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Croissance des grains dans l'UO?:
études effectuées à Chalk River

par

I.J. Hastings, J.A. Scoberg, K. MacKenzie* et W. Walden**

Résume

Des études relatives à la croissance des grains ont été effectuées
sur irU02> d'abord dans le but d'obtenir des données utiles pour le pro-
gramme de modélisation du combustible et plus récemment dans le but
d'évaluer le combustible fabriqué lors de la mise en service du labo-
ratoire MOFFL (Mixed Oxide Fuel Fabrication Laboratory) à Chslk River.

Voici quelques-uns des combustibles examinés:

(i) UO2 naturel fabriqué commercialement, à partir de la poudre ADO,
pour les réacteurs CANDU;

(ii) UC>2 naturel fabriqué commercialement à partir de la poudre AU;

(iii) UO2 naturel fabriqué au laboratoire MOFFL à partir de poudres ADU
et AU; et

(iv) UO2 fabriqué commercialement et enrichi de 1.7, 4.5 et 9.6% en
poids de U0235 dans U.

Les échantillons ont été recuir i graduellement dans le vide à 1870-
2070Kpendant des périodes de temps allant jusqu'à 32 heures et demie.
Toutes les données satisfont à la relation existant entre la dimension
des grains (2.5) et la durée du recuit. L'énergie d'activation apparente Q,
pour la croissance des grains, dépend du type de combustible et elle varie de
150 ± 10 kJ/mol./cas de la première poudre AU, à 360 ± 10 kJ/mol, cas des pas-
tilles fabriquées dans le laboratoire MOFFL à partir de poudre ABU.

Les dimensions des grains, calculées au moyen de l'équation de la-
boratoire employée dans un code de performance du combustible, tendent
à être plus grandes que celles mesurées dans le combustible naturel
irradié, ce qui suggère une inhibition de la croissance des grains due
à l'irradiation. Cependant, toute inhibition est équivalente à celle
attendue d'une prédiction déficitaire automatique de 57, s'appliquant
â la puissance des réacteurs.
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GRAIN GROWTH IN UO2:
STUDIES AT CHALK RIVER NUCLEAR LABORATORIES

I.J. Hastings, J.A. Scoberg, K. MacKenzie* and W. Walden**

Abstract

Grain growth studies have been carried out on UO2/ initially
to provide data for the fuel modelling program and more recently to
evaluate fuel fabricated in commif.sioning the Mixed Oxide Fuel
Fabrication Laboratory (MOFFL) at Chalk River Nuclear Laboratories.

Fuel examined includes:

(i) natural UO2 commercially fabricated from ADU powder for
CANDU reactors

(ii) natural UO2 commercially fabricated from AU powder,

(iii) natural UO2 from ADU and AU powder, fabricated in the MOFFL,
and,

(iv) commercially fabricated UO2 enriched 1.7, 4.5 and 9.6 wt%
U-235 in U.

Samples were step-annealed in vacuo at 1870-2070 K for times to
32.5 h. All data fit a (grain size)2-5 versus annealing time
relationship. Apparent activation energy for grain growth, Q, depends
on fuel type and varies from 150 +_ 10 kj/mol for early AU powder to
360 + 10 kJ/mol for pellets from ADU fabricated in the MOFFL,

Grain sizes calculated using the laboratory equation in a fuel
performance code tend to be greater than those measured in irradiated
natural fuel, suggesting irradiation-induced inhibition of grain
growth. However, any inhibition is equivalent to that expected for a
systematic 5% underprediction in reactor power.
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GRAIN GROWTH IN UO2:
STUDIES AT CHALK RIVER NUCLEAR LABORATORIES

I.J. Hastings, J.A. Scoberg, K. MacKenzie* and W. Walden**
Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories

Chalk River, Ontario Canada KOJ 1J0

1. INTRODUCTION

The major contributions to fission gas release from irradiated
UO2 fuel arise when i) intergranular bubbles coalesce to form
inter-connecting tunnels (1) or ii) when cracks due to power transi-
ents (for example, reactor shutdown) intersect the bubble-weakened
boundaries (2). Initially, fission gas reaches the grain boundaries
by diffusion from the grains, and by collection of gas by grain
boundary movement. Development of a fundamental fission gas release
model (3) incorporating diffusion and grain boundary sweeping mecha-
nisms thus required a knowledge of in-reactor grain growth charac-
teristics. The latter is also obviously important in predicting the
evolution of grain structure during irradiation.

