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Résumé

Nous avons chauffé a l'air des éléments CANDU (combustible UO2) irradiés
avec et sans défauts délibérément provoqués. La gamme de température
était de 220-250°C pour des temps allant jusqu'à 685 h. Le taux de
combustion avant l'essai était d'environ 190 MW.h/kg U (8000 MW.d/TeU) â
une puissance linéique maximale de 45 kW/m.

Les éléments ayant des défauts simples et multiples ont gardé une stabilité
dimensionnelle raisonnable jusqu'à 685 h ä 220 et 230°C, ce qui correspondait
à l'oxydation du combustible, principalement dans le cas de U3O7. Dans cette
gamme de température, il n'y avait pas de différence significative en ce qui
concerne la réponse des éléments défectueux aux différentes évolutions de la
puissance et aux différents temps de refroidissement. Le combustible irradié
avait des taux d'augmentation de poids jusqu'à 50 "ois plus grands que ceux
du combustible non irradié.

Les éléments ayant des défauts simples et multiples avaient des augmentations
diametrales significatives et de graves fentes de gaine après environ 200 h
a 250°C, ce qui correspondait a l'oxydation du combustible, particulièrement
dans le cas de U3O0.
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ABSTRACT

We have heated in air irradiated CANDU UO2 fuel elements with and without deliberately-induced defects.
The temperature range was 220-250°C for times up to 685 h. Pre-test burnup was about 190 MW.h/kg U (8000 MW.d/TeU)
at a maximum linear power of 45 kW/m.

Elements with single and multi-defects maintained reasonable dimensional stability up to 685 h at 220 and
230"C, consistent with fuel oxidation primarily to U3O7. In this temperature range, there was no significant
difference in response of defected elements with different power histories and cooling times. Irradiated fuel
showed rates of weight increases up to 50 times greater than those for unirradiated fuel.

Elements with single and multi-defects showed significant diametral increases and severe sheath splitting
after about 200 h at 250°C, consistent with fuel oxidation primarily to l^Og.

INTRODUCTION

Ontario Hydro is interested in the behaviour of defected UO2 elements in air in the temperature range
22O-25O°C for times up to two months. The case of interest arises if a defected bundle sits in a dry channel for
an extended period of tine, to determine what effect would fuel oxidation have on element, and thus bundle,
integrity.

Recent work from the Canadian spent fuel storage canister project [1] indicates that a "significant fraction"
of an irradiated UO2 fuel element, deliberately defected with a 0.5 mm diameter hole, would be oxidized in 1-2 y
at 250°C. About 10 y would be required for a sinilar, unirradiated element. Extrapolation to 200°C suggests
oxidation rates about an order of magnitude lower. Higher rates were obtained from irradiated elements with
deliberately-induced 25 x 0.5 mm and 25 x 1.5 mm longitudinal slit defects. Early UK work [2] was carried out on
unirradiated stainless-steel clad AGR U02 elements (pellets of 10.6 Mg/m

3) at 175°C and 25O°C for times up to
two months. The elements were deliberately defected with a 1 mm diameter hole. There was no detectable weight gain
at 175°C. However, at 250°C, there was a steady weight gain following an induction period. The oxidation was
accompanied by swelling and ultimate clad failure at about 600 h.

The lack of relevant data on the oxidation behaviour, particularly of defected, irradiated UO2 elements
in the temperature range of interest, suggested further examination was required.

EXPERIMENTAL

Program

In summary, we studied:

Unirradiated Fuel

Pickering G.S. elements with one and six drilled defects at 230°C.



Irradiated Fuel

Bruce G.S. (outer) and Pickering G.S. (Intermediate) elements at 220 and 230°C, plus Pickering G.S.
elements at 25O°C. We studied undetected elements, as controls, and elements with one and SIK deliberately-
produced defects. Test work began in 1980 November, and is continuing. Complete details of the element program
ere given elsewhere [3]*

Fuel Examined

Fuel examined was CANDU-design IK>2 of nominal starting density 10.6 Mg/m^. Table 1 gives
characteristics of fuel studied; Figure 1 gives power histories, excluding shutdowns, for the relevant bundles.
Figure 2 shows the size and position of defects deliberately introduced before the oxidation study. Defect holes
were 0.8 mm In diameter, with one or six holes per element*

Techniques

Unirradiated and irradiated elements were heated in-cell using Llndberg three-zone tube furnaces with mild
steel sleeves to minimize temperature variation. Pre-test commissioning and actual operation showed good
temperature stability. Control was generally + 1°C over the range of temperatures used (22O-25O°C) for times
up to about 700 h.

Weight changes in unirradlated and irradiated elements were measured in-cell using a Mettler electronic
balance of 2000 g capacity, capable of reproducible readings to + 10 mg.

