high temperature

matrix zones.

Iron

In (U, Pu)02 fuel elements irradiated to high burnup, metallic inclusions

containing iron have been found. The iron was found between boundaries of
equiaxed and columnar zones; it can be alloyed with Pd or Mo. Camoszzo (1972)
proposed the iron was transported from the cladding as an iodide but this
mechanism has been shown to be incorrect (Epstein 1975).

Krypton

Krypton in U0, and U0,-Pu0, fuels is driven towards the cooler outer
regions of a pellet and may even escape from the fuel (Clayton and Riddle
1979). It has been found in free and occluded spaces in the matrix and a
small fraction penetrated the cladding by recoil but remained inert (Bazin,

Jouan, and Vignesoult 1974).
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Lanthanides

Lanthanum, praseodymium, neodymium and samarium showed no radial
migration when analyzed using the electron microprobe technique (Bramman and
Powell 1975).

Mo1ybdenum

Inclusions in columnar grains, globules in the molten zone and ingots in
the central flue all contain molybdenum (Bazin, Jouan, and Vignesoult 1974).
The inclusions in the columnar grains were a few microns in diameter; i.e.,
~5-10 pm (Bramman and Powell 1975), and contained essentially Mo, Ru, Tc; Pd
and Rh accounted for no more than 1-2% (Bazin, Jouan, and Vignesoult 1974;
Bramman and Powell 1975). The globules in the molten zone were made up of
950 formed from 952r and 9%Nb. Zr and Nb moved towards the center through
the temperature gradient aboard Nb,0g ; this process resulted in metallic 950
since at temperatures greater than 2000°C it cannot form an oxide and gathered
into globules. Ingots in the central flue reached a size of 500 pym and
displayed two hexagonal phases. The first such phase was comprised of 61% Mo,
19% Ru and 20% Tc with a structure Mog (xRu, yTc)3. The second phase
contained 38% Mo, 21% Tc, and 41% Ru.

Nickel

In general, nickel from the stainless steel cladding does not migrate and
was found segregated at grain boundaries of the cladding (Camoszzo 1972).

Ni obium

Niobium enrichment in the center occurred as a result of Nb,0g moving
through the temperature gradient and volatilizing at temperatures > 1150°C
(Bazin, Jouan, and Vignesoult 1974).

Palladium

Much of the palladium in fuels was found in the outer zones as a
consequence of its high vapor pressure. Bramman and Powell (1975) found Pd in
metallic inclusions associated with Fe and Ni. Bazin, Jouan, and Vignesoult
(1974) examined TOF4 (French fuel rod irradiated under experimental

20



conditions) with a molten zone and found metallic globules containing ~50% Pd,
30% U, and 15% Sn in a crack near the center.

Rhodium

No evidence of Rh axial redistribution was found in isotopic trace work
done by Kelman (1975) (see Figure II1I-4). Radial gamma spectrophotometric
analysis on a rod with no core melting showed two rings of Rh enrichment-one
in the middle and the second around the edge (Bazin, Jouan, and Vignesoult
1974).

Ruthenium

Ruthenium was found in ingots located in the central flue in association
with Mo and Tc (see section on Mo; Bazin, Jouan, and Vignesoult 1974). Its
distribution in inclusions was often found to rise as the radius increased and
it was generally more concentrated at the cooler end of the columnar zone
(Bramman and Powell 1975).

Strontium

No Sr-rich areas have been observed; Sr appears to be uniformly
distributed within the fuel matrix (Friskney and Simpson 1975).

Technetium

Due to its low boiling point, Camoszzo (1972) expected Tc to exist in
vapor form in the columnar region and he assumed migration through the matrix
would occur with the same mechanism as the inert gases. Tc in solid form was
found in ingots in association with Mo and Ru (see section on Mo; Bazin,
Jouan, and Vignesoult 1974).

Tellurium

Tellurium gathered in the colder regions of the fuel and was more active
in the oxide-cladding reaction zone (Bazin, Jouan, and Vignesoult 1974). An
electron microprobe analysis of four irradiation tested rods examined the
" inside surface of four cladding segments. Three segments revealed no Te
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beyond background levels; one segment had a high concentration of Te which the
above authors felt was due to the anomalous presence of mercury.
Tin

Tin was found in the outer regions of irradiated fuel in an electron
microprobe study (Bramman and Powell 1975).

Tritium

In an experiment conducted by Grossman and Hegland (1971) on Uo, fuel
with a Zircaloy-2 cladding, a well defined trend was found in the T content
along the length of the fuel. Distribution in the cladding was also well
defined for one rod (identified as 12FV) and in the second (CP-206). Tritium
distribution in Rod 12FV's cladding indicated thermal migration had occurred
(see Figures III-5 and III-6). A second study (Bazin, Jouan, and Vignesoult
1974) showed the longitudinal and axial distributions of T in Fuel Pin 309
(see Figures III-7 and 1I11-8).

Xenon

Xenon distribution data was obtained using electron microprobe analysis
for axial midplane samples of 3 fuel pins irradiated to 50 MWd/kg. Fission
gas retention was restricted mainly to the outer quarter of the fuel radius
(see Figure III-9) (Randklev 1978). Clayton and Riddle's (1969) discussion
indicated Xe is expected to be driven towards the cooler outer regions of the
pellet and may escape from the fuel.

Yttrium

Yttrium is a strong oxide former; the oxide is refractory and non-
volatile and 1ittle migration is expected.

Zirconium

Zirconium enrichment towards the center of the fuel occurred by
segregation as the molten zone cooled. Examination of the oxidized phase in
the molten zone showed 15 wt% Zr (Bazin, Jouan, and Vignesoult 1974) (see
Figures III-10 and III-11).
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COMPOSITION OF FISSION PRODUCTS IN IRRADIATED FUEL (CHEMICAL FORM)

Fission products from irradiated U0, and U0,/Pul, fuels consist mainly of
the elemental isotopes and their oxides. Bramman and Powell (1975) state that
"...none of the fission-product nuclides which are studied during post-
irradiation examination is produced directly in fission, the primary fission
products being radioactive species which undergo several stages of beta
decay." Fission products are found distributed in the fuel matrix, on the
inner surface of the fuel cladding, and in the gas plenum.

According to Bullard (1978), the value for the oxygen potential, AG(0,),
of the fuel is the deciding factor on whether a fission product will exist as
a metal or an oxide. AG(OZ) depends on four factors: (1) fuel composition;
(2) valence of the fertile isotopes; (3) fuel temperature; and (4) degree of
burnup. Bullard (1978) states that the form of the elements in the fuel at
operating temperature is not 1ikely to change much as the fuel cools.

On the basis of calculations using thermodynamic data, Brook (1972)
predicted that: (1) the rare earths should be present as oxides; (2) Ba and
Sr form zirconates; (3) I and Br combine with Cs; (4) fission products present
as elements should be Tc, Te, Sb, Cd, In, Pd, Rh, Ru, Ag, and Sn. Brook
(1972) found that Cs made up 10.4% of all fission products, Rb 0.6% of all
fission products, Cd, Sb, and Te 3.8% of the total inventory, and noble gases
approximately 12% of the inventory.