Many laboratory data on UO2 grain growth under isothermal
conditions are present in the literature. The factor that immediately
stands out is the extreme variability of grain growth behaviour,
dependent on factors such as stoichiometry, impurities and porosity.
Grain growth is conveniently described by an equation of the form (4)

D" " C = V ex>? " <S¥> •••<1>

in which Do is the original grain size, D is the grain size after
time t (s) at temperature T (K), n is an exponent, ko is the growth
coefficient, Q the apparent activation energy for the process, and R
the gas constant. From the literature, n varies from two to five, C
from 240-620 kj/mol and ko from 4 x 10

6 - 7 x 1015 ymn/s (4,5,6). Note
that n is difficult to determine accurately for D < 3 Do; the
fits to data do not differ significantly for n in the range two to
fivf. MacEwan and Hayashi (4) originally obtained a best fit to data
from the range 1830-2710 K with n = 2.5. Ainscough's analysis (5) of
data from temperatures £ 2100 K, using Burke's concept of a limiting
grain size, DL, controlled by pores or inclusions (7) suggested a
D^ versus time relationship. Burke's original work
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was valid for D<<DL. Singh (6) recently reported data from
2100-2400 K which fitted a cubic rate law.

In this paper, we report the isothermal grain growth charac-
teristics of natural and enriched UO2 fuel fabricated at CRNL and
by commercial suppliers. Grain growth values calculated by the
ELESIM (3) fuel performance code using the equations derived from
isothermal testing are compared with measured values from irradiated
fuel.

2. EXPERIMENTAL

We examined pellets from a number of sources:

(a) natural UO2 commercially fabricated from ammonium
di-uranate (ADU)-derived powder for CANDU-PHW* reactors (8),

(b) natural UO2 commercially fabricated from ammonium uranate
(AU)-derived powder,

(c) natural UO2 from ADU and AU powder fabricatej in the MOFFL
at Chalk River Nuclear Laboratories (CRNL) and

(d) commercially fabricated UO2 enriched 1.7, 4.5 and 9.6 wt%
U-235 in U.

Tables 1 a-e give details of pellet density, grain size and
impurities for the fuel examined; limit of detection is typically
0.3 yg/g.

As-sintered fuel samples were isothermally step-annealed at
10~3 N/m2 in the range 1870-2070 K for times to 32.5 h.

Samples were metallographically polished, annealed for an inter-
mediate time, re-polished to minimize any surface effect, and the
procedure repeated. Grain sizes were measured at the intermediate
times by the standard linear intercept method. The maximum change in
O/U was from 2.008 + 0.002 to 2.002 + 0.002 after 32.5 h at 2070 K.

3. RESULTS

The resultant grain growth data can be interpreted in various
ways; for example, depending on a square or cubic law. However, we
found the best fit to all our data was a D^.5 relationship, as
originally found by MacEwan and Hayashi (3). All data are given in

*CANada Deuterium Uranium - pressurized Heavy Water



terms of D 2-5-D O
2-5 a s a function of annealing temperature. For

each temperature, the resultant growth constant, k, is derived from:

D2.5 _ D 2.5

k = F - ^ — ...(2,

The Arrhenius plot of k versus reciprocal temperature is used to
calculate Q, the apparent activation energy for the grain growth
process and the growth coefficient, ko, where k = ko exp -
Q/RT. Table 2 compares Q and k values obtained from all fuel
examined.

3.1 Natural UO2, Commercially-Fabricated from ADU Powder for
CANDU-PHW Reactors

Figure l(a) shows an example of the data, with D2-5 _ DQ2.5
plotted as a function of annealing time and temperature for one
batch. Figure l(b) shows the Arrhenius plots of growth constant, k,
as a function of reciprocal temperature for the two batches of
reference fuel examined; agreement is good. Apparent activation
energy for grain growth, Q, derived from Figure 2, is 320 + 10
kJ/mol; ko is 1.3 x 10 |jm2-5/s. Figure 2 shows typical
optical micrographs of (a) the as-sintered grain structure and (b)
after 32.5 h at 2070 K. Grain sizes are 10 and 19 urn respectively.

3.2 Natural UP? Commercially Fabricated from AU Powder

This fuel was from an early AU pellet batch (Lot 120) which
showed discontinuous grain growth following sintering: 10 um at the
pellet periphery, 50 urn from the central region. Samples for grain
growth kinetic studies were taken from the centre and periphery of
pellets. Figure 3 shows D2•5 - D O

2 • 5 versus annealing
time for (a) a peripheral sample and (b) a central sample. Figure 4
shows the Arrhenius plots for (a) a peripheral sample and (b) a
central sample. Q was found to be 150 +_ 10 kJ/mol in both cases,
with ko = 7.5 x 10

1 nm2l5/s for the outside surface region, and
ko = 1.6 x 10

2 iam2>5/s for the central region. Figure 5
shows typical micrographs from the central area of Lot 120 AU fuel
(a) as-fabricated and (b) after 32.5 h at 2070 K. Grain sizes are 50
and 76 urn respectively. Figure 6 shows micrographs of peripheral
areas of Lot 120 AU fuel (a) as-fabricated and (b) after 32.5 h at
2070 K. Grain sizes are 10 and 20 pm, respectively.

