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Abstract

The irradiation of the first Argentine prototypes of PHWR MOX fuels began in 1986. These experiments
were made in the HFR-Petten reactor, Holland. The rods were prepared and controlled in the CNEA's facility.
The postirradiation examinations were performed in the Kernforschungszentrum, Karlsruhe, Germany and in the
JRC, Petten. The first rod has been used for destructive pre-irradiation analysis. The second one as a pathfinder
to adjust systems in the HFR. Two additional rods including iodine doped pellets were intended to simulate
15000 MWd/T(M) burnup. The remaining two rods were irradiated until 15000 MWd/T(M) (BU15 experiment).
One of them underwent a final ramp with the aim of verifying fabrication processes and studying the behaviour
under power transients. BACO code was used to define the power histories and to analyse the experiments. This
paper presents the postirradiation examinations for the BU15 experiment and a comparison with the BACO outputs
for the rod that presented a failure during the ramp test of the BUI5 experiment.

1. INTRODUCTION

The irradiation of the first prototypes of MOX fuels fabricated in Argentina began in 1986 [1].
These experiments were made in the HFR-Petten reactor, Holland. The six rods were fabricated in the
a Facility (GAID-CNEA-Argentina) [2].

The first rod has been used for destructive pre-irradiation analysis in the KFK
(Kernforschungszentrum Karlsruhe), Germany. The second one was a pathfinder to adjust systems in the
HFR [3]. The rod was irradiated for approximately 100 hours with a final ramp.

Two additional rods included iodine doped pellets. One of them Csl and auxiliary components and
the second one elemental iodine. The concentration of iodine was calculated to simulate a burnup of 15000
MWd/ton(M) [4]. The power histories were defined with the BACO code. An irradiation period of 15
days including two power cyclings and a final ramp was designed.

The experiment named BU15 was performed with the last two rods. The goal of this experiment
was to verify the fabrication processes and to study the fuel behaviour with respect to PCI-SCC. Both rods
were irradiated together for a long period and then one of them underwent a final power ramp after a short
preconditioning irradiation. The final burnup was 15000 Mwd/ton(M). The power level during irradiation
was low and without important demands, only the normal shutdowns of the HFR. The ramp was similar
to that used for the iodine test [5].

The pathfinder had an excellent behaviour in the HFR reactor. The presence of mierocracks in
the cladding inner surface was observed in the Csl doping test as it was predicted with the BACO code,
although the postirradiation examinations were not conclusive about this point.
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During the BU15 experiment the final test ramp was interrupted due to an increase of radioactivity
in the coolant due to a failure in the rod. The visual inspection of the rod revealed a defect consisting in
a small circular hole.

Using the BACO code taking special care in the stress analysis of the rod and in the calculation
of the inventory of the fission gases, we found that the maximum power level reached in the defective zone
of the MOX rod was similar to the threshold value to induce stress corrosion cracking (SCC) in standard
LWR fuels.

Postirradiation analyses have shown that the defect in the BU15 rod was a SCC failure, in good
agreement with BACO [6].

The analysis of the experiment made with the BACO code an a complete description of the
calculation was presented at the IAEA's TCM on "Water Reactor Fuel Element Modelling at High Burnup
and Experimental Support" (Windermere, 1994) [7]. At that meeting it was suggested that additional
postirradiation examinations and more details of the failure condition would be needed to confirm the
failure as being due to PCI. This report is a continuation of the above mentioned paper. We present a
short description of the experiments performed with the MOX fuel rods, the main findings of the new set
of postirradiation examinations (not available at the Windermere meeting) and the results attained using
the BACO code to study the behaviour of the defective fuel rod.

2. FUEL RODS DESCRIPTION

The rods were originally designed for the MZFR reactor (Karlsruhe, Germany). Due to the
decommissioning of the MZFR, the experiments were performed in the HFR-Petten reactor. It was
necessary to do some rod dimensional changes (i.e. fuel length) and to modify the end plug design.