The table which follows is a compilation of information on fission
products found in U0, and UQ,/Pu0,. Except for Paulson and Springborn (1968),
a majority of the products indicated are from experimental work. Steindler's
data (Steindler et al. 1978) are from a table on fission products for which a
literature survey of six authors was conducted; it was assumed herein that
these products were experimentally found. Paulson and Springborn's (1968)
table of isotopes was compiled to calculate product yields; these were assumed
to be potential fission products.
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TABLE III-3.

Fission Products in UO,, U02/Pu02 Fuel

1

Fission Product Mass No. Reference
Germanium 72 Paulson and Springborn 1968
7 3 (1] "
7 4 n i H
7 6 n 1]
Arsenic 75 Paulson and Springborn 1968
Selenium 77 Paulson and Springborn 1968
7 8 un 1]
79 1) (1]
80 " n
82 n n
-- Steindler et al. 1978
Bromine 81 Paulson and Springborn 1968
- Steindler et al. 1978
CsBr Davies and Ewart 1971; Brook 1972
Krypton 83 Paulson and Springborn 1968;
Grossman and Hegland 1971
84 Paulson and Springborn 1968;
Grossman and Hegland 1971
85 Langer et al. 1978; Paulson and
Springborn 1968; Grossman and Hegland
1971 Goode and Cox 1970; Scargill
1978
86 Grossman and Hegland 1971; Paulson
and Springborn 1968
-- Steindler 1978; Morewitz 1981
Rubidium 85 Paulson and Springborn 1968; Langer
et al. 1978
87 Paulson and Springborn 1968; Langer
et al. 1978
- Steindler et al. 1978
Rb20 Steindler et al. 1978
Strontium 88 Paulson and Springborn 1968; Langer
et al. 1978
89 Paulson and Springborn 1968; Morewitz
1981
90 Paulson and Springborn 1968; Morewitz
1981
91 Morewitz 1981
Lyhere no mass numbers for the elements are given (indicated by --), none

were stated in the reference cited.
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TABLE III-3. (Contd)

Fission Product Mass No. Reference
Sr0 Schmitz, Dean, and Halachmy 1971;
Steindler et al. 1978
SrirQs Sari, Walker, and Schumacher 1979
Yttrium 89 Paulson and Springborn 1968; Langer et
al. 1978
91 Paulson and Springborn 1968;
Langer et al. 1978
YO0, Steindler et al. 1978
Y203 Steindler 1978
Zirconium 90 Langer et al. 1978
91 Paulson and Springborn 1968; Langer
et al. 1978
92 Paulson and Springborn 1968; Langer
et al. 1978
93 Paulson and Springborn 1968; Langer
et al. 1978
94 Paulson and Springborn 1968
95 Paulson and Springborn 1968; Dean
et al. 1975; Bramman and Powell 1975
96 Paulson and Springborn 1968
-- Steindler et al. 1978
Ir0, Steindler et al. 1978
(Ba, Sr) Zr0j Sari, Walker, and Schumacher 1979
Niobium 93 Langer et al. 1978
95 Paulson and Springborn 1968; Dean
et al. 1975; Bramman and Powell 1975
NbO, Steindler et al. 1978
Nb203 Steindler et al. 1978
Nbo0sg Steindler et al. 1978
Molybdenum 95 Paulson and Springborn 1968
97 Paulson and Springborn 1968
98 . Paulson and Springborn 1968

100 Paulson and Springborn 1968
- Epstein 1975; Davies and Ewart 1971;
Steindler et al. 1978

Mo0o Steindler et al. 1978
MoO3 Davies and Ewart 1971
CsoMo0g Epstein 1975; Morewitz 1981
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Fission Product

TABLE III-3. (Contd)

Technetium

Ruthenium

Ru04

Rhodium

Palladium

Silver

Cadmium

Indium

Mass No. Reference

99 Paulson and Springborn 1968

-- Davies and Ewart 1971; Steindler
et al. 1978

101 Paulson and Springborn 1968

102 Paulson and Springborn 1968

103 Paulson and Springborn 1968; Dean et
al. 1975

104 Paulson and Springborn 1968

106 Paulson and Springborn 1968; Goode
and Cox 1971; Dean et al. 1975

-—-- Davies and Ewart 1971; Dean et al.
1975; Steindler et al. 1978;
Morewitz 1981

Morewitz 1981

103 Paulson and Springborn 1968

-— Davies and Ewart 1971; Steindler et
al. 1978

105 Paulson and Springborn 1968

106 Paulson and Springborn 1968

107 Paulson and Springborn 1968

108 Paulson and Springborn 1968

110 Paulson and Springborn 1968;
Bazin, Jouan, and Vignesoult 1974

-—- Davies and Ewart 1971; Steindler et
al. 1978

109 Paulson and Springborn 1968

--- Steindler et al. 1978; Brook 1972

111 Paulson and Springborn 1968

112 i "

113 1 L]

114 u "

--- Steindler et al. 1978

115 Paulson and Springborn 1968
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Fission Product

Tin

Antimony

Sb,03

Tellurium

CszTe

Iodine

Csl
CH3I

TABLE II1I-3. (Contd)

Mass No.1 Reference
117 Paulson and Springborn 1968
118 1] H ]
119 n "
120 n "
121 1} "
122 " )
124 (1} 1]
126 u u
- Steindler et al. 1978; Bazin, Jouan,
and Vignesoult 1974; Bramman and
Powell 1975
121 Paulson and Springborn 1968
123 Paulson and Springborn 1968
125 Paulson and Springborn 1968; Bramman
and Powell 1975
-—- Steindler et al. 1978; Morewitz 1981
Paulson and Springborn 1968
125 Paulson and Springborn 1968
126 1] n
127 " [
128 n "
130 " "
132 Dean et al. 1975
--- Steindler et al. 1978; Morewitz 1981
Morewitz 1981
127 Clayton and Riddle 1969
129 Clayton and Riddle 1969; Clayton 1979
131 Clayton and Riddle 1969; Dean et al.
1975; Scargill 1975; Epstein 1975;
Morewitz 1981
132 Clayton 1979; Dean et al. 1975
133 n 1
134 " 1
135 u 1
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TABLE III-3. (Contd)

Cso0
CsOH
Cs,C05
CsBr
CsI

C52M004

CspTe

CSU03

CsUQq

C52U207
Csl.3(U,Pu)O3
C52U4012
CsXUOy

Fission Product Mass No.l Reference
Xenon 131 Paulson and Springborn 1968; Goode
and Cox 1970; Grossman and Hegland
1971
132 Paulson and Springborn 1968; Goode
and Cox 1970
133 Morewitz 1981
134 Paulson and Springborn 1968; Goode
and Cox 1970; Grossman and Hegland
1971
136 Paulson and Springborn 1968; Goode
and Cox 1971; Grossman and Hegland
1971
Cesium 133 Paulson and Springborn 1968; Bramman
and Powell 1975; Langer et al. 1978
134 Bramman and Powell 1975; Dean et al.
1975; Epstein 1975; Langer et al.
1978
135 Paulson and Springborn 1968; Bramman
and Powell 1975; Langer et al. 1978
137 Paulson and Springborn 1968; Bramman

and Powell 1975; Dean et al. 1975;
Goode and Cox 1970; Morewitz 1981;
Epstein 1975