3.3 Natural UO2 from ADU and AU Powder Fabricated on the MOFFL at
CRNL

We evaluated the grain growth kinetics of UO2 fabricated
in the MOFFL at CRNL. These came from an ADU powder lot (ENL Lot
598) and a recent AU lot (ENL Lot G228). As previously, central and
peripheral samples were examined. Figure 7 shows D2•5 - Do

2•5 versus t
for ADU Lot 598; (a) peripheral sample and (b) central sample. Figure
8 shows the Arrhenius plots of log k versus reciprocal temperature
for peripheral, central and combined Q values. Figure 9 shows
representative optical micrographs of (a) as-sintered fuel and (b)



fuel after 32.5 h at 2070 K. Grain sizes are 9 and 23 urn respec-
tively. Corresponding Q values are 340 + 10, 360 + 10 and 360 ± 10
kj/mol; corresponding ko values are 7.4 x 10°, 2.1 x 10

7 1.8 x 107

pm'»5/s respectively.

Figure ]0 shows D2-5 _ D O
2- 5 versus t for AU Lot

G228;(a) peripheral sample and (b) central sample. Figure 11 shows
the Arrhenius plots of log k versus reciprocal temperature for
peripheral, central and combined values. Corresponding Q values are
370 _+ 10, 350 +_ 10 and 360 +_ 10 kJ/mol; corresponding ko values
are 4.8 x 107, 1.5 x 107 and 2.4 x 107 ym2-5/s. Figure 12 shows
representative optical micrographs of (a) as-sintered fuel and (b)
fuel after 32.5 h at 2070 K. Grain sizes are 9 and 23 urn respec-
tively.

3.4 Commercially-Fabricated UO2 Enriched 1.7, 4.5 and 9.6 wt%
U-235 in~U

Figure 13 shows D2-5 _ D O
2* 5 versus t for fuel enriched

1.7 wt% U-235 in U; these results are typical of enriched fuel.
Figure 14 shows the Arrhenius plots of log k versus reciprocal
temperature for the three enrichments examined: 1.7, 4.5 and 9.6 wt%
U-235 in U. The plot from Figure l(b), for natural U02, for CANDU-PHW
reactors is included for comparison. Q is identical for the three
enrichments, 230 + 10 kJ/inol; ko is 1.4 x 10

3, 1.7 x 103

and 7.5 x 10* vjm2>5/s for 1.7, 4.5 and 9.6 wt% enrichments
respectively. Figure 15 shows typical micrographs of fuel enriched
1.7 wt% U-235 in U (a) as-sintered and (b) after 32.5 h at 2070 K.
Grain sizes are 8 and 16 urn respectively.

4. DISCUSSION

4.1 Natural UO? Commercially Fabricated from ADU Powder for CANDU-
PHW Reactors

We regard this as the reference fuel and compare the other
types with it. All fuel for CANDU-PHW reactors continues to be made
by the ADU route. Grain growth kinetics are reproducible from batch-
to-batch. We are using the Q and ko values of 320 + 10 kJ/mol
and 1.3 x 106 (jr.i2-5/s in Equation 1 with n = 2.5 to describe
grain growth in our performance predictions.

4.2 Natural UO2 Commercially Fabricated from AU Powder

ENL are attempting to qualify powder from the AU production
route for CANDU fuel. This was fuel from an early AU Lot (ENL Lot
120) which exhibited discontinuous grain growth; small grains at the
periphery and large grains at the centre. This is reflected in the
kinetics we measured. Table 3 shows grain sizes calculated using
Equation {1) for peripheral and central kinetics derived for AU. We
have calculated the final grain size after 1.73 x 107s (200 d) at
1970 K. Peripheral and central values are 105 um and about 140 Mm



respectively; the value calculated for reference ADU powaer is 95 i_im.
ENL attributed this grain growth phenomenon to sulphur impurities in
the powder (9), and have apparently removed the effect in recent AU
batches by keeping sulphur levels <20 pg/g.

