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Abstract

A large grain size fuel is seen as desirable for the reduction of fission gas release. Conventional
techniques to obtain a large grained UO2 include the use of dopants, elevated temperatures, oxidising
atmospheres (with or without dopants) and greatly increased cycle times. Although each approach may,
ultimately, result in a large grain size fuel, manufacturing considerations may outweigh performance
benefits. Similarly performance benefits of doped material, in terms of an improved fission gas retention,
may also not be realisable.

Seeding is a novel technique for obtaining a large grain sized UO2 in which preferential growth
of introduced seed crystals results in a large grain microstructure. By selecting the appropriate size and
concentration of seeds, a large grain size fue! is obtained using conventional plant and standard processing
cycles. Such grain sizes could only be achieved in a similar time in undoped material by sintering at 2000
°C. Additionally, as the seed crystals comprise UO; there can be no implications, for fuel chemistry, of
adopting the approach.

Grain size distributions are presented on seeded material sintered in production furnaces for one
and two conventional cycles. These show that a fully recrystallised microstructure, comprising a large
grain size, can be obtained after one process cycle. Where the seed size is larger and the quantity of nuclei
is correspondingly reduced, the time to achieve full recrystallisation is longer, necessitating a second pass
through the sintering furnace. However the grain size that could potentially be achieved in these
circumstances is larger.

2. INTRODUCTION

A large grain size in uranium dioxide based Light Water Reactor (LWR) Fuel is
considered desirable from the standpoint of fission gas release and various methods are
available to achieve this including:

(a) Use of dopants.
(b) Use of extended times at conventional sintering temperatures.
(c) Use of higher temperatures (above 2000 °C).
(e) Use of oxidising atmospheres.
(f) Use of oxidising atmospheres in conjunction with a dopant.
(g) By seeding grain growth, using single crystal UO2, to achieve a "recrystallised" large

grain size microstructure.

Of the above techniques items (1) to (5) can be considered as "conventional" methods
for obtaining large grain sizes in sintered UO2 fuel pellets, though for the most part both plant
and/or processing parameters may have to be adjusted to achieve the required product and,
although each approach may, ultimately, result in a large grain size fuel, manufacturing

49



considerations may outweigh performance benefits. In the case of high temperature sintering,
oxidative sintering and oxidative sintering in conjunction with a dopant, alternative sintering
technology to the almost universal approach of sintering in reducing conditions in the
temperature range 1700 °C to 1800 °C must be employed. Additionally, where dopants are
employed in conjunction with conventional sintering, performance benefits, in terms of an
improved fission gas retention, may not be realisable, as enhanced diffusivity, which gives rise
to the increased grain size may only result in a modest increase in fission gas retention [1].
Furthermore, as grain growth kinetics in stoichiometric undoped UO2 follow the general form

Gt3-G03 = kt, (1)
where Gt is the grain size at time t and Go is the grain size at time t0, and k is the rate constant
which varies exponentially with temperature , the time, at constant temperature, required to
achieve, for example, a doubling of the grain size, is considerable with a corresponding
adverse effect on plant throughput.

Seeding, on the other hand, represents a novel approach to producing large grain size
fuel without recourse to alternative manufacturing technology. In comparison to most
alternative techniques for enhancing grain growth, seeding enhances the driving force for grain
boundary motion as opposed to increasing grain boundary mobility (via enhanced diffusivity)
and as such, a seeded large grain size material will have an improved fission gas retention.
It is achieved in UO2 [2] by the addition of single crystals of uranium dioxide, of appropriate
size, to UO2 powder at the blending stage. Processing then proceeds as per conventional
practice employing standard equipment and nominal production conditions. A large grain size
UO2 then results on sintering from the preferential growth of the seed crystals into the matrix
material. The process is best exemplified with respect to fig. 1 which shows the deliberately
generated interface between seeded and unseeded regions of a conventionally sintered uranium
dioxide pellet. Growth of grains in the seeded region is clearly seen to be considerably greater
than in the unseeded region.