Figure 1 shows the rod type Al. Table I presents the main characteristics of the rod.

3. BU15 EXPERIMENT DESCRIPTION

The BU15 irradiation experiment was carried out with fuel rods A. 1.2 and A. 1.3, both similar
to the pathfinder. The power history for this irradiation test was proposed upon calculations made with
the BACO code. The target duration of the irradiation was an average burnup of 15000 MWd/ton(M),
more or less twice the final burnup for Atucha I fuel. After the steady state irradiation at on average power
level of 230 W/cm one of the rods was submitted to a power ramp [8].

During the steady state irradiation both rods were assembled together through a threaded coupling.
This system permits an easy disassemble of the two rods in any irradiation stage.

The average burnup of 15000 MWd/t(M) was reached in two main steps:

a) Up to a burnup of 8100 MWd/t(M) the rods were irradiated in different locations of the HFR
core. The irradiation device consisted in an aluminum fuel rod capsule located in either of two
different carriers. The first of these consisting an aluminum structure in the core section whilst
the other had a hollow stainless steel structure having the possibility of containing pressurized BF3

gas for power control purposes. The primary pressure in the fuel rod capsule was kept at 145 bar
(see Fig. 2), and

b) Up to a burnup of 15000 MWd/t(M) both rods were irradiated in the Pulse Side Facility (PSF) of
the reactor (see Fig. 3). The irradiation device consisted of an aluminum fuel rod capsule located
in a special PSF capsule carrier which can be translated parallel to the HFR core box wall. Also
the primary pressure in the fuel rod capsule was kept at 145 bar.
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Fuel Rod for the BU-15 experiment

TOP BOTTOM

(241mm)

(287 mm)

Fieurel: MOX fuel rod type A. 1 for the BUI 5 experiment.

Table I MOX fuels irradiated at Petten reactor.
Fuel rods characteristics (U/Pu mixed oxide)

Table la : Fuel rods type A. 1, A.3 y A.4.

Rod

Length [cm]

Pellets number

Compensating pellets number

Filling gasses

Filling pressure

A.I

24.1 cm

21

1

He

1.15 atmospheres

Table Ib : Pellets

Density

Pellet height

Pellet diameter

Pu r JU+Piw

Enrichment (U^+Pu)

O/M relation

Dishing volume

10.52 ± 0.04 gr/cm'

11.2 ± 0.1 mm

10.40 ± 0.01
0.53 %
1.25 %

2.00

25. ± 5. mm'

Table Ic : Cladding

Cladding material

Cladding inner diameter

Cladding thickens

Zry-4

11.7 mm

0.6 mm
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BU15 Experiment- Rod A. 1.3
Power History at the HFR core
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Figure 2: Power irradiation history for the A. 1.3
fuel rod in the HFR core.

BU15 Experiment - Rod A.1.3
Power History at Pool Side Facility

8000 9000 10000 11000 12000 13000 14000 15000 16000
Burnup [MWd/lon(M)]

Figure 3: Power irradiation history for the A. 1.3
fuel rod in the Pool Side Facility (PSP).

After termination of the bulk irradiation phase both fuel rods were disassembled in the Petten hot
cells and the A. 1.3 rod was prepared for insertion into a standard LWR fuel testing capsule consisting in
an aluminum capsule located in a similar carrier as described in b), which allowed to adjust it to a specified
power level. In this case the primary system pressure in the fuel rod capsule was kept during the ramp
test phase at 115 bar (e.g. PHWR system pressure).

The ramp proposed consisted in two parts (see Fig. 4):

1)

2)

a short period of pre-irradiation power level in the PSF position which will be used for the ramp
test in order to determine the experiment power versus PSF position characteristics and,
the ramp test starting with a ramp rate of 50 Wcm'min'1 from nearly zero power to maximum
420 W/cm linear fuel rod power and followed by a 6 hours steady state holding at this maximum
power.
The ramp test was performed following the proposed schedule. However, instead of the anticipated

high power level of 420 W/cm the maximum fuel power reached only a maximum ramp power level of
approximately 380 W/cm, due to the low quantity of remaining fissile material in the fuel rod.
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BU15 Experiment - Rod A.1.3
Power History during the Ramp test
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Figure 4: Power irradiation history for the A. 1.3
rod in the PSF during the ramp test.