4.3 Natural UO2 from ADU and AU Powder Fabricated in the MOFFL at
CRNL

Q and ko results for the AU and ADU pellets fabricated in
the MOFFL do not differ significantly from those of the reference ADU
pellets. Slightly higher Q values in the former are compensated for
by higher ko values. However, it is apparent that the values for
Q and ko for pellets from the current AU powder (Lot G228),
differ significantly from values previously obtained from the early
AU powder (Lot 120). Table 4 shows hovr calculated final grain sizes
after 1.73 x 107 s (200 d) at 1970 K compare for the MOFFL
pellets and with the reference ADU pellets and Lot 120 AU pellets. As
discussed in Section 4.2, the AU powder (Lot 120) was among the first
produced by Eldorado by the new AU process; pellets from it showed
significant discontinuous grain growth. In the interim, the
characteristics of the powder have changed, and the work with current
powder shows Q and ko values similar to reference values.

4.4 Commercially-Fabricated UO2 Enriched 1.7, 4.5 and 9.6 wt%
U-235 in~U

The apparent activation energy for grain growth in the
enriched UO2 is about two-thirds that in the natural U02-
However, the low ko value in the enriched UO2 results in a
grain growth rate below that in the natural UO2. We can use
Equation 1 with n = 2.5 to compare quantitatively the grain growth in
natural UO2 and U02 enriched 1.7 wt% U-235 in U. The latter
is a common enrichment in fuel irradiated in the experimental
reactors. For a starting grain size of 10 pm, the final grain size
after 3.15 x 107 s at 1600 K is about 20 ym for both the natural
and enriched fuel. However, after the same time at 1800 K, the
natural UO2 grain size is significantly large;: than that for the
enriched UO2: 56 versus 40 pm,

We have not positively identified the reason for the
difference in rate constant and thus grain growth behaviour within
the enriched UO2 and between the enriched and the reference
natural UO2- There is no systematic effect of porosity, O/U or
total impurity content. With respect to specific impurities, the
only obvious variation is with Fe, which is mainly introduced during
fabrication: 35 pg/g in the natural fuel compared with 100-300 ug/g
in the enriched fuel. Possibly Fe at the boundaries is modifying the
grain growth behaviour; there is evidence for intergranular Fe-based
precipitates in both irradiated and unirradiated UO2 (10,11).

4.5 Relationship Between Apparent Activation Energy, Q,
and Rate Coefficient, kn

From Sections 4.1 to 4.4 we have a wide range of Q and ko



values depending on fuel characteristics: Q from 150 to 360 kJ/mol
and ko from 7.5 x lO-"- to 2.4 x 10' (jm^'^/s. j n a previous analysis
of UO2 grain growth data from 10 different studies, Lyons et al.
(12) showed a linear relationship between an ko and Q for Q
varying from 265 to 656 kJ/mol and ko from 2.9 x 10^ to 7.1 x
101* um3/s. In Figure 16 In ko is plotted against Q for
the data reviewed by Lyons et al. and for the data from our own
studies. Also included are points from the work of MacEwan and
Hayashi (4) in which stoichiometry and impurities were varied, and
data from Ainscough et al. (5). The best fit line to all groups of
data has a correlation coefficient of 0.98. Note that Lyons et al.
and Ainscough et al. used "D>" and^"D2" analyses, respec-
tively, for their data; we used "D2-5". A "D 2- 5" relation-
ship gave us the best correlation coefficient in plotting Dn - Do

n

versus time: it also allowed easy comparison with previous work at
CRNL (4). From Section 1, n is difficult to determine accurately for
D < 3DO; our D values fell in this range (Do = 10 um), where results are
insensitive to n.

Though we have widely varying values of Q and ko in the
current study, the correlation with previous work gives additional
confidence that we are measuring a real effect of powder and pellet
characteristics such as impurities, O/U and porosity, on grain growth
kinetics.

5. GRAIN GROWTH IN IRRADIATED UO2

5.1 Natural Fuel

To determine how well calculations from the laboratory grain
growth equation fit in-reactor results, we have made comparisons with
data from Pickering fuel (8). The elements were natural UO2 clad
with 0.38 mm thick Zircaloy-4. The pre-irradiation density was 10.6
Mg/m^, grain size was 10 ym and coolant pressure about 10 MPa.
Table 5 outlines the power ranges, burnups and calculated central
temperatures of six elements examined. Grain sizes were determined
as a function of fractional fuel radius by detailed examination of
micrographs; no columnar grain growth was observed.

