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Abstract

The grain size of UO2 is an important parameter in the actual performance and the modelling of the
performance of reactor fuel elements. Many processes depend critically on the grain size, for example, the degree
of initial densification, the evolution rate of stable fission gases, the release rates of radiologically hazardous
fission products, the fission gas bubble swelling rates and the fuel creep. Many of these processes are thermally
activated and further impact on the fuel thermal behaviour thus creating complex feedback processes. In order to
model the fuel performance accurately it is necessary to model the evolution of the fuel grain radius. When UO2

is irradiated, the fission gases xenon and krypton are created from the fissioning uranium nucleus. At high
temperatures these gases diffuse rapidly to the grain boundaries where they nucleate immobile lenticular shaped
fission gas bubbles. La this paper the Hillert grain growth model is adapted to account for the inhibiting "Zener"
effects of grain boundary fission gas porosity on grain boundary mobility and hence grain growth. It is shown that
normal grain growth ceases at relatively low levels of irradiation. At high burnups, high temperatures and in
regions of high temperature gradients, columnar grain growth is often observed, in some cases extending over
more than fifty percent of the fuel radius. The model is further extended to account for the de-pinning of grains
in die radial direction by the thermal gradient induced force on a fission gas grain boundary bubble. The observed
columnar / equi-axed boundary is in fair agreement with the predictions of an evaporation / condensation model.
The grain growth model described in this paper requires information concerning the scale of grain boundary
porosity, the local fuel temperature and the local temperature gradient. The model is currently used in the Nuclear
Electric version of the ENIGMA fuel modelling code.

1. INTRODUCTION

In the absence of an understanding of the thermal performance of irradiated UO2, fuel modelling
rapidly degenerates into the realms of empirical speculation. Since the thermal behaviour is critically
dependent on many thermally activated processes, there exist a multitude of feedback loops in the fuel
modelling process, some positive, like fission gas contamination of the fill gap, and some negative, like
the gap closure effects of fuel swelling. It is therefore clear that effective fuel thermal modelling requires
knowledge of many diverse factors. An example of this is the study of grain growth in UO2.

The grain size of UO2 is an important determining parameter for fuel densification, fission gas
release, fission gas swelling and fuel creep. These parameters can influence the fuel thermal behaviour
and, hence, fuel grain growth. Since, to a first approximation, fission gas release depends on the inverse
grain size, an inadequacy in grain growth modelling is rapidly reflected in inaccuracies in calculated fission
gas inventories. An acceptable fission gas release model should predict fission gas releases to within a
times or divide by two criterion. Deficiencies in grain growth modelling can easily render mis target
unattainable.

Grain growth results in a net reduction in grain boundary area and hence a reduction in grain
boundary free energy. The problem is similar to the growth of second phase particles in a metallic matrix
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and invariably results in similar kinetic behaviour. The differences, however, are not simply due to the
feet that the grains occupy all space, that is the volume fraction of precipitate is one hundred percent, but
are related to the possibility that the grain boundaries may be inhibited from moving by the presence of
impurities, precipitates or bubbles. It is the presence of an irradiation induced grain growth retarding
mechanism which complicates the modelling of grain growth.

2. THEORETICAL CONSIDERATIONS

2.1 BASIC CONCEPTS

The inward force, F, on an element of grain boundary is inversely proportional to its radius of
curvature. Thus, F a Ygb/Dg where Ygb >s the grain boundary energy per unit area and D is the grain
diameter. The velocity, v, of the boundary is given by the Nernst-Einstein relation and is

a
dt kT Dg

where D is the diffusion coefficient of the boundary. This relation yields a simple parabolic growth law.
Most out-of-pile studies of UO2 grain growth indicate that the growth rate varies more as Dg

a where n is
between 2 and 3 suggesting that the derivation given above is overly simplistic.