Diametral changes on Individual elements were measured by micrometer at a minimum of seven different
positions on selected elements, at 0° and 90°. Positions of measurement were at defect regions, and remote from
the defects. A minimum of three readings was taken at each position and the result averaged.

After visual examination, including photography, selected irradiated elements with deliberate defects were
sectioned for metallographic examination and determination of local 0/U values. Transverse sections were cut
from areas with one and four defects, and from areas remote from the defects. Sections were etched to reveal
grain structure and degree of oxidation. Samples for determination of 0/U values were generally taken adjacent
to the metallographic samples.

RESULTS AND DISCUSSION

Irradiated Bruce G.S. Elements at 220 and 23U°C

Figure 3 shows the results for irradiated Bruct G.S. elements at 220 and 23O°C. Data are for the
one-defect and six-defect cases, with weight gain plotted against heating time. Undefected, irradiated controls
showed no weight gains at either temperature. In the six-defect case, temperature has a significant effect. At
220 and 23O°C, the rates of weight gain are about 10 and 15 x 10~4I/h,respectively; weight gains after about
600 h are about 0.6 and 0.8% respectively. In the case of the one-defect element, results are insensitive to
temperature, and the rates and weight gains are significantly lower than those observed for the six-defect case.
The rate of weight gain for the one-defect element Is about 4 x 10~4%/hj independent of temperature; total
weight gain is about 0.2-0.3%, a factor of three less than the six-defect case.

Dimensioning was carried out on element 8 following 601 h at 23O°C. In the vicinity of the four-defect
area, the maximum diametral increase was about IX, At each end, In the vicinity cf the single-defect hole, and
at element positions between the defect areas, there was no significant diametral increase. There was also no
significant change In the single-defect element. There were no significant diametral changes for either defect
case at 22O°C.

Figure 4 is a metallographic cross section taken transversely through the four-defect region at the centre
of Che element. A significant amount of oxidation has occurred in the vicinity of fuel cracks and at the fuel
centre. 0/U measurements of 2.40 suggest primarily U3O7. Though there has been significant oxidation, the
diametral increase is relatively small. This is further evidence that the phase formed at 230°C is primarily
U3O7, which is not accompanied by a volume increase. Metallographic cross-sections taken transversely
through a one-defect region at the end of the element are similar in appearance to Figure 4. There Is a
significant amount of oxidation but again the element diametral increase is small. Measured 0/U values at both
single-defect areas were 2.35 and 2.38.

Figure 5 shows a metallographic cross-section taken transversely through a region intermediate between the
one-defect and four-defect regions. The UO2 is essentially unoxidized, as confirmed by a higher magnification
examination. Measured 0/U values at both intermediate positions were 2.010. The weight gains and oxidation from
elements shown in Figures 4 and 5, respectively, are generally localized at the defect areas.
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Irradiated Pickering G.S. Element at 220, 230 and 250"C

Figure 6 shows results for Irradiated Pickering G.S. elements at 220, 230 and 250°C. Data are presented
for both six-defect and one-defect cases. Undefected, irradiated, controls showed no weight gain at all
temperatures. At 220 and 230°C, the rates of weight gain for six-defect elements are similar to those previously
observed for Bruce G.S. elements. This is shown more clearly by superimposing the bands of Bruce G.S. results on
Figure 6. From Table I and Figure 1, the one and three year cooling times for Pickering G.S. and Bruce G.S. fuel,
respectively, and different power histories, have not had any significant effect on oxidation response at 220 and
230°C.

The Pickering G.S. element results at 250°C show a rate of weight gain higher than at 220 and 230°C:
about 2 x 10~3z/h . At 118 h, the weight gain Is about a factor of two higher than that at 23O°C for the same
time. The 250°C test was terminated after 208 h when the element developed a longitudinal split at the central
(four-defect) area, shown in Figure 7.

Diametral increase measurements can be summarized as follows:

1 defect element: 0.2% at 220, 230°C
2% at 25O°C

ct elements: 0,5% at 220°C |- central lo
0.72 at 230°C ( (4 defects
5-12% at 250°C I

0.2% at 220, 23O°C S- end location
1.2-2% at 250"C ) (1 defect)

Figure 8 shows (a) single defect hole with oxide product visible and evidence of cracking after heating
208 h at 250°C and (b) the bulge at the defect.

Figure 9 is a metallographic cross section taken transversely through the split shown in Figure 7. Some
of the fuel is missing, and a significant area of the fuel is oxidized, as would be expected from the 5-12%
diametral increase. In the vicinity of the split, oxidation approaches 100%, but falls off rapidly (0/U) » 2.1
in the adjacent sample, about 1 cm from the end of the split. We were not able to take an 0/U sample from the
area of the split. Oxidation, plus a similar marked decrease in oxidation with distance from the defect, is seen
in the vicinity of the single-defect at the element ends, and was also observed to a lesser extent in the
irradiated Bruce G.S. element. Oxidation at the single hole corresponds with an 0/U at 2.4. In the adjacent
sample 0/U is about 2.13. In the areas between the four- and one-defect regions, less oxidation has occurred, as
shown in Figure 10, corresponding 0/U is 2.008 - 2.015. Dimensional, 0/U and metallographic results indicate
most oxidation is limited to areas close to the defects. As for the Bruce G.S. results, the weight gains for
the element in Figure 7 are assumed to be localized at defect areas.