Figure 17(a) shows measured grain sizes as a function of
fractional fuel radius for a section from an element of Pickering
bundle 14672. Also included are the values calculated by the ELESIM
fuel performance code (3) using the laboratory grain growth equation
in conjunction with the element power history, and the variation in
calculated grain size due to ^ 5% uncertainty in reactor power
history. Figure 17(b) presents data from all elements on calculated
versus observed grain sizes. Agreement is good up to an observed
grain size of about 30 pm, after which the measured values are less
than those calculated. This could arise from irradiation-induced
grain growth inhibition (4,5). The number of sintering pores at



grain boundaries in as-sintered CANDU fuel of density 10.6
is about 2 x loH/m2 of grain boundary area. Previous studies
have shown that the number of fission gas bubbles per unit area of
grain boundary in irradiated fuel is typically 6 x 1012/m2

(13), independent of temperature (14). Sslid fission product
precipitates made up of Mo, Tc, Ru and Pd have also been observed at
grain boundaries in irradiated fuel (11). The form of the irradiation
induced inhibition in the present case could be the pinning of
boundaries by the fission gas bubbles and solid fission product
precipitates. Note that, for burnups appropriate for CANDU fuel
(< 300 MW.h/kg U), any inhibition effect is also equivalent to that
expected from a systematic 5% underestimate in element power. Also,
the maximum change in 0/U from about 2.008 to 2.002 in the laboratory
testing has the effect of reducing calculated grain growth (4),
closer to measured values.

5.2 Enriched Fuel

We also have limited comparisons of measured and predicted
grain sizes in UO2 enriched 1.7 wt% U-235 in U, irradiated in the
NRU experimental reactor at CRNL. Linear power range was 49-53 kW/m
to a burnup of 195 MW.h/kgU; calculated maximum and minimum central
temperatures were 2060 and 1880 K. Figure 18 compares observed grain
sizes from cross-sections of two elements from bundle HS with values
predicted by the ELESIM fuel performance code using the laboratory
grain growth data in conjunction with the appropriate element power
history. Measured grain sizes are similar in the two elements. The
model actually predicts a transition from equiaxed to columnar grain
growth in HS at a fuel fractional radius of 0.3. However the
predicted maximum ratio of grain length to width is only about 1.3;
the arithmetic mean of the predicted grain lengths and widths is
plotted in Figure 18. Using the nominal power history for bundle HS
in ELESIM results in underprediction of grain growth; nominal power
plus 5% produces better agreement. Measured fission gas release,
which is power (temperature) dependent, also indicates that nominal
power plus 5% is closer to the true power history of HS. Measured
gas release was 22%; ELESIM predicted 13 and 17% release for the
nominal and nominal plus 5% power histories respectively.

It is not clear why the equation for enriched fuel calculates
grain sizes lower than observed, while the equation for natural fuel
overpredicts grain growth. It is unlikely that these results are due
to different properties of the enriched and natural fuel; sensitivity
to power is a more probable cause. The sensitivity of grain growth
to only +5% uncertainty in power is clearly shown in Figures 17a, 17b
and 18.

5.3 General

Parametric studies (3) have shown that the fission gas release
model in ELESIM is only weakly sensitive to changes in the rate of
grain growth. Changing the rate of grain growth by a factor of five
does not significantly affect gas release; our range is less than a
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factor of two. Consequently we are using the laboratory grain growth
equation in the fuel performance code without modification for
possible irradiation-induced inhibition of grain growth.

6. CONCLUSIONS

1. Isothermal grain growth data for natural and enriched UO2
fuel fabricated for commercial and research reactors suggest
a (grain size)2-5 versus time relationship in agreement
with earlier studies.

2. Natural UO2 fabricated, from ADU powder is the reference
fuel for CANDU reactors; apparent activation energy for grain
growth, Q, was 320 +_ 10 kJ/mol; ko was 1.3 x 10

6 pjn2-5/s.

3. Grain growth characteristics of pellets fabricated in the
MOFFL at CRNL from ADU and AU powder do not differ signifi-
cantly from those of the commercially fabricated reference
pellets.

4. Grain growth characteristics of pellets from early AU powder
differed significantly from those of the reference pellets.

5. Reasons for the differences between Q and ko for natural
and enriched UO2 have not been identified; variation
in impurity content, particularly Fe, is a possible cause.

6. Current grain growth data show a linear relationship between
Hn kp and Q, correlating well with data from previous
studies.

7. Grain sizes calculated from the laboratory data compare
well with those observed in irradiated natural fuel, up to
about 30 \im. At larger sizes the observed values are less
than those calculated, suggesting either a systematic over-
estimate of element power or an irradiation-inhibition of
grain growth.

8. In the burnup range of CANDU fuel (<300 MW.h/kg U) any grain
growth inhibition effect is equivalent to that expected from
a systematic 5% underestimate of element power.
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DENSITY:

GRAIN SIZE:

0/U:

10

10.6 Mg/m3

7-10 ym

2.008 ± 0.002

IMPURITIES (yg/g): Al < 10, Bi < 5, Ca < 20, Cd < 0.2, Cr /, Cu < 5,
Fe 35, Mg < 5, Mn < 5, Mo < 10, Na < 20, Ni 10.-
P < 100, Pb < 5, Si 35, Sn < 5, V < 5, Zn < 20.