FIG. 1. Created interface between seeded and unseeded regions in a sintered pellet
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During sintering, microstructural development passes through stages until a fully
recrystallised large grain structure is achieved. Up to this time the microstructure comprises
both large and small grains originating from the seed material and the matrix powder,
respectively. For a given weight fraction of seeds the number of seeds per unit volume is
uniquely defined by the seed size. In the case of a large number of seeds per unit volume
(small seed size for a given weight percentage addition) average seed centre to centre distances
are small thus limiting the maximum amount of growth that can occur before recrystallising
grains impinge on one another and the growth rate is reduced. On the other hand, a small
number of seeds per unit volume (larger seed size for the same weight fraction addition) results
in the potential to achieve very large grains from considerations of seed separation. However,
very large grains are unlikely to be achieved for the following reasons:

(a) The timescale required to achieve a fully recrystallised microstructure will be long
when this relies on the large growth of a small number of seeds.

(b) The extended timescale during sintering will result in appreciable growth of matrix
grains and a reduction in the driving force for seed growth (proportional to I/matrix
grain size [3]). The larger matrix grains will then be stabilised with respect to
consumption by the recrystallising grains during growth of the latter.

Thus, the size of seeds and their concentration together with the thermal cycle
employed during sintering will be the factors which determine the final grain size of sintered
pellets.

In order to assess the extent to which a material has recrystallised it is necessary to
obtain three-dimensional grain size distributions on seeded sintered pellets. These enable not
only the relationship (if any) between the two-dimensional grain size and the three-dimensional
grain size to be explored but reveal the required sintering times to achieve full or near full
recrystallisation and the effects such factors as seed size and concentration have on
microstructural development. These are important variables in that they have a direct bearing
on the viability or otherwise of seeding as a means of achieving large grain size fuel on a
production scale.

To date seeded grain growth in Integrated Dry Route (IDR) UO2 has been successfully
achieved using single crystal seeds obtained by the disintegration of sintered pellets at high
temperatures in dry hydrogen [2] and by comminution of sintered pellets [4]. It is also
considered possible to employ chemical methods to obtain seed crystals of the appropriate size
for example by precipitation and subsequent calcination [5]. In the present work, three-
dimensional grain size distributions were measured on large grained samples of uranium
dioxide obtained through seeding with crushed sintered scrap of two size fractions and at two
weight percent additions. The effect of seed size and concentration and sintering cycle on
microstructural development was investigated.

3. EXPERIMENTAL

3.1 Sample Preparation

Sintered pellets of approximately 15 micron grain size were crushed in a uranium
percussion mortar and sieved into two size fractions, (<37 fim and 37-53 /*m ). These seeds
were added to IDR powder at 2% and 5% by weight. A binder technique was employed to
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facilitate preparation of green pellets. These seeded green pellets were debonded in production
debonding furnaces before being sintered in a hydrogen sintering furnace employed in the
manufacture of pellets for the British Civil Advanced Gas Cooled Reactor (CAGR)
programme. Unseeded control samples accompanied the seeded pellets. After passing through
the furnace once, corresponding to a nominal production sintering cycle, at maximum
temperature of 1730°C and a residence time in the hot zone of approximately 5 hours, samples
of both seeded and unseeded pellets were removed and the remaining pellets cycled a second
time through the furnace.

3.2 Analysis

Two-dimensional grain sizes were obtained on polished etched samples by the linear
intercept method (ASTM El 12). Three-dimensional grain size distributions were obtained via
image analysis, with Saltakov correction [6], of tracings of micrographs from several fields,
totalling approximately 1000 grains. Seed size distributions were obtained optically, using the
same equipment employed for the determination of grain size distribution.