Epstein 1975; Steindler et al. 1978;
Morewitz 1981

Morewitz 1981

Steindler et al. 1978

Davies and Ewart 1971; Brook
1972

Steindler et al. 1978; Morewitz 1981;
Brook 1972

Epstein 1975; Morewitz 1981

Morewitz 1981
Epstein 1975

Morewitz 1981
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TABLE III-3.
1

(Contd)

Fission Product Mass No. Reference
Barium 134 Langer et al. 1978
137 " 3
138 Paulson and Springborn 1968
140 Dean et al. 1975
-—- Steindler et al. 1978; Morewitz 1981
Ba0 Schmitz, Dean, and Halachmy 1971;
Steindler et al. 1978;
Sari, Walker, and Schumacher 1979
BaC03 Steindler et al. 1978
BaZrQ3 Davies and Ewart 1971; Sari, Walker,
and Schumacher 1979
Lanthanum 139 Paulson and Springborn 1968
La0, Steindler et al. 1978
La203 Steindler et al. 1978
Cerium 140 Paulson and Springborn 1968
141 Paulson and Springborn 1968; Dean
et al. 1975
142 Paulson and Springborn 1968; Dean
et al. 1975,
144 Paulson and Springborn 1968;
Dean et al. 1975; Goode and Cox 1970.
Ce0y Steindler et al. 1978
Ce203 Steindler et al. 1978
Praseodymium 141 Paulson and Springborn 1968
Pr0, Steindler et al. 1978
PY‘203 11 i
Pr6011 n n
Neodymium 143 Paulson and Springborn 1968
144 1] 1
145 1 i
146 113 "
148 Paulson and Springborn 1968
150 Paulson and Springborn 1968
NdO2 Steindler et al. 1978
Nd203 " i
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Fission Product

Mass No.

TABLE I11I-3. (Contd)

Reference

Promethium
Pm02
Pm203

Samarium

Sm02

Sm203

Europium

EU02
EU203

Gadolinium

Gd0o
Gd203

Terbium

Tb oxide

Dysprosium

Dy Oxide

147

147
149
150
151
152
154

153
154
155

155
156
157
158
160

159

161

Paulson and Springborn 1968
Steindler et al. 1978
Steindler et al. 1978

Paulson and Springborn 1968

Paulson and Springborn 1968
Goode and Cox 1970

Paulson and Springborn 1968
Steindler et al. 1978

Steindler et al. 1978

Paulson and Springborn 1968

Steindler et al. 1978; Bazin, Jouan,
and Vignesoult 1974
Steindler et al. 1978

Paulson and Springborn 1968

Bazin, Jouan, and Vignesoult 1974,
Schmitz, Dean, and Halachmy 1971

Brook 1972

Paulson and Springborn 1968

Bazin, Jouan, and Vignesoult 1974;
Schmitz, Dean, and Halachmy 1971

Brook 1972
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FISSION PRODUCT/CLADDING INTERACTION

Both Zircaloy cladding in 1ight water reactors and stainless steel
cladding in fast breeder reactors react with some of the fission products from
uo, and (U,Pu)Oz fuels. Important fission products in fuel/cladding
interaction are iodine, tellurium, cesium, hydrogen, and carbon; the
oxygen/metal ratio also strongly influences interaction.

In the fabrication of fuel rods, the inside diameter of the cladding is
made so that the pellets can be easily inserted. This results in a radial gap
between the fuel and cladding which is reduced in magnitude during
jrradiation. In the reactor, the fuel cracks and expands and the stainless
steel creeps; eventually the cladding collapses onto the fuel, remaining there
until appreciable quantities of fission gases have been released (Cottrell et
al. 1960).

Lawrence, Hata, and Weber (1979) reviewed four mechanisms postulated to
be explanations for fuel/cladding chemical interaction. All four were based
on either oxidation or material transport studies and were similar in that
they required a fission product medium to transport oxygen to the reaction
sites. In all the mechanisms, cesium was the important fission product and,
generally, the controlling mechanism for the depth of reaction was the oxygen
potential in the area of the fuel/cladding gap.

One model proposed that fuel/cladding interaction in stainless-steel-clad
mixed oxide fuels was due to cesium and tellurium fission products increasing
grain boundary oxidation. The model indicated a combination of reaction
paths, but the basic process was oxidation of cladding elements. A second
mechanism was an electrochemical dissolution wherein anodic dissolution of the
cladding interface occurred by galvanic cell reactions. The third mechanism
was basically one of cesium accelerated oxidation. Model four assumed the
formation of spinel-type oxides on the cladding surface.

Although the mechanism(s) of fission product attack on the cladding is
not clearly understood, Epstein (1975) made some general observations:

e Thermal reactor experience has shown that stoichiometric U0, is stable
with respect to cladding attack.
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e Mixed U, Pu oxide has a greater oxygen potential than pure urania of
the same 0/M ratio at equivalent temperature, and cladding attack is
quite sensitive to the local oxygen potential.

o ...it has been found that general cladding attack is limited to about
12% of the cladding thickness, whereas intergranular penetration can
go considerably farther.

e ...cladding attack is not found at cladding temperatures less than
500°C.

e Whenever cladding attack has been found, Cs and Mo have also been
present.

Bazin, Jouan, and Vignesoult (1974) noted the lack of understanding of
the fuel/cladding interaction mechanism but did observe a three step oxide-
zircaloy cladding reaction process. In the first step, optical microscope
observations showed no zirconium layer on the inner surface of the cladding.
The second stage was a growth several microns thick, which protected the
cladding. However, as the layer thickened, cracks appeared and allowed the
entry of fission products 1ike cesium. Cesium in joints between the zircaloy
grains can weaken the alloy, but Bazin, Jouan, and Vignesoult (1974) rarely
saw pins where this occurred. In the third stage the cladding contacted the
fuel because of a U0,-Zr0, diffusion phenomena. This contact can cause breaks
in fuel rods as expansion and contraction occurs, and it is in this contact
zone where fission products, especially cesium, were found.

Micrographic examination of the fuel/cladding reaction zone by Bazin,
Jouan, and Vignesoult (1974) showed a difference in appearance for small, as
opposed to large, fuel/clad gaps. Pins with a large lateral play of 0.30 mm
often formed two sub-layers -- a dense layer next to the cladding comprised of
U and associated Zr-Cs elements and a porous layer which contained Pd, Ba, and
Te. Pins with a small lateral play (0.15 mm) contained only a single layer
consisting of U-Zr associated with Ba and Cs. Cesium was especially visible
in joints of peripheral U0, grains, and iodine was also in the periphery,
particularly in interpellet spaces. Camoszzo (1972) referenced a study which
found metallic inclusions within a mixed oxide fuel element; the inclusions
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contained the constituents of the stainless steel cladding (Fe, Cr, Ni--see
Distribution of Fission Products).