Ainscough et al [1] have proposed that grain growth may be retarded or even terminated by an
array of deposits of fission products, either solid precipitates or gas filled pores. They proposed that the
grain growth law may be written in the following way to reflect the limiting grain size, D^^

In a more detailed study, Hillert [2] uses the standard Lifshitz and Slyozov [3] & Wagner [4]
(LSW) techniques for particle coarsening applied to the growth of an array of grains in the presence of a
dispersion of second phase particles and suggests that the grain growth is more accurately modelled by the
following equation.

f 1 m

In addition, Hillert adapts Zener's [5] calculation to relate the limiting grain size to the size and
density of tiie population of second phase particles. For a uniform dispersion of particles of radius, r, and
volume fraction, f, the net retarding stress, S, on tiie grain boundary resulting from those particles residing
in close proximity to the boundary is S = 4fy(J>/3r and the limiting grain diameter is given by

2.2 EXTENSION OF MODEL TO INTERGRANULAR POROSITY

The methods developed by Zener [5] and Hillert [2] apply to a uniform dispersion of precipitates.
In the case of irradiated UO2 the main retarding influence will be the development of fission gas porosity
on the grain boundaries. The fission gas release model [6] in the ENIGMA fuel modelling code [7]
specifically addresses the issue of porosity development and the following ideas are an extension of the
ENIGMA model.
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It is assumed that the lenticular 'bubbles' which form on the grain faces are not equilibrium
bubbles but highly overpressurised and can best be described as quasi-crystallites with a packing density
of e, where € = 0 . 1 5 . The reasons for this behaviour are obscure and may be related to the
non-equilibrium situation engendered by the presence of irradiation induced resolution of gas atoms from
the cavities. This may also be accompanied by an irradiation induced vacancy depletion process and may
lead to overpressurised bubbles.

During the early stages of the irradiation, gas will accumulate on the boundaries and precipitate
into lenticular shaped cavities. Those cavities close to grain edges - regions of threefold symmetry - will
move onto the edges and take up a triangulated cigar shape. Because of the geometries of grain face and
grain edge bubbles a continuous tunnel will form along the grain edges when the fractional coverage of
the face has reached 40%. For light irradiations the bubbles will be so small that the resulting edge tunnel
will be unstable against collapse by surface tension forces and the process will begin anew, this time with
slightly larger grain face bubbles.

In the gas release calculation, the important factor is the concentration of gas on the grain
boundaries, the size of fee bubbles being relatively unimportant. Furthermore, it is also assumed that the
grain face coverage is always 40%, an approximation of minor importance to gas release calculations but
of significance to the grain growth model. In the calculation of limiting grain size the calculation is refined
so that the incubation is treated more correctly as a pre-interlinkage period in which the bubble size is fixed
at a small but constant value and the fractional coverage builds up to 40% followed by an approach to
saturation in which the coverage is fixed at 40% and the grain face bubble radius can grow.

2.3 PRE-INTERLINKAGE PERIOD

In this regime it is assumed that the bubble radius of curvature, rp, is constant and that the
accumulation of fission gas atoms results in a progressive increase of the fractional coverage from zero
to 40%. Because the specific free energy, Ygb of the UCVUQ, interface (gb = grain boundary) differs
from the specific free energy, Yr, of the U02/Vaeuum interface (fs = free surface), the cavities are of a
lenticular shape with a semi-dihedral angle 6 and a projected radius on the grain face of rp. (Note that yu

= Yg), /2cos0 and rf = TpSinO). In these circumstances the restraining force on the grain boundary is given
by

If it is further assumed that each lenticular bubble resides inside a circular cell of radius Re - this implies
that the fractional coverage Fc = rp

2/Re2 - the stress on the grain boundary arising from this force averaged
over its cell is

S

and it should be noted that each cell is shared between two grains and the effective area of grain boundary
is2uRc

2.