Rods A. 1.2 and A. 1.3 behaved during the stationary phase as it was expected:

no rod failures were detected,

no fabrication defects were evident.

During the EOL power ramp, rod A. 1.3 behaved as follows:

a maximum power of 390 W/cm was reached,

the power ramp had to be finished earlier than planned due to an increase in activity in the coolant
circuit,
visual inspection of the fuel rod revealed the existence of a small circular hole in the cladding

During operation for the entire experiment the total power production was determined via a heat
balance approach by measuring the increase in temperature of the capsule coolant water and then the real
power fuel rod production by difference with the measured nuclear heating of an empty capsule structure.

The axial power distribution of the fuel rods, as characterised by the normalised thermal neutron
fluence, for the different irradiation phases are shown in Figs. 5, 6 and 7. The relative physical position
of the fuel rods is superimposed on these plots.

The power history includes the normal cycle operation, it means, reactor shutdowns, variations
from the planned average power in the fuel rods of approximately 100 W/cm and the final ramp test for
the A. 1.3 fuel.

The total time for this test was of 1020.2 calendar days, corresponding to 26 irradiation periods
(531.5 days) and 26 periods on which the fuels rods were not irradiated clue to changes of irradiation
capsules, reactor shutdowns or non availability of a suitable core position.

After a cooling time of 49 days and 9 hours rod A. 1.3 was submitted to a power ramp.

Before the ramp test a preconditioning irradiation was performed, increasing power rate at 7.2
W/cm.min during 42 minutes until an average fuel rod power of 250/260 W/cm was reached. This last
power level was held 39 minutes. The fuel rod power was then reduced during 5 minutes at a power rate
of 48 W/cm.min until an average fuel rod power of 10 W/cm was attained, after 10 minutes, the power
level was increase at a rate of 43 W/cm.min during 8 minutes tu a final average rod power of 350/360
W/cm. This power was held during 52 minutes.
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Thermal Neutronic Flux
HFR core irradiation
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Figure 5: Thermal neutronic flux distribution for the
assembly in the HFR core.
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Figure 6: Thermal neutronic flux distribution for the
assembly in the Pool Side Facility (PSF)
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Figure 7: Thermal neutronic flux distribution for
the A. 1.3 fuel rod in the PSF during the
ramp test.
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At approximately 28 minutes operation at the ramp power level an increase of the activity of the
primary water was detected. This activity peak decreased after 6 minutes to its previous level. As this
event gave reason for assumption of a fuel rod failure the experiment was 24 minutes after the start of the
activity release shutdown at a power rate of 175 W/cm.min during 2 minutes.

It is noteworthy that at beginning of life, the A. 1.2 and the A. 1.3 fuel rods reached maximum peak
fuel rod power of 430 W/cm and 380 W/cm respectively. The average for the assembly was 330 W/cm.
These maximum peak power levels, during that pre-irradiation period, where higher or equal than the
maximum power reached during the final ramp test for the A. 1.3 fuel rod.

4. POSTIRRADIATION EXAMINATIONS OF THE BUI5 EXPERIMENT

After finishing the low level irradiation in the HFR, the irradiation device was disassembled and
some non-destructive examinations were done on both pins [17]. These examinations were repeated on
fuel rod A. 1.3. after the transient. Destructive examinations were performed on both rods (for A. 1.2 after
the low level irradiation and for A. 1.3. after the transient). The main findings of the postirradiation
examinations are described in the following paragraphs.

4.1 Visual Inspection

Both pins were photographed from three orientations along the whole axis after the low level
irradiation. Rod A. 1.3. was photographed in the same manner after the transient.
No unusual features appeared in both rods after the low level irradiation.