Bazin, Jouan, and Vignesoult (1974) conducted a post irradiation
classification of the pins tested to try to correlate the formation of gray
layers at the oxide cladding interface with mass combustion and power level.
They concluded that below 10,000 MWd/tU, the accumulation of fission products
at the interface was probably not enough to allow formation of reaction layers
even though the pin may have functioned at a high power level.

Oxygen/Metal Ratio

"Effects of initial stoichiometry (oxygen-to-metal ratio (0/M)) on the

character and extent of fuel-cladding chemical interaction (FCCI) were

established for mixed uranium and plutonium oxide fuels clad with 20% cold-
" worked Type 316 stainless steel irradiated to peak burnups of ~3.6 at.%"
(Lawrence, Hata, and Weber 1979). Reduction or elimination of FCCI can
increase a fuel pin's lifetime. Stoichiometry (0/M), cladding temperature,
and burnup (reactor residence time) are important parameters in FCCI. The
most straight-forward method to reduce FCCI in U/Pu oxide fuels would be to
lower the O/M ratio as reduction in either reactor residence time or operating
temperatures is undesirable in relationship to overall reactor efficiency.
However, consideration must be given to fabrication and fuel performance
questions. Low 0/M fuels require processing in low oxygen content atmospheres
and storage in inert atmospheres. Experimental work conducted prior to that
of Lawrence, Hata, and Weber (1979) showed that a reduction in the initial 0/M
resulted in a corresponding reduction in FCCI.

Lawrence, Hata, and Weber (1979) used fuel pins with average initial 0/M
values of 1.94, 1.95, or 1.97; pins were removed at 1.1, 2.5, and 3.6 at.%
burnup and examined to characterize the effects of the various 0/M ratios.

"At the lower burnup levels (i.e. 1.1 and 2.5 at.%), the lower Q/M fuel pins
exhibited little or no measurable attack. ...A comparison of the two pins at
3.6 at.% (burnup) indicates an approximate factor of three difference in the
depth of attack for the two 0/M levels." (See Fiq. III-12) (Lawrence, Hata,
and Weber 1979). This indicated that the mechanism of FCCI changed as the 0/M
ratio was lowered; at the lower 0/M value there was a drastic decrease in the
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cladding attack depth. In the burnup ranges studied, the mechanism of FCCI
did not change, but the depth of attack appeared to be Tinearly dependent on
burnup.

Electron microprobe studies on selected samples showed that increasing
burnup did not seem to affect the distribution of fuel or cladding

25
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< L.l o/M = 1.97
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e P-23C-47C
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[ew] ]0_
x
= \\\\\
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o 42.
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TIME-AVERAGED CLADDING INNER
SURFACE TEMPERATURES, °C

FIGURE I11I-12. The Effect of Initial Fuel 0/M on

the Depth of Attack at 3.6 at.% Burnup
(Lawrence, Hata, and Weber 1979). (Reprinted
with permission from American Nuclear Society,
LaGrange Park, [11inois © 1979.)

constituents, Cladding of the lower 0/M samples showed that slight
depletions of chromium occurred near the carbide-depleted grains and grain
boundaries. Detection of chromium in the fuel's interior at 3.6 at.% burnup
suggested chromium was being depleted from the cladding.. Little Cs and Te
were detected in fuel/cladding gaps for the 1.94 or 1.95 0/M levels. A
metallic-appearing product in the highest O/M sample was composed mainly of Fe
and Ni, and was depleted in chromium. Regions between the metallic reaction
product and cladding matrix were comprised of Cs, Cr, and sometimes Mn.
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"Segregation of cladding constituents and their association with fission
products are consistent with the experimental distributions observed in
regions of matrix attack in fuel pins with higher 0/M's from other
experiments." (Lawrence, Hata, and Weber 1979).

Fig. III-13 delineates the oxygen potential as a function of burnup. The
formation of carbides and stages of intergranular attack by tellurium and
cesium are noted in the figure.

Carbon

Carbon increased intergranular attack when the oxygen potential was
slightly greater than the oxidation threshold of stainless steel. Penetration
occurred as a result of the formation and decomposition of metastable carbides
(see Figure III-13). However, at higher oxygen potentials, carbon-oxygen

compounds formed and did not affect the cladding (Epstein 1975).

In Aitken et al.'s (1973b) experiments, sealed stainless steel containers
were jsothermally heated at 725°C. Carbon added to 1iquid tellurium in the
containers accelerated the depth of attack from 0 to 6 mils when a Cr/Cr203
oxygen buffer was used, but an Fe/Fe0Q buffer with excess carbon had an
unchanged attack of 1 to 2 mils (results comparing no carbon additive to
presence of carbon in liquid tellurium). A microprobe examination of carbon
attack regions showed that the grain boundaries were depleted of iron,
chromium, and manganese with a slight nickel enrichment relative to the base
metal. Previous microprobe work on cladding samples not exposed to carbon
showed depletion of only chromium and manganese with a slight iron enrichment,
again relative to the base metal. The carbon attack regions depleted of iron
and chromium were wider than the grain boundary widths which indicated a
diffusion of base metal components near the grain boundry (see Table II1-4).

Cesium

Cesium and many of its compounds are highly volatile and move in the
radial thermal gradient to the cooler fuel-clad interface. A high 0/M ratio
in the fuel would minimize cesium migration but enhances the conditions for
detrimental cladding attack (Epstein 1975). Epstein (1975) conducted a
1iterature survey on cladding/Cs experiments done out-of-pile. Results of
isothermal capsule experiments using cesium as one of the additives are
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summarized in Table I1I-4 (Adamson and Aitken 1974). The effect of cesium and
tellurium on intergranular cladding attack was found to be dependent on the
oxygen potential in the fuel/cladding environment. At temperatures of 900°C
to 1000°C, a Cs-Te mixture penetrated the cladding wall. OQOther references
indicated a minimum attack for cladding exposed to Cs,0 and Cs containing
Cs,03 slightly more attack with C520 containing MoO3; and the most attack with
Cs,0 containing CsOH. This data suggested a mechanism involving a Tiquid
electrolyte for intergranular attack. CsOH and Cs,0 caused cladding samples
to rupture at ~650°C.

Bazin, Jouan, and Vignesoult's (1974) work measured the penetration of Cs
into the joints of oxide grains as a function of the combustion rate.
Penetration distance increased with increasing combustion rate (see Figure
I1I-14). Microanalysis results indicated that the mean concentration (by
weight) of cesium in the oxide-cladding reaction zone is 4% (see Figure III-
15).