4. RESULTS AND DISCUSSION

4.1 Seed Size Distributions

Figure 2 shows the size distributions of the two size fractions of seeds. The data
represents average diameter obtained from projected area and results in an over estimation of
diameter. The distribution of the small seed size fraction extends to fine particle sizes where
approximately 6% of the total volume is represented by particles of size less than 10 microns.
This contrasts with the situation for the larger seed size fraction where about 0.5% of the
material is less than 10 microns in diameter. The very fine material, in the region of 1 micron
diameter, corresponds to dust attached to the larger particles. It is formed during crushing of
sintered pellets and is of a size comparable to the matrix powder. As such, it is considered too
small to generate large recrystallised grains. Slightly larger seeds, however, of approximately
10 microns in size have been shown to generate a large grain size via recrystallisation [7].

The large seed size fraction contains material of a size exceeding that of the grains
present in the pellets crushed to provide the seeds. This arises from the formation of
polycrystal seeds usually comprising two grains, which are still found to recrystallise and
generate a large grained sintered material.

4.2 Grain Size

Table 1 compares two and three-dimensional mean grain sizes of conventional and
seeded samples; in all instances the grain size of the seeded samples exceed those of the
unseeded samples. An optimum seeding effect appears to have been achieved with the smaller
seed size (<37 fxm) added at the 2% level and sintered for one cycle. On this basis, a large
grained product is potentially achievable following conventional (single cycle) sintering with
a minimum addition of seeding material.

As larger quantities of small size seeds do not result in a larger grain size than material
containing 2% of the same size seeds, sintered for both one and two cycles, the conclusion can
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FIG. 2. Seed size distributions. Top, seed size fraction < 37 microns, bottom, seed size
fraction 37-53 microns.

be drawn that interference between recrystallising grains in the case of 5% seeded material,
with the associated decrease in grain boundary velocity has occurred during the first sintering
cycle.

For samples containing the smaller seed size, irrespective of seed content, the increase
in grain size during the second sintering cycle is fairly limited, which is also the case for the
unseeded material. This contrasts with the situation for material containing the larger size
fraction of seeds where greater increases in grain size have been recorded during the second
sintering cycle, yielding the largest overall grain sizes.
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After the second sintering cycle all seeded samples are thus expected to have fully or
nearly fully recrystallised large grained microstructures. This is also predicted to be the case
after one sintering cycle for pellets seeded with the smaller size fraction of seeds. For samples
containing the larger seeds, incomplete recrystallisation would, therefore, be expected which
would be revealed in the three-dimensional grain size distributions obtained on samples.

4.3 Grain Size Distributions

Figure 3 shows the three-dimensional grain size distributions for seeded and unseeded
samples after one furnace cycle. A single peak in the distribution is present for all samples
with the exception of that containing 2% of the larger seed size fraction (37-53 microns). In
this instance, the peak in the size range 32.1-42.5 microns corresponds to the growth of grains
following conventional growth kinetics, whereas the peak at 74-98 microns represents the
growth of seeds. This sample has, therefore, a partially recrystallised microstructure
comprising approximately 50% large grains and 50% conventionally sized grains.

For the remaining seeded samples, after one sintering cycle the degree of
recrystallisation is for the most part total with little presence of grains of a size associated with
conventional growth.

4 0 - -

grain diameter (urn)

o

40
35
30
25
20
15
10
5
0

grain diameter (urn) grain diameter (um)

5% seed
37-53 microns

FIG. 3.

grain diameter (u.m)

Three-dimensional grain size distributions on seeded and unseeded samples after
one furnace cycle. ,
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The peak in the distribution of the sample containing 5 % of small seeds occurs at a
smaller grain size than for the remaining samples. This confirms the incidence of seed-seed
interference with a subsequent reduction in grain size increase as the growth then proceeds
according to conventional kinetics. In this instance the reduction of seed to seed distance as
the number of seeds has been increased, has limited the growth of the seeds, resulting in a
smaller mean grain size.

Figure 4 shows the three-dimensional grain size distributions obtained after the second
sintering cycle. All distributions of seeded samples comprise a single peak showing that full
recrystallisation has been achieved, together with additional grain growth, during the second
cycle.