The relationship between bubble size and grain boundary areal gas concentration, Nf is given by
the ENIGMA gas release model [6] as,

rf - _ ' (5,

where b is the Van der Waal's constant for xenon and e is the gas atom packing fraction in the cavity.
For Fc < 40% we can write
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(6)

and similarly

0

(7)

where rp° is the grain face bubble radius in the pre-interlinkage region. Substituting from Eqns. 6 & 7 for
Rc into Eqns. 2 & 4 yields

T u; (8)

2.4 STEADY STATE INTERLINKAGE PERIOD

This regime is characterized by a fixed fractional coverage of grain boundaries of Fc = 0.4 and
with the additional gas release contributing to bubble growth and progressive edge interlinkage rather than
increased coverage. Under these conditions it is clear that Rc

2 = 2.5rp
2 and that rp is given by Eqn. 5.

Substituting into Eqns. 2 & 4 gives

(9)

This result arises from the fact that the maximum grain size is inversely proportional to the
average stress over the lenticular cell and that once the grain faces are saturated, ie Fc = 40%, all
additional gas contributes to increasing the size of the bubbles. However, the cell size is proportional to
the bubble size and since the force only increases with the bubble radius while the area it acts upon
increases as the square of the bubble size, die actual retarding stress decreases with increasing bubble size,
hence die maximum grain size increases with grain boundary gas concentration once the saturation average
of 40% is reached. It should be noted, however, that for all practical grain boundary gas concentrations,
Equation 9 acts as a bar to any further grain growth.

3. EXTENSION TO COLUMNAR GRAIN GROWTH

The analysis in §2 indicates that grain growth is rapidly terminated as soon as an appreciable
fraction of fission gas is deposited on the grain boundaries. In fact, most of the equiaxed grain growth
must occur before the fractional coverage reaches 40%. However, at high temperatures columnar grain
growdi occurs suggesting that the pinning effect of bubbles is mitigated by some external agency, usually
assumed to be associated with the steep temperature gradients in the fuel. The most likely transport
mechanism under diese circumstances is the evaporation of UO2 species from die hot side of a bubble and
its deposition on the cold side. In this way the bubble appears to migrate up the temperature gradient
whereas the flux of UO2 is in the opposite direction. The effective force on a bubble in a temperature
gradient is [8]

F - - ^ BZL do)

where Vb is the volume of the lenticular bubble, Q is the 'atomic' volume of die UO2 species, Q8* is die
latent heat of vaporisation, T is the absolute temperature and VT is the temperature gradient.
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The criterion as to whether or not columnar grain growth occurs depends on the relative
magnitudes of the pinning force of the bubble, Eqn. 3, and the de-pinning force, Eqn. 10. That is, if the
force on a bubble in a temperature gradient exceeds the force holding that bubble to the grain boundary,
then bubble migration and hence grain growth can occur. Two points are important here, firstly, since
die temperature gradient is radial, grain growth will only occur in the radial direction resulting in columnar
grains. Secondly, Equations 3 & 10 define the forces on, rather than the velocities of, grains or bubbles.
For Ms latter calculation we require a grain boundary mobility and in the absence of either experimental
measurements of columnar grain velocity or good theoretical models it would seem sensible to use the
same grain mobility as pertains in equi-axed growth extrapolated to the higher temperatures at which
columnar grain growth occurs.

Equating Eqns. 3 & 10 and noting that the volume of a lenticular bubble [9] is

ft Scose + cos*, «oftm wheK m , , . Scose + cos*
3sm36 2 2

the criterion for the onset of columnar grain growth in UO2 where the semi-dihedral angle, 6 = 50° [10]
may be written as

r2 VT *
', ~ ~ ^ ~ (12,

4. EXPERIMENTAL DATA

4.1 OUT-OF-PILE GRAIN GROWTH

Equation 1 has been used to analyse of out-of-pile data originating from Ainscough data [1], Singh
[11] and Watson et al [12]. The derived rate constants and limiting grain sizes are shown in Figs. 1 & 2
and the solid lines on these Figures are given by

/f1 = 3.735 x io-8exp[ - ?IM\ m2
S-'

and

- Do + D^x with D l = 4.275 * 10-3exp| - mo

where T is the absolute temperature and D, is the initial grain size.