Hydrogen

Reaction of hydrogen with the Zircaloy cladding causes cladding
embrittiement. Defects in the inner side of the zirconium alloy cladding of
some fuel elements were found to be "sun bursts" of hydride and therefore
attributable to sources of hydrogen inside the fuel (Denovan, Ashley and
Longhurst 1971; Funk, Jacobson, and Menon 1977). Although tritium is a
ternary fission product, the majority of hydrogen was formed by the
irradiation of water adsorbed on the surface of the fuel pellets. Water
adsorption was rapid and depended more upon the fuel's surface conditions and
atmospheric relative humidity rather than on the time of exposure (Denovan,
Ashley, and Longhurst 1971).

Hydrogen reacted with Zircaloy in a steam environment and appeared to be
affected by the Ni, Fe, 0, As, Sb, and Te concentrations as well as the degree
of hydrogen dissociated in the stream. Hydriding is first observed as
blisters which sometimes crack (Funk, Jacobson, and Menon 1977). Most of the
hydrogen formed from residual water in the fuel remained in the tube's free
volume until the oxygen partial pressure was below 107 atm.

Embrittlement of the cladding by hydrogen adsorption can be more
detrimental than corrosion processes. The acceleration of Zircaloy-2
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TABLE III-4.

Summary of Isothermal Capsule Tests Containing Te
Heated at 725°C; Series 1 Through 16 (Adamson and

Additives (millimoles)

and Other Additives
Aitken 1974).

intergranular attack - 2 mils

Capsule Container
Series No. Material Te Cs Others Results
1 1 316 0.72 -- 0 as Te0, = 0.2 A1l capsules showed
100 h 2 316 0.83 -- = 0.25 intergranular attack
3 316 0.78 -- = 0.06 and uniform reaction
4 316 0.78 -- = 0.012 layer
5 316 0.78 -- = 0.006
6 316 0.78 -- = 0.003
7 316 0.78 -- =0
2 1 316 0.78 -- -- Reaction layer and
100 h intergranular attack
2 316 -- 0.78 <100 ppm 0 in Cs No attack
3 316 0.78 0.78 -~ No reaction layer,
intergranular attack
4 316 0.78 3.16 -- Reaction layer,
intergranular attack
5 316 0.35 0 Cr = Cr01.5 = 0.27 No reaction layer,
no intergranular attack
6 316 0.35 0.36 Cr =Cr0y g = 0.27 No reaction layer,
no intergranular attack
3 1 316 0.36 0.35 Fe = Fe0 = 0.25 Reaction layer,
100 h intergranular attack
2 316 0.36 0.35 Mo = MoO3 = 0.25 Reaction layer,
intergranular attack
3: 321 0.36 0.35 Same as 1 Reaction layer,
Stabilized slight intergranular attack
4 316 0.36 0.35 Same as 1 Reaction layer,
Oxidized
5 316 CW 0.36 0.35 Same as 1 Reaction layer,
intergranular attack
6 316 0.36 0.35 Cr =Cr0y g = 0.25 No reaction layer,

no intergranular attack
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TABLE III-4. (Contd)

Additives (millimoles)

Capsule Container

Series No. Material Te Cs Others Results
4 1 316 - 0.39 Fe = Fe0 = 0.25 No intergranular attack
100 h 2 316 0.39 0.39 Mo = Mo0, = 0.25 Pitting type of attack
3 316 0.39 1.56 Same as No intergranular attack
4 316 0.39 3.90 Same as 1 No intergranular attack
5 316 0.39 0.39 Same as 1 plus Intergranular attack ~ 1.5 mils
0.6 Carbon
6 316 0.39 0.39 Cr =Cr0; g =0.25 Intergranular attack ~ 1.5 mils
plus 0.6 Carbon
5% 1 316 0.39 0.39 Cr =0Cr0j 5 =0.25 Intergranular attack
100 h Carbon =076 5-6 mils spotty
2 Cr = Cr0y g = 0.25 Up to 2 mils spotty
Carbon =033
3 Cr = Cr0y 5 = 0.25 1-2 mils
Carbon ="0.075
4 Cr = Cr0y 5 = 0.25 1-2 mils
Carbon = 0.0375
5 Cr = Cr0y 5 = 0.25 1-2 mils
No carbon
6* 1 316 N.39 0.39 Fe = Fe0 = 0.25 ~ 4 mils
100 h 2 Cr = Cr0y 5 = 0.25 ~ 4 mils
3 Cr = Cr01'5 = 0.25 5-6 mils
Carbon = 0.6
4 0 Fe = Fe0 = 0.25 . No attack
5R (repeat) 1 316 0.39 0.39 Cr =Cr0j 5 =0.25 Intergranular attack ~ 4 mils
100 h Carbon ="0.6
2 Cr = Cr0y 5 = 0.25 Intergranular attack ~ 4 mils
Carbon ="0703
3 Cr = Cr0y 5 = 0.25 No attack
Carbon ="0.075
4 Cr = Cr0y 5 = 0.25 No attack

No carbon’
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Series

6R (repeat)
1000 h

1000 h

100 h

100 h

10t

11
100 h

intergranular attack (<1 mil)

Intergranular attack ~ 4 mils,

Patchy reaction layer ( ~ 1.5 mils),

Intergranular attack, 5 to 7 mils,

intergranular attack ( ~ 1 mil)

Intergranular attack ~ 3 mils

No attack - coating on surface

No attack - coating on surface

Inside surface attacked ~ 1 mil
Qutside surface carburized ~ 5 mils
Quter surface carburized >10 mils
Inner surface attacked ~ 1 mil

Intergranular attack ~ 5 mils

TABLE III-4. (Contd)
Additives (millimoles)
Capsule Container

No. Material Te Cs Others Results
1 316 0.39 0.39 Fe = Fe0 = 0.25 Reaction layer ( ~ 1 mil),
2 Cr = Cr0y g = 0.25 No attack
3 Cr = Cr‘Ol 5 = 0.25

Carbon ="0.6 spotty with grain pullout
1 316 0.39 0.39 Fe = Fe0 = 0.50

traces intergranular attack

2 0.78 0.78 Cr =Cr0y 5 = 0.50

Carbon =172 spotty
3 0.78 0.78 Cr = Fe0 = 0.50 Reaction layer ( ~ 1.5 mil),

Carbon = 1.2
1 316 0 0.39 Ni = Ni0 = 0.25
2 0 Mo = Mo0, = 0.25 No attack
3 0 Cu = Cu26 = 0.25
1 316 0.39 0.39 Cu = Cup0 = 0.25 No intergranular attack

Surface deposit

2 316 0 0.39 Cu = Cup0 = 0.25
1 (100 h) 316 0.39 0.39 Fe = Fe0 = 0.25
2 (500 h) 316 0.39 0.39 Fe = Fe0 = 0.25
1 316 0.39 0.39 Cr =Cr0 = 0.25

Carbon =076
2 316 0.39 0.39 Cr =0.250Cr0y g = 0.50

Carbon = 0.6
3 316 0.39 0.39 Cr =0.25 Cr0y 5 = 1.0

Carbon = 0.6
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TABLE 1II-4.