4.4 Comparison With High Temperature Sintered Large Grain Size Fuel

Figure 5 compares the size distribution of the seeded sample containing 2% of small
seeds, obtained after a single sintering cycle, with that of an undoped sample sintered for 4
hours at 2000°C in reducing conditions [8]. Differences between the distributions are
characterised by a higher narrower peak for the seeded sample and correspondingly reduced
volumes of the very smallest and largest sizes of grains. Reduction in the volume of small
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FIG. 4. Three-dimensional grain size distributions on seeded and unseeded samples after
two furnace cycles.
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grains is considered desirable as these grains would have a disproportionate contribution to the
overall fission gas release and would be an expected result from a recrystallised microstructure
where grain growth has occurred by the consumption of small grains on the growth of larger
grains. At the same time, a reduction in the volume of larger grains is not considered
detrimental as the increased benefit of a large grain size decreases as the grain size increases.
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TABLE I. INTERCEPT AND THREE-DIMENSIONAL GRAIN SIZE ON SEEDED AND
UNSEEDED SAMPLES

Seed Size

-

<37
<37

>37<53
>37<53

-

<37

<37

>37<53
>37<53

% Seed

0

2

5

2
5

0

2
5
2
5

Furnace
Cycles

1

1

1

1

1

2

2

2

2
2

Intercept
Grain Size

Om)

13.7
38.1
30.3
44.4
38.1
18.6
43.5
33.1
51.6
55.6

Mean 3-
dimensiona

1 Grain
Size (fim)

18.3
44.1

30.7
33.8
41

21.9
48.7
41.5
54.9
57.3

The high temperature sintered sample has a linear intercept grain size of 34.7 m which
represents the mean value obtained on samples sintered under the above conditions. This grain
size is similar to that obtained on the seeded sample (38.1 m) though the mean three-
dimensional grain size of 52.6 m is larger than the corresponding value of the seeded sample
(44.1 m). Never the less, seeding has resulted in comparable grain sizes to those achieved
in a similar time at a temperature nearly 300°C greater.

To achieve a comparable grain size by extended sintering at conventional processing
temperatures would require a considerable residence time in the furnace hot zone (equivalent
to cycling material through the furnace between 10 and 20 times, from equation 1) which could
only be achieved at the expense of a considerable reduction in plant throughput and increase
in capital and production costs. Similarly, sintering at 2000°C in either batch or continuous
mode demands alternative, expensive, furnace technology.

5. CONCLUSIONS

(1) Large grains have been achieved in UO2 by seeding uranium dioxide powder with
single crystals and sintering under standard conditions.

(2) A 2% addition of seeds of size less than 37 microns results in a fully recrystallised,
large grain structure after one cycle through a production sintering furnace.

(3) Similar grain sizes to those achieved by seeding techniques can only be achieved after
similar times on undoped uranium dioxide by sintering above 2000°C or by
considerable multiple cycling through a sintering furnace at conventional temperatures.
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(4) Seeded large grain size U0 2 is achieved through the enhancement of the driving force
for grain boundary motion as opposed to, where dopants are employed, increasing
grain boundary mobility. This material can be considered as undoped and as such
fission gas release will be comparable to large grained, undoped, fuel produced by
alternative techniques.
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DISCUSSION
(Questions are given in italics)

Are you going to perform evaluation in these seeded UOj?

(1) Could you indicate experimental evidence that the results through a binderless route would be
similar?

(2) In industrial fabrication, not only seeds and pure IDR powder will need to be used but also
scrap recycle. What will be the effect?

(1) Seeding has been carried out using a binderless technique. Large grained fully recrystallized
microstructures have been produced with no discemable differences between binder route
material.

(2) U3Og as scrap recycle does not cause seeding as the ultimate particle size is small even though

there may be some agglomeration of the ^ O g ^ O g derived UO2 in the matrix will not

affect recrystalization of seeds.

The grain size distribution exhibits volume fraction of size class. Do you measure or calculate
the volume fraction?

Volume fraction distribution gives a major role to the seeds. Could you present us a number
fraction distribution?

58