Effect of Irradiation on Oxidation at 230°C

We carried out comparative oxidation tests on unirradlated and irradiated Pickering G.S. elements at
23O°C. Figure 11 shows weight gain as a function of time. In the six-defect case at 230°C, rate of weight gain
in the irradiated element is 1.2 x 10~3%/h, about a factor of 50 higher than that in the unirradiated element;
in the one-defect case, the rate in the irradiated element is 2.5 x 10"4X/h, a factor of 15 higher than that
in the unirradiated element.

Significance of Dimensional Results For Irradiated Elements

In Figure 12 we plot diametral increase as a function of time at temperature for defected Sruce and
Pickering G.S. elements at 22O-25O°C, for times up to 665 h. In the case of elements with six defects,
metallography has shown that oxidation proceeds Independently at or near the one-defect regions at the element
ends, and at the four-defect region near the elenent centre, for our study times. Thus, we have separated the
dimensional changes at or near the one-defect regions and the four-defect regions. Results from irradiated
elements with one defect are also plotted. Clearly, there Is a significant change between multi—defect behaviour
up to 23O°C and the multi-defect case at 250°C. The comparatively stable element dimensions below 250°C are
explained by the formation of the non-swelling U3O7 phase. The volume change that would accompany conversion
to U3O8 after about 200 h at 25O°C is sufficient to strain the sheath significantly to 5-12%, accompanied by
severe splitting. No severe splitting was observed during Intermediate weighings at 118 h; the split thus
occurred between 118 and 208 h. Note that in unirradiated AGR fuel (stainless-steel-clad) with one deliberate
defect, severe splitting occurred after 600 h at 250°C.

From the data at 220 and 230°C, no dimensional Increase exceeds about 1%. At 250°C, one-hole defects from
Pickering produce diametral increases of about 21. If we accept this as the limit above which significant sheath
splitting begins to occur, then defected, irradiated elements will remain dimensionally stable (I.e. diametral
increases less than 2%) for times up to at least 700 h at 220°C, 500 h at 230°C and between 120 and 200 h at
250°C, in which interval severe splitting occurred.
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We estimated oxide front velocities from Figure 4 and 9 assuming linear kinetics over the test period. We
obtained, in one diametral direction, 3.8 x 10"' m/s at 230°C and 2.0 x 10~8 m/s at 250°C. If we assume
an oxide front moving bi-directionally from a central defect area - with oxygen available for oxidation - a 500
mm long element could be completely oxidized in 760 days at 230°C and 145 days at 250°C. This time period is
significantly shorter than 1-2 years at 250°C suggested by Boase and Vandergraaf [1]. It is likely, however,
that they assumed decreasing temperature due Co lower decay power with time. Their results show the velocity of
the oxide front is 1.8 x 10"8 m/s [1] which is in agreement with our estimate of 2 x 10"8 m/s. In practice,
at least for the times of our study, air does not appear to have ready access to all the fuel; oxidation is
confined to the defect regions. In any case, our tests show severe sheath splitting due to localized oxidation
occurs at much shorter times, about 200 h, and might therefore be limiting.

We have examined fuel with deliberately-induced defects of constant dimensions. Work on the effect of
defect size, and the effect of naturally occurring defects is currently in progress. No work has been performed
on the effect of atmosphere. The maximum linear power of the fuel we studied was 45 kW/m. Commercial CANDU fuel
can operate at up to 62 kW/mj there could be a power effect, through microstructure, on oxidation.

CONCLUSIONS

1. Irradiated CANDU fuel elements with single and multi-defects maintained reasonable dimensional stability up
to 685 h at 220 and 23O°C. This is consistent with oxidation primarily to 0307. We recognize the
possibility of VJOQ formation at temperatures below 25O°C for times longer than those of our study.

2. At 220 and 230°C, there was no significant difference in response of defected elements with different power
histories and different cooling times.

3. Irradiated fuel showed rates of weight increases up to fifty times greater than those for unirradiated fuel
at 230 and 25O°C.

4. Irradiated CANDU fuel elements with single and ffiulti defects showed significant diametral increases (2-12%)
and severe sheath splitting after about 200 h at 250°C, consistent with oxidation primarily to UjOg.