(Contd)

Intergranular attack ~ 8 mils

Intergranular attack ~ 9 mils

Intergranular attack 4-5 mils,
buildup of reaction phase in some
grain boundaries, loss of cohesion

Intergranular attack 5 to 6 mils

Intergranular attack 6 to 7 mils;

circumferential and longitudianl

No intergranular attack; some
metal erosion, and formation of

Additives (millimoles)
Capsule Container
Series No. Material Te Cs Others Results
12 1 316 0.39 0.39 Cr =Cr0y g = 0.25
Carbon =172
2 316 0.39 0.39 Cr =¢Cr0y g = 0.25
Carbon =274
13t+ 1 316 0.39 0.39 Cr =Cr0y g = 0.25
1000 h Carbon ="0.6
between some grains
14 1 316 0.78 0.78 Cr = Cr0y g = 0.53
100 h Carbon =172
15 1 316 0.39 0.39 Cr =Cr0y g = 0.25
1000 h Carbon =172 noticable variations with
positions
16ttt 1 316 0 Excess Cs( 2) in equil-
ibrium with {reacted)
UOp, * a second metallic phase, at
surface (<1 mil)
*

Capsules were placed horizontal position for first 100 hours of treatment.
Capsules immersed in carbon saturated Na.

650°C

750°C (data from swelling test Capsule CSC17)
Equilibrium mixture assumed to be Cs( 2) + U0, + Csy,,U05.
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corrosion, induced by irradiation, was accompanied by reduced hydrogen
adsorption. Less than half of the anticipated hydrogen uptake was found in
the cladding. Clad breaching by hydriding has been prevented by increasing
the density and reducing the water content of U0, pellets during fabrication.

lodine

Approximately one third of the stainless steel clad pins examined from
the Dounreay reactor were found to have intergranular cladding attack to
depths of 25-75 ym. The corrosion mechanism is not yet known (Bramman and
Powell 1975). Other researchers cited by Bramman and Powell (1975) have noted
the presence of iodine and cesium in the areas of intergranular attack in EBR-
I1 (Experimental Breeder Reactor II) pins as well as the fact that iodine and
tellurium caused corrosion of stainless steel under appropriate conditions;
researchers working with EBR-II pins postulated a cyclic van Arkel process
involving the formation and decomposition of ferrous iodide as the corrosion
mechanism. Bramman and Powell (1975), however, believe the van Arkel cycle is
not important for two reasons: (1) high iodine concentration and the worst
intergranular attack were found at opposite ends of the fuel pin, and (2) the
severity of attack in the Dounreay pins showed little dependencé on burn-up or
cladding temperature.

The formation of CsI on the inner cladding surface has been noted by
several authors. Clayton and Riddle (1969) indicated a trace amount of 129;
activity was detected in uo, and CsI was observed on the inner cladding
surface of irradiated U0, rods. Morewitz's (1981) 1iterature review included
these observations: (1) molecular iodine is easily adsorbed onto clean
stainless steel walls; (2) deposition of CsI (solid) occurred at the
cladding's inner surface; (3) cubic crystals adhering to the inner zircaloy
cladding from irradiated LWR fuel rods were positively identified by x-ray
fluorescence as Csl.

Davies (1977) references the facts that iodine caused stress corrosion
cracking of Zircaloy, and that high localized concentrations of iodine were
noted on the cladding opposite fuel pellet cracks and interfaces. However,
Davies (1977) maintains that the concentration of an element does not give
information about its chemical activity and cannot be assumed that fission
product iodine indeed causes stress corrosion cracking of fuel cladding.
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A nuclear accident resulting in escape of fission products from fuel rods
involves both high fuel and high cladding temperatures. Under these
conditions, the Zircaloy cladding is a strong reductant; the coolant is
reduced by the cladding to form hydrogen which is also a reductant. Campbell,
Malinauskas, and Stratton (1981) concluded that fission product iodine that
can be released in an accident from LWR fuel rods existed in the rod as a
metal jodide rather than elemental jodine as previously assumed. Under these
chemically reducing conditions, iodine is not expected to change its valence.

Funk, Jacobson, and Menon's {1977) literature review indicated that
stress corrosion cracking of Zircaloy near the end-of-1ife has been surmised
to be caused by halide fission products. Iodine and Cs are specific products
jdentified as causes for cracking. Zircaloy tested for corrosion in an jodine
atmosphere had fractures that were microstructurally similar to those seen in
Zircaloy-2 cladding failure of reactor fuel pins. Axial cracks of varying
lengths from pinholes to several inches long have been found. "Zircaloy
fabricated by tube reduction and annealing for one hour at 923°K (650°C) or
higher has increased resistance to iodine stress corrosion. There are also
indications that fully-annealed Zircaloy cladding is more resistant to low
ductility failure than cold-worked Zircaloy." (Funk, Jacobson, and Menon
1977).

Tellurium

In a study conducted by Aitken, et al. (1972 a,b; 1973 a,b) and Adamson
and Aitken (1974), reaction was evident where 1liquid tellurium contacted a
stainless steel container but no reaction was observed above the 1iquid
level. Cesium, carbon, and oxygen buffers in various amounts were added to
the tellurium and the degree of attack noted. Experimental results indicated
that at Cs:Te ratios of 1:1 , 4:1, or 10:1, no attack occurred on the
stainless steel. No intergranular attack occurred if the oxygen activity set
by the buffers was below the oxidation threshold for the stainless steel.
Table I1I-4, taken from Adamson and Aitken (1974), delineates some of their
experimental results.

Electron microprobe studies have revealed some insight into the
intergranular attack by tellurium. Chromium and manganese, leached from the
grain boundaries, were deposited in a layer on the surface which was already
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rich in cesium and tellurium. Iron remained in the grain boundaries where
cesium and tellurium had penetrated (Aitken et al. 1973a).
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IV. THEORETICAL CONSIDERATIONS

OXYGEN BALANCE

Introduction

The fission of an atom of uranium or plutonium, in their respective
dioxides, yields two fission product atoms and two oxygen atoms. The mean
valency of the soluble fission products has been found to be equal to 3.50,
independent of burnup and fuel type (Schmitz, Dean, and Halachmy 1971). Thus,
based on this information alone, one would not expect the fuel's 0/(U+Pu)
ratio to remain constant during irradiation.

Stoichiometric fuel is preferred because of its properties, behavior, and
fabrication costs. Calculations based on initial stoichiometry, burnup, and
mean valency showed that a hypostoichiometric fuel would quickly become
hyperstoichiometric if the fuel matrix absorbed all of the oxygen released
during fission. This suggested a need to use fuels with a low initial
stoichiometry. However, oxidation of molybdenum and perhaps the stainless
steel cladding stabilized the matrix so that a value of 0/(U + Pu) = 2.00 was
found. This ratio remained constant, but the overall 0/(U + Pu) + fission
products) stoichiometry decreases due to fission product dissolution with
increasing burnup. These experimental results would support a choice of
initial fuel stoichiometry in the range 1.98 < 0/(U + Pu) < 2.00 (Schmitz,
Dean, and Halachmy 1971).