4.2 IN-PILE EQUI-AXED GRAIN GROWTH

From the analysis in §4.1 it would appear that the grain size has a maximum value in out-of-pile
situations. It is possible that this is a result of as-fabricated porosity and impurities and the temperature
dependence of the limiting grain size may be a result of possible sintering of as-fabricated pores during
the grain-growth anneal. Whether the limiting in-pile grain size should also be temperature dependent
clearly depends on whether the value of grain face bubble radius for interlinkage, i.e. rp°, is temperature
dependent. Analysis of fission gas release from out-of-pile anneals [13] suggests that this radius is
temperature independent so one might expect the irradiation component of the limiting grain size should
also be temperature independent. A reasonable form for the limiting in-pile grain size might be

th
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where DmJ" and D ^ * are the irradiation and thermal maximum grain sizes given above. Initial runs
with ENIGMA on a limited database suggest that reasonable correspondence may be obtained with a
bubble radius of 0.12 /xm which is itself equivalent to a grain Muiidary gas atom concentration of ~ 2.0 x
l(f m'2. It would thus seem unlikely that the gas atom concentration could ever rise to such a value that
Eqn. 9 could define a sufficiently large limiting grain diameter to permit further grain growth after Eqn.
8 had terminated grain growth.

4.3 COLUMNAR GRAIN GROWTH

Using die ENIGMA calculation for bubble radius yields the following criterion for the transition
from equi-axed to columnar grain growth

ENIGMA [7] has been modified to print out the 'peak-in-time' value of this parameter during the course
of irradiation of three Halden rods [14] in which columnar grains were observed in PIE. The radial extent
of columnar grains is shown in Table I along with the required value of the columnar grain parameter, <J>
at that radial point.

The radial variation of O can be seen in more detail in Figure 3 in which the ENIGMA calculation
is plotted for the three rods. Note that because of the symmetry of the temperature profile the parameter
tends towards zero at the centre of a solid rod. This implies that the force on the cavities will be zero and
hence there should be a region of equi-axed grains in the centre of a solid rod. This is not observed in
practice possibly due to the fact that radial pellet cracking occurs, thus destroying the perfect radial
symmetry. Another possible reason for the absence of the equi-axed core is that as the cavity is driven
up tiie temperature gradient it collects gas atoms by a sweeping process and grows in radius thus requiring
a smaller thermal gradient to keep it moving than was initially required to set it in motion.

5. DISCUSSION AND CONCLUSIONS

In the previous sections an outline model for UO2 grain growth has been presented. This model
uses the Hillert [2] treatment for grain growth when growth is inhibited by the dragging effect of
precipitates and/or porosity. Columnar grain growth can occur when the force on lenticular porosity in
a temperature gradient exceeds the pinning force of the porosity to the grain boundary. In reality the
situation will be more gradual than presented here and it is clearly possible to define the maximum possible
grain size in the radial direction as a balance of the thermal and mechanical stresses so that it becomes a
continuous function of temperature gradient and bubble radius. However, because of the steep variation
of the columnar grain parameter, $ , with pellet radius, it is unlikely that this approach would yield any
better results than the present simplistic approach.

An estimate of the columnar grain parameter, O can be obtained from Eqn. 14. The value of y^
used in ENIGMA is 0.32 J/m2 and Q is 4.1 x 102*. Olander [8] quotes a value of 415 kJ/mole for Q£
which produces a value of fl> = 2.26 x 10"". This value should be compared with the values quoted in the
Table I. The agreement is particularly good when it is considered that the criterion depends on such
factors as bubble radius and that this is calculated on the basis of an, as yet, unproven assertion that the
grain face bubbles behave more as quasi-crystallites than equilibrium bubbles.
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TABLE I: Extent of Columnar Grain Growth and ENIGMA

Calculation of Columnar Grain Growth Parameter.

Rod

A

B

C

Radial Extent of

Columnar Grains

45%

50%

20% - 25%

ENIGMA Calculation

for <I> (x 10"")

3.4

2.2

3.5 - 2.9

3. ENIGMA calculation of columnar grain growth parameter as a Junction of radial position across
the pellet for three Halden fuel rods. The solid line shows the theoretical estimate of the
parameter. Note 0.0 is pellet centre.
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