(Total: 300 ug/g)

TABLE 1(a) Details of pellets from ADU reference powder

DENSITY:

GRAIN SIZE:

O/U:

IMPURITIES

10.7 Mg/m-

Periphery 10 (.tin
Centre 50 pm

Not determined (Powder 2.115)

Al < 10, B < 0.1, Ca 5, Cd < 0.2, Cr < 5, Cu < 1,
Dy < 0.15, F 15, Fe 60, Gd < 0.1, Mg < 1, Mn < 1,
Mo < 1, Ni 5, Si < 10.

(Total: 115 ug/g)

TABLE 1(b) Details of Pellets fabricated from ENL AU Lot 120
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DENSITY: 10.6 Mg/m3

GRAIN SIZE: 10 pm

IMPURITIES (ug/g): Al 2, B < 0.3, Ca 2, Cd 1, Co 4, Cr 0.4, Cu 20,
Dy < 0.25, Eu < 0.25, Fe 10, Gd < 0.25, K < 4,
Mg 3, Mn 0.1, Mo 6, Na 20, Ni 1, P < 4, Pb < 5,
Si 3, Sm < 0.2, Ti 1, V 1, Zn 4, H 0.6, N 10,
F < 5, C < 10.

(Total: 120 yg/g)

TABLE l(c) Details of pellets fabricated from ADU Lot 598 in MOFFL
at CRNL

DENSITY: 10.6 Mg/m3

GRAIN SIZE: 10 um

O/U: 2.002 ± 0.002

IMPURITIES (pg/g): Ag < 0.3, Al 10, B < 0.2, Be < 1, Ca 4, Cd 0.2,
Co 3, Cr 5, Cu 2, Eu < 0.3, Fe 43, F < 0.5,
Gd < 0.3, K < 0.8, Mg 1, Mn 2, Mo 5, Na < 5,
Ni 4, Pb < 2, Si 2, Sn 2, Ti 6, V 2, W < 1, Zn < 1.

(Total: 105 ug/g)

TABLE l(d) Details of pellets fabricated from ENL AU Lot G228 in
MOFFL at CRNL



DENSITY:

GRAIN SIZE:

0/U (±0.002):

IMPURITIES (pg/g)
(Typical)

12

All 10.6 Mg/m3

All 10 pm

Enriched 1.7 wt% 2.003
Enriched 4.5 wt% 2.013
Enriched 9.6 wt% 2.006

Al 20, B 0.4, Bi < 5, Ca 20, Cd < 0.3, Cr 25,
Cu 5, Mg 1C, Mn 5, Mo 4, Na < 20, Ni 15, P < 100,
Pb < 5, Si 30, Sn 5, V 5, and Zn < 20.

Impurities were similar from enrichment to
enrichment except for Fe: 100, 180 and 300 pg/g
for 1.7, 4.5 and 9.6 wt% U-235 in U, respectively;
total impurities are 300, 380 and 500 ug/g
respectively.

TABLE l(e) Details of pellets enriched 1.7, 4.5 and 9.6 wt% U-235
in U
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SOURCE

GENERAL LITERATURE

(8)

(4)

PRESENT

II

»

«

UB2 TYPE

VARIOUS

AOU REFERENCE

ADU NATURAL

ENRICHED 1.7 - 9.6 *t« U-235

AU POWDER LOT 120 OUTSIDE EDGE

NATURAL

AU POWDER LOT 120 CENTRAL REGION

NATURAL

ADU POWDER LOT 598 NATURAL

AU POWOER LOT G228 NATURAL

C (kJ/mol)

240 -620

32D ilO

460 15

230 ±10

150 ±10

150 ±10

360 ±10

360 ±10

ko(/un
J-Vs)

4x10° - 7xT0'S

1.3 x 10'

3.9 x IOg

1.7x1O3 - 1.4xiO<

7.5 x 10'

1.6 x 102

1.8 x 107

2.4 t 10'

TABLE 2: Comparison of Q and kpvalues from all pellets examined;
literature ranges are also given.
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U02 TYPE

REFERENCE ADU NATURAL

(Q = 330 kJ/mol, 1^= 2.5 x 106 ̂jmz- 5/s)

AU LOT 120 NATURAL PERIPHERAL REGION

(Q = 150 +10 kJ/mol, 1^= 7.5 x 10' jum2- 5/s)

AU LOT 120 NATURAL CENTRAL REGION

(Q = 150 ±10 kJ/mol, ko= 1.6 x 10
2 ^ m 2 - V s )