Little experimental work dealing specifically with the oxygen balance in
fuels was found in this literature survey. Much of the work is theoretical,
dealing with the effects of fission product valence states and oxygen to metal
(0/M) ratios on the oxygen content.

Oxygen Mobility/Migration

Post irradiation examination of mixed oxide fuels has indicated the
radial oxygen potential gradient occurred early in the course of
irradiation. Gradient establishment was concurrent with fuel structure
establishment and independent of burnup. The gradient was experimentally
determined by microprobe analysis of the molybdenum content in inclusions
(found in the equiaxed and columnar grain regions) and in the oxide matrix
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surrounding the inclusions. The mechanism of transport was not clearly
ascertained, but Epstein (1975) refuted the predominance of an ionic, solid
state diffusion process for either radial or axial oxygen transport. Volatile
compound formation may take part in a gas-phase oxygen transport mechanism.
With a Tow 0/(U + Pu) value, oxygen was transported from the hotter to cooler
fuel region. In contrast, oxygen concentrated in the hotter region of the
fuel when the urania blanket material became hyperstoichiometric (Epstein
1975).

Oxygen's activity in the fuel-clad interface is variable, depending on
the initial 0/M fuel ratio, burnup, and temperature. Tests were run on Cs,
Te, I, and Mo migration and their influence on intergranular attack at a
controlled oxygen level. It was anticipated that the oxygen mobility would be
slow, and that concentration changes would be minimal unless high experimental
temperatures were used. Experimental data, however, showed that the presence
of cesium increased oxygen mobility, probably transporting the oxygen as
gaseous cesium oxide. Replicate samples showed oxygen was reproducibly
redistributed along the temperature gradient, with redistribution occurring
more rapidly in capsules containing cesium than similar capsules without Cs.

Burnup of fast breeder fuels which contain no enriched uranium will
produce more excess oxygen than model fuels using some 235U as fissile
material. One calculation indicated that excess oxygen would be approximately
two times greater than that produced in test fuel rods, and that the oxygen
absorbing sink would be the cladding (Epstein 1975).

Thermodynamic Considerations

The oxygen potential varies from that of the initial material with
irradiation, as does the mean valency of the fission products. Fission
product valency affects the oxygen requirements of both the fuel and fission
products. This is controlled by the oxygen potential (partial molar free
energy denoted as AE(OZ)) of the reaction

M(s) + é—oz (g) —> Mo, (s).

A system in thermodynamic equilibrium tends toward a free energy minimum; it
is on this basis that predictions of the chemical state of oxide fuels are
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made. Three classes of fission products can be delineated: those which will
not oxidize (alkali and noble metals, rare gases), stable oxides, and
molybdenum oxide (Davies and Ewart 1971).

Oxide Formation

Bazin, Jouan, and Vignesoult (1974) distributed the oxygen generated only
among the fission products, assuming that oxides of the empirical formula MO,
would form (see Table IV-1). Zirconium, yttrium, niobium, and the rare earths
can form oxides of the MO, or M,03 form where the mean valence of these oxides
soluble in the U0, matrix is 3.5.

Bullard (1978) has compiled a 1ist of probable forms of fission products
{see Table IV-2). His choice of forms was based partially on experimental
data, but the majority of the decisions came from free energy values,
available oxygen values and chemical properties of the elements. Bullard
noted that experimental results for o, and (U, Pu)02 fuels have shown that
excess oxygen was available to oxidize the cladding and increase the valence
of fissile elements.

Davies and Ewart (1971) used a computer program to look at the chemical
effects of composition changes in the fuel. Isotopic concentrations were
calculated as a function of time using fission yield and cross-section data.
Table IV-3 is a condensed form of their (Davies and Ewart 1971) results.
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TABLE IV-1. Distribution of fission-freed oxygen among fission products
(Bazin, Jouan and Vignesoult 1974). *Fission yield for U05
exposed to thermic neutrons after 100 days of irradiation and
100 days of cooling.

Y 5.2 Y0, 10.4
La 6.5 La0, 13
Ce 16.3 Ce0, 32.6
Pr 5.8 Pro, 11.6
Nd 16.8 NdO, 33.6
Pm 1.9 Pm0, 3.8
Sm 2 SmQ, 4
Eu 0.18 Eu0, 0.36
Gd-Tb-Dy 0.044 GdO, 0.08
Sr 10 Sr0 10
Ba 6.8 Ba0 6.8
Ir 34.2 Zr0, 68.4
Nb 1.1 Nb»0¢ 2.76
Mo 20.6 MoO, (2)
Total 127.4 199.4

(2) Number of oxygen atoms available to oxidize molybdenum.
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TABLE IV-2.

Flement

Rb
Sr
Ir
Y

Mo
Cs
Ba
La
Ce
Pr
Nd
Pm
Sm
Eu

Oxygen Demand of Fission Product Compounds

(Bullard 1978)

Compound

Rb,0
Sr0 Zr02
Zr0,
Y02
Mo0,
Cso0
Ba0 Zr0,
La0,
Ce0y
PPOZ
Nd0,
Pm0,
Sm0,
Eu0s

Atoms
100

Fissions

5.70
12.2

32.6
6.2
21.2
19.0
6.0
6.4
17.7
6.6
13.55
1.77
1.34
.13

Oxygen
Atoms

Demand

2.8
12.2

65.2
12.4
42.4
8.5
6.0
12.8
35.4
13.2
27.1
3.5
2.7
.26




TABLE 1V-3. Final Fuel Composition in Atomic Percentage
at 10% Burnup and Calculation of Oxygen Balance.
Condensed from (Davies and Ewart 1971) (Reprinted
with permission from North Holland Publishing Company,
Amsterdam © 1971.)

Elements in Thermal Fission | Thermal Fission ! Fast Fission
Solid Solution (23804.702%°0 30002 | (Ug.70Pu0.30)02 (Up.g5Pup.15)02
|

f

|

eavy metals of U, Pu, Am plus fission products
Y, La, Ce, Pr, Nd, Pm, Sm, Eu

I

Total elements 30.678 30.359 30.560
in Solid Solution(1)

Elements not in Separate oxides of Ba0, Zr0,, Sr0,, NbO,
solid solution
Total oxygen in
separate oxides(2) 2.912 1.896 1.764

Oxygen balance

Oxygen from
initial fuel(3) 64.376 64.434 64.499

Final 0/M of solid
solution [(3)-(2)1/(1) 2.004 2.060 ; 2.053

Experimental Data

Samples of fuel (pure and mixed oxide) were irradiated to varying degrees of
burnup and the oxygen to metal ratio measured using the C0/C0O, gas equilibration
method (Davies and Ewart 1971). Experimental difficulties encountered yielded
oxygen values that may have been as much as 30% low. However, the data indicated a
clear trend of increasing 0/M with higher burnup (see Table IV-4).
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TABLE IV-4. Measured Oxygen "Excess" in Irradiated
Oxide Fuels vs Burnup (Davies and Ewart 1971)