The following findings can be stated for pin A. 1.3. after the power ramp:

Rod colour was mainly light grey, the zone next to the female screw end plug (bottom end plug)
was dark grey coloured.
From 219 mm, counting form the lower end plug, up to the upper end plug the surface shows
metallic luster.
A defect appeared approximately at position 171.2 mm from the lower end plug, shown in

Fig. 14.

4.2 Eddy Current Check

Eddy current testing was done in the pins:

a) before irradiation,
b) after the low level irradiation before the transient and
c) after the transient for rod A. 1.3.
Results are shown in Figs. 8 and 9.

Before irradiation slight wavelike oscillations are observed along the fuel column.
After low level operation the amplitude of the oscillations has increased and a correlation with the pellet
structure of the fuel column and with the power profiles of the irradiation (maximum oscillations
corresponding to maximum power positions) is clearly visible. This should be compared with the
irradiation power profiles shown in Figs. 5, 6 and 7.

After the transient performed on rod A. 1.3 the amplitude of the oscillations has increased
noticeably with respect to those observed after the low level irradiation, here again a correlation with the
power profile during the ramp is apparent.

A careful inspection of rod A. 1.3 after the transient revealed a small defect at position 171.2 mm
counting from the lowest end of the bottom end plug.
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Eddy Current (A. 1.2 fuel rod)
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Figure 8: Eddy current check. Fuel rod A.I.2

Eddy Current (A. 1.3 fuel rod)
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Figure 9: Eddy current check. Fuel rod A. 1.3
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4.3 Neutron Radiography

Both pins were subjected to neutron radiography before and after low level operation and rod
A. 1.3. was tested again after the transient. Exposures were taken from two orientations with 0° and 90°
angles.

Radiography has penetrated the fuel completely so that the internal geometry of the fuel column
could be evaluated. The following findings can be stated:

Pellets and their dishings can be clearly discerned.
Most of the pellets show some cracking. The direction of the cracks is preferably longitudinal or
diagonal. There are not pronounced transversal cracks that separate pellet sections.
Moisture is visible inside the A. 1.3 rod after the transient, in the area near the defect.

4.4 Gamma Scanning

Gamma scanning was performed on both fuel rods after the low power irradiation while they were
still attached to each other. Rod A. 1.3. was tested after the transient.

For the two rods after the low level irradiation gamma spectrometry was performed with only
about 10.8 days cooling time. In this way it was possible to detect also short-lived radionuclides like 132Te.
For eight radionuclides axial scans were taken along the length of both test pins still attached to each other.
Results of this test are shown in Tables II, III and /Vfor each individual fuel rod and for the average of
the assembly. A gamma scanning profile for 1J0La is shown in Fig. 10.

Some of the findings of this test will be mentioned below:

The interfaces between all the pellets are visible as activity dips.
The maximum of rod power according to the scans of the non-migrating radionuclides is located
in the upper part of rod A. 1.2., near the male screw end cap.
A strong power gradient can be observed in pin A. 1.3 where the upper end has seen only 52%
of the maximum power.

Gamma scanning of rod A. 1.3 has been performed after a cooling time of 38.2 days after the end
of the power ramp. Gamma scanning profile for 140La is shown in Fig. 11. Neither the axial power
distribution nor the peaking factors have been appreciably modified due to the short irradiation time during
the transient.

4.5 Dimensional Control

Dimensional control has been performed on rod A. 1.2 after the low level irradiation and on rod
A. 1.3 after the transient. Digital measurement with a length increment of 0.5 mm and an angle increment
of 15° was applied.

Common to all graphs was the appearance of circumferential ridging due to mechanical interaction
between fuel and cladding. Ridging is clearly more pronounced for rod A. 1.3, indicating the greater
extent of the pellet-cladding interaction during the transient. The ridges had a height of about 10-15 jun
for rod A. 1.2 and 20-25 îm for rod A. 1.3 with the location corresponding to pellet-pellet-interfaces. A
correlation of the ridge height with the power profile for both the low level irradiation and the power ramp
is apparent. Plots of rod diameter vs. length are shown in Figs. 12 and 13.