CALCULATED

GRAIN SIZE IN urn

95

105

142

TABLE 3 Comparison of grain sizes calculated for peripheral
central kinetics, AU Lot 120, 1.73 x 10' s (200 d)central kinetics, «»v — — , — - - - . „
1970 K. Values for reference fue?. also included.

and
at



15

U02 TYPE

ACU REFERENCE NATURAL

(Q = 320 +10 kJ/mol, ko= 1.3 x 10^ ̂ iiti2-Vs)

AOU POWDER LDT 598 NATURAL

(0 = 360 kVmol, kQ= 1 B x 10
r ,um*-5/s)

AU POWOER LOT G228 NATURAL PERIPHERAL

(Q = 370 KJ/mol . ko= 4.8 x 10
7 jjni2-5/s)

AU POWDER LOT 120 NATURAL PERIPHERAL

(Q = 150 ±10 kJ/mol, kQ = 7.5 x 10' ̂ jni
2- 5/s)

AU POWDER LOT G228 NATURAL CENTRAL REGION

(Q = 350 kJ/mol, ko= 1.5 x 10' *jm*-
5/s)

AU POWDER LOT 120 NATURAL CENTRAL REGION

(Q = 150 ±10 kJ/mol, kQ= 1.6 x 10* *im
2-5/s)

GRAIN SIZE IN jim

95

100

116

105

119

156

T A B L E 4 G r a i n s i z e s c a l c u l a t e d for 1.73 x 1 0 7 s (200 d) at 1970 K:
p e l l e t s f r o m A D O L o t 5 9 8 , A U L o t G2 2 8, A U L o t 120 and
reference fuel.
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ELEMENT

14672

15527

10717

10224

14966

09794

LINEAR
POWER

RANGE

(kW/m)

46-55

47-57

36-56

40-55

40-57

35-59

BURNUP

(Mm- h/kg U)

200

190

210

220

190

220

Tc MAX

(K)

2130

2160

2115

2033

2130

2200

Tc MIN

(K)

1770

1850

1430

1600

1600

1430

TABLE 5: Power ranges, burnups and calculated central temperatures
(Tc) for six Pickering elements examined.
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I
O BATCH I
• BATCH 2

Q = 3 2 0 ! 10 K j / n o I

5 5

• /T I K ) K 1 0 '

(b)

Figure 1 ADU reference powder (a) D2.5 - D,
2.5

versus t for one
batch and (b) Arrhenius plot, log k versus reciprocal absolute
temperature for two batches examined. Q = 320 ± 10 kJ/mol
[ after I.J. Hastings et al (8)].
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(a)

:*•- w - iLx

FIGURE 2 Typical optical micrographs of ADU-derived reference U0_
(a) the as-sintered fuel anri (b) fuel after 32.5 h at
2070 K. Grain sizes are 10 and 19 urn respectively.
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1 6 0 0

mOD

1 2 0 0

OOD

eoo

600

100

?JO

n

1 / •
AU LOT 120 PERIPHERAL /

O 1870 K

O 1970 K

• 2 0 7 0 K

-

• / /

- / /

/ • / "

/ / ~

/ -

i i
IB 24 32 40

ANNEALING TIME ( M

(a)

o 15000 -

(b)

Figure 3 D2"5 - DO
2'5 versus t for (a) peripheral and (b) central

sample from AU Lot 12 0.
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3-0

25

2 0

I .5

AU LOT 120

O CENTRAL
• PERIPHERAL

Q = 1 5 0 + 1 0 kJ/mo

4.5 5.0

1 x 1 0 "

5 5

Figure 4 Arrhenius plots, log k versus reciprocal absolute temperature
for peripheral and centra.1, samples from AU Lot 12 0.
Q = 150 + 10 kJ/mol in each case.
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(a)

N i ' • • : i
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• • ' • •

/ ' .

(b)

-•

Figure 5 Typical micrographs from the central area of Lot 120
AU fuel (a) as-fabricated and (b) after 32.5 h at
2070 K. Grain sizes are 50 and 76 ym respectively.
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*.

(b)

Figure 6 Typical micrographs from peripheral areas of Lot 120 AO
fuel (a) as-fabricated and (b) after 32.5 h at 2070 K.
Train sizes are 10 and 20 ym respectively.
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S 16 2V 32 40

»NNE»LING TIME (n)

(b)

0 t\ 0 ^

Figure 7 D - Do versus t for (a) peripheral and (b) central
samples from ADU Lot 598.,
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2 0

• 5

on
o

4 . 5

ADU LOT 598

Q(kJ/mol)
CENTRAL 3 6 0 + 1 0

-PERIPHERAL 340 ± 10

COMBINED 360 + 10

I

50

x 1 0 "