Fuel Burnup Oxygen excess
Initial Composition Atom Percent 0/M units
(Ug.7Pug.3)00 gg 4.3 0.006

4.4 0.012
7.6 0.014
8.0 0.018
8.1 0.021
8.8 0.022
10.6 0.053
10.8 0.040
Pud, oo 10.3 0.056
11.7 0.051
15.9 0.086
16.8 0.098

Oxygen Reactions with Fission Products

Experimental observations and thermodynamic calculations by Lorentz et
al. (1980) dealt with the reaction of oxygen with fission products.
‘Experimental results on the reactivity of CsI with urania showed the
dependence of the reactivity on the stoichiometry of the urania. Higher 0/U
ratios yielded greater amounts of elemental iodine per given amount of Csl.
Antimony is not affected by oxygen at ordinary temperatures but given the
correct oxygen potential at temperatures greater than 400°C, Sb,03 can be
formed. Thermodynamic calculations show antimony should be present in LWR
fuel rods as an element rather than an oxide. Ruthenium is resistant to
oxidation in air at moderate temperatures. Consideration of the probable
oxygen potential in the fuel-clad gap of H. B. Robinson fuel segments prior to
testing and thermodynamic calculations indicate the probability that elemental
Ru (not Rqu) was the major condensed species.
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Although it is not clear which cesiuh-oxygen species is the more
important, thermal gradient experiments using (U, Pu)0, fuels have shown that
cesium is important in gas-phase oxygen redistribution. Cesium can form
uranates by reacting with excess oxygen in the urania (temperature range 500-
1000°C). At low AG(0,) values and a strong hydrogen pressure, CsOH is the
species Tikely to be present; Cs,0, Csy09, and Cs0, can become important as
the AG(OZ) increases. Higher oxygen potential values appear to involve a
compound Tike CsoMo0, in a gas-phase oxygen transport mechanism. It was
suggested that a solid-state mechanism would dominate only above a certain
critical temperature; gaseous diffusion would predominate below this
temperature (Epstein 1975).

Dean et al. (1975) hypothesized the formation of cesium-oxygen-molybdenum
(C52M004) compounds in mixed oxide fuels. Oxygen and molybdenum were
theorized to be transported from the core to the fuel's periphery through
intermediate gas phases: MoO,y, MoOj, and MoO, 15,

Both a Tow cladding temperature and a high 0/M ratio in the fuel promoted
the retention of 137Cs in the fuel region. In contrast, 134¢s retention was
not dependent on the 0/M ratio (see Figure IV-1). The results seemed logical
as a large part of the mass 137 chain is released as cesium (binding energy
dependent on 0/M ratio) while 134cs is released as 133xe (Langer et al.

1978).

Capsule tube experiments involving cesium and fuel pellets indicated the
tendency of cesium compounds formed to migrate down the applied temperature
gradient. Composition of the compounds appeared to depend on the levels of
oxygen and cesium activity. Stability of Cs-fuel compounds depended on
temperature, oxygen availability, and oxygen activity. If enough oxygen was
not available, all of the cesium did not react with the fuel; the unreacted
cesium migrated rapidly. When the 0:U + Pu ratios exceeded 1.985, there was
sufficient oxygen for the cesium to react with the fuel and the
thermomigration occurred at a slower rate. A chemical transport model was
advanced to explain these observations (Vaidyanathan and Adamson 1979).
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A computer model incorporating various parameters has been written to
delineate the axial cesium thermomigration. The features considered were in
part:

"A description of oxygen redistribution at power due to
the steep radial temperature gradients; an estimate of the
availability of oxygen for cesium-fuel compound formation in
the radial zone favorable for reaction (T<1100°C); an
inventory module that describes oxygen and cesium production
with burnup;..." (Vaidyanathan and Adamson 1979).
The salient point to note is the dependence of the model on the oxygen

balance.

Vaidyanathan and Adamson (1979) also noted that another key variable
expected to influence cesium migration is the initial fuel 0/M ratio. Pins
operating at greater than or equal to 10 kW/ft with an initial 0/M ratio
greater than 1.96 have enough oxygen for a cesium-fuel reaction. If the 0O/M
ratio is less than 1.93, not enough oxygen is available for reaction and the
cesium migrates to the ends of the fuel column or, under favorable conditions,
condenses in the fuel-cladding gap. At lower operating powers, higher initial
0/M values are needed for a cesium-fuel reaction because of smaller radial
redistribution of oxygen.

Other 0/M Effects

Cottrell et al. (1960) surveyed the literature on the effects of the
oxygen-to-uranium ratio. Survey results indicated that grain growth proceeded
at a lower temperature in a nonstoichiometric oxide in comparison with a
stoichiometric one. Chalk River reported that oxides with higher oxygen-to-
uranium ratios released 100 to 200 times more fission gas than fuels with near
stoichiometric ratios. It was found that the diffusion constant for 133Xe was
sensitive to the fuel's oxygen content; the constant was higher for U308 than
U0,. Excess oxygen also affected plasticity; the plasticity of U0y g6 at
800°C was reported to be equivalent to that of U0, o at 1100°C. It was
suggested that excess oxygen may act as a carrier in a distillation process,
postulated to explain the central void in fuel elements where melting has not
occurred.
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Experimental measurements showed a clear trend for radial plutonium
redistribution which depended mainly on the initial 0/M ratio in the fuel.
Results of a literature survey (Meyer, 0'Boyle, and Butler 1973) indicated
that Pu enrichment occurred near the fuel's centerline for stoichiometric
fuels; conversely, uranium enrichment near the center occurred in mixed oxide
fuels with an initial 0/M value of less than 1.96. No measurable radial
redistribution of the actinide elements was found in fuels with an initial 0/M
value of 1.96. The ratio of Pu/U in the vapor phase is dependent on the 0/M
ratio and the temperature; as the 0/M value is reduced, the vapor becomes Pu
rich. Uranium species are predominant in the vapor for nearly stoichiometric
material (Meyer, 0'Boyle, and Butler 1973).
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V. CONCLUSIONS

Both physical and chemical factors are important to the thermal release
of volatile fission products from irradiated nuclear fuel. Swelling is the
obvious physical change of irradiated nuclear fuel and has been extensively
studied. To a large extent swelling is related to release of gases from fuel
grains, and this is related to eventual release from the fuel. Most data are
obtained from post reactor measurements and from modeling efforts.

Considerable data was found on the location of various fission products
in the irradiated fuel and on their chemical forms. These data provide
information on migration of individual fission products although considerable
care must be taken to relate out-of-reactor observation to precursor events
possibly involving different chemical elements.

Suggested mechanisms for fission product-cladding interaction provide
additional clues to migration behavior and permit postulation of source
release reactions.

The predominant chemical factor may be the oxygen potential. The oxygen
 potential is related to the metal/oxygen ratio which in turn depends on the
fuel composition (including the preparation) and the burnup. Considerable
work has been reported, but the picture is not yet complete.
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