5. No significant sheath splitting occurred below 2% diametral increase.
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Pickering G.S.* Unit 3
Bundle HO7696
Elements 13,17,18,19,

20,21,23,24

Bruce G.S.* Unit 3
Bundle F13S66
Elements 6,9,12,13,

FUEL

Starting Density (Mg/m3)
Starting 0/U

Grain Size (ym)

Element Length (mm)
U0 Element Weight (g)

1 Cladding

Thickness (mm)***

NATURAL UO?

10.6
2.005 + 0.005
10.

495.3
860.
Zircaloy-4

NATURAL UO,

10.6
2.005 + 0.005
10.

495.3
630.

Zircaloy-4

0.38 0.38

Outside Diameter (mm)

Coolant

Coolant Pressure (MPa)

Linear Power Range** (kW/m)

Burnup (MW.h/kg U)

Discharge Date

15.23P + P.025

Pressurized Heavy
Water

9.7

35-45

190.

1981 February 13

13.106 + 0.076

Pressurized Heavy
Water

9.7

20-45

170.

1978 November 10

*G.S. - Generating Station
**See Figure 1 for detailed history
***Clad is collapsible during irradiation; post-irradiation fuel-to-sheath gap

is about 0.1 mm

Table 1: Characterization of fuel for oxidation study

LU

LU

LU 100 200 300
BURNUP (MWh/kgU)

LU 0 100 200 300
BURNUP (MW-h/kgU)

(a) (b)

Figure 1 Power histories of (a) Bruce G.S. bundle F13566, insertion 1977 October 23, out 1978 November 10,
and (b) Pickering G.S. bundle H07696, insertion 1980 March 7, out 1981 February 13.
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DIMENSION. MET . „ D I U E N S I 0 N i M E T

O'U ° I- ,-,„,

Size and position of defects
deliberately Introduced prior
to tlie oxidation study. All
defects were 0.8 mm diameter
(holes not to scale). The
single defect was 247 mm from
the end. The six defect case
is shown. Sampling areas are
also indicated.

Figure 4 Bruce G.S. element 8, bundle F13566 after
601 h at 23O°C showing transverse section
through four-defect area (defect is at
2 o'clock).

t:> BWUI t UEMENTS

,.., • 6DEFEC5

Figure 3 Weight gain as a function of
time for Irradiated Bruce G.S.
elements at 220 and 230°C.
Undefected, irradiated controls
showed no weight gain.

Bruce G.S. element 8, bundle F13566 after
601 h at 23O°C showing transverse section
through area Intermediate between defect
areas. Central darkening Is due to grain
growth.
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RRADiATED ELEVENS

PICKERING H0?696

O 6 DEFECTS
J i J'C

• < DEFECT

D 6 DEFECTS

• i DEFECT

6 & DEFECTS

" ^ •" A i DEFECT

Weight gain as a function of
time for irradiated Pickering
G.S. elements at 220, 230 and
250°C. Undetected, irradiated
controls showed no weight gain.
Band of data from irradiated
Bruce G.S. elements (220,
230°C, 6 defects) is included
for comparison.

(a)

Severe sheath splitting in four-
defect area of Pickering G.S.
element 17, buadle HO7696 after
208 h at 250°C. Corresponding
diametral Increase is 5-12Z. Note
spalled oxide surface typical of
U3OS formation. Two of four
defect holf.s arrowed.

(b)

Pickering G.S. element 17, bundle HO7696
after 208 h at 25O°c, (a) single-defect
hole at end with oxidation product and
evidence of cracking, (b) diametral bulge
at the single defect. Note increase in hole
size in (a) accompanying diametral Increase.
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2 0.8

0.6

0.4
ix t-

ui —
% u.

o 0.2

I I |
PICKERING H07696

230"C

IRRADIATED

o 6 DEFECTS
• I DEFECT -

UNIRRADIATED .
v 6 DEFECTS
T I DEFECT

Irradiated Pickering G.S.
element 17 from bundle H07696
after 208 h at 250°C shows
transverse section through
split area.

Figure 11

200 400 600"

TIME <h)

Weight gain as a function of heating time
for unlrradiated and irradiated defected
Pickering G.S. elements at 230°C.

a: 8-

# PICKERING H07696 4 HOLES 250"C

O •' " ' HOLE

A " - 4 HOLES ?2G'c

SEVERE D "
SHEATH

SPLITTING

HOLES 33O'C

HOLE

• BRUCE F I 3366 1 HOLES 22O'C

O " I HOLE

200 400 600 800

TIME (hi AT TEMPERATURE

Figure 10 Irradiated Pickering G.S.
element 17 from bundle HO7696
after 208 h at 25O°C shows
transverse section remote from
defect areas.

Figure 12 Diametral Increase as a function of heating
time for defected, irradiated fuel eietsents.
We have separated the data from four-defect
and one-defect areas of the elements vith
six defects.