5 • 5

Figure 8 Arrhenius plots of log k versus reciprocal absolute temperatur
for peripheral, central and combined, ADU Lot 598.
Q values are 340 ± 10, 360 ± 10 and 360 + 10 kJ/mol
^ ^ ^ ^ C* ^ ^ J^ ^ ^ J» T TT^^ • » *

Q values ._ _
respectively.
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(a)

(b)

Figure 9 Typical optioal micrographs of (a) as-sintered fuel
and (b) fuel after 32.5 h at 2070 K, ADU Lot 598. Grain
sizes are 9 and 23 um respectively.
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AU LOT G228 P E f l l P H E R A l

1500 -

0 8 IE 2M 32 10

A N N E 1 L I N G T I K E O i l

(b)

Figure 10 D - Do versus t for (a) peripheral and (b) central
samples from AU Lot G22 8
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2.0

1 . 5

DJJ

O

! .0 I-D
O

CENTRAL

•PERIPHERAL

COMBINED

AU LOT G 2 2 8

Q(kJ/itlol)

350 + 10

370 ± 10

360 i 10

I
4 . 5 5 . 0

x ! 0 4

5 . 5

Figure 11 Arrhenius plots log k versus reciprocal absolute
temperature for peripheral, central and combined,
AU Lot G228. Q values are 370 ± 10, 350 ± 10 and
360 ± 10 kJ/mol respectively.



(a)

(b)

Figure 12 Typical optical micrographs of (a) as-sintered fuel, and
(b) fuel after 32.5 h at 2070 K, AU Lot G288. Grain sizas
are 9 and 23 vim respectively.
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120

1000

80 0

600

400

200

1 1

U-235 IN U

• O 1870 K
• D 1970 K
• A 2070 K

lOPEN-PERIPHERALI
1CL0SE0-CENTRAL I

1
16 21

ANNEALING TIME
32

(h)

Figure 13 D2'5 - Do versus t for peripheral and central samples
from 1.7 wt% enriched U-235 in U fuel; typical of enriched
results.
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1. 9

I . 5

I . 0

0. 5

0 . 3
4 . 5

\

I
ENRICHED UP, (U235 IN In

O 1 - ' 1 " 2Wi '0 kJ/mol

D 4,5 *t« 220 t 10 kJ/mo I

\ A 9 6 *t« 230 j !0kJ/mal
» NATURAL 320 t 10kJ/

O \ \ (REFERENCE ADU) mol .

v\
o

\

5. 0 5. 5

Y (K) x 10

Figure 14 Arrhenius plots log k versus reciprocal temperature
for fuel enrichad 1.7, 4.5 and 9.6 wt% U-235 in U;
Q in each case is 2 30 ± 10 kJ/raol. The plot from
Figure l(b), for reference fuel for CANDU reactors,
is included for comparison.
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(a)

; f

V

(b)

Figure 15 Typical micrographs of U02 fuel enriched 1.7 wt% U-235
in U. (a) as-sintered and (b) after 32.5 h at 2070 K.
Grain sizes are 8 and 16 ym respectively.
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50

30

20

10 —

_1 j j j r

#REVIEW OF 10 STUDIES - LYONS et al

V STOICHIOMETRIC U02 - MacEKAN AND HAYASHI

A U 0 2 . 0/U = 2 .02 -

^ U 0 2 i 0.7 7 mol % CaO - " " "
• U0 2 , AINSCOUGH et a I.
OPRESENT RESULTS

100 200 300 400 500 600 700

Q (kJ /mo I )

Figure 16 Plot of £n ko versus Q for data from 10 studies
reviewed by Lyons et al. (12), data of MacEwan
and Hayashi (4), Ainscough et al. (5), and that
of the current study. Line is best fit to all
four groups of data; correlation coefficient is
0.98.
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1 1 1
PICKERING BUNDLE

0 OBSERVED

CALCULATED

.. -58

NOMINAL PO»Efl

\
\

1 1 1

4672

-

-o-c

0 0-2 0 4 0-6 0-B 1 0

FRA C T I O N A L FUEL R A D I U S

(a)

I 1
PICKERING BUNDLES

O 1467!
• 15527
* 10717
A 09794
7 10224
0 14966

TYPICAL RANGES DUE
TO 15J FO«Efl

20 HO 60 SO 100

C A L C U L A T E D G R A I N S I Z E (/i«i)

(b)

Figure 17 Grain growth in Pickering elements, (a) measured and
calculated grain sizes across a section of an element
from Pickering bundle 14672 and (b) measured versus
calculated grain sizes from six Pickering elements,
[after I.J. Hastings et al. (8)].
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Figure 18 Measured and calculated values of grain size across
sections from two elements of bundle HS.
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