4.6 Sectioning Diagram

On the basis of the findings of non destructive post-irradiation examination, sectioning diagram
for the destructive examination was set up. For rod A. 1.2 a zone near the maximum linear power during

349



TABLE II: y spectrometry for the A. 1.2. rod (15000 MWd/t(M) of irradiation)

NUCLEIDE

141pC

lJ2r-e

,3,J

1 0 3Ru

,06RU

,„(,*

*5Zr

l40La

Average
Activity

5789.9

6326.8

14483.3

43021.4

2311.2

2158.3

17056.4

22451.9

Maxim
Activity

6168

7009

15505 "

46410

2507

2297

18283

23283

Maxim
Position

321.92

297.60

309.19

313.14

341.48

366.82

298.25

297.00

Peak factor

(% of mean)

106.5

110.8

107.1

107.9

108.5

106.4

107.2

106.7

TABLE III: y spectrometry for the A. 1.3. rod (15000 MWd/t(M) of irradiation)

NUCLEIDE

l 4 'C e

132T-e

131,

,06 R U

»7CS

*zr

l40La

Average
Activity

4609.3

5409.8

12064.8

34178.1

1692.1

1584.2

14341.4

19134.6

Maxim
Activity

6042

6961

15300

45545

2374

2127

18119

23799

Maxim
Position

257.60

257.60

257.60

257.60

257.60

257.60

257.60

257.60

Peak factor

(% of mean)

131.1

128.7

126.8

133.3

140.3

134.3

126.3

124.4

the low level irradiation was selected. For rod A. 1.3 the area near the defect has been chosen for a
complete cross section microscopic examination.

4.6.1 Pin A. 1.2

The fuel pellet is heavily cracked. The cracks run mostly radially but there is also a
circumferential crack about halfway from the center to the periphery.
The gap between fuel and cladding measures 8 to 12 pm radial.
Normal grain size is 7.6 /xm diameter in the periphery and 9.0 fim in the central zone.
Pu distribution is homogeneous without agglomerations (see Fig. 15).
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TABLE IV: y spectrometry for the assembly of rods A.1.2 and A.1.3 (Average)

NUCLEIDO

M I C e

I32je

1 3 1I

1 0 6 RU

137CS

«zr

Average
Activity

5267.3

59953.4

13434.8

39155.6

2033.3

1894.1

15888.5

21027.3

Maxim
Activity

6168

7011

15505

46410

2507

2297

18283

23967

Maxim
Position

321.92

290.45

309.19

313.14

341.48

366.82

289.25

295.27

Peak factor

(% of mean)

117.1

117.8

115.4

118.5

123.3

121.3

115.1

114.0

MOX fuels irradiated at Petten reactor
Table V : BACO outputs for the A.I .3. pin.

Table Va : Maximum values reached during irradiation for each axial section.

Linear power [W/cmj

Pellet centre temperature |°C]

Pellet surface temperature I°C]

Hoop stress [MPal

Contact pressure [MPal

von Misses equivalent stress at pellet centre
[MPa]

Surface crack scope [cm)

Cladding radial strain |%]

Cladding axial strain I%1

V"
430.

1433.

422.

174.

37.

609.

0.17

0.29

0.11

Axial

2'"

385.

1245.

413.

154.

34.

382.

0.21

0.17

0.11

section

3°'

340.

1102.

408.

130.

3 1 .

347.

0.24

0.09

0.11

4°'
366.

1191.

415.

191.

40 .

439.

0.21

0.08

0.11

5O1

409.

1334.

424.

208.

43.

384.

0.20

0.08

0.11

'" Maximum values reached at BOL (beginning of life)
m Maximum values reached at the final ramp (EOL)

4.6.2 Pin A.I.3

Starting from position 180.1 mm, always counting from the bottom end plug, a series of cross
sections have been prepared and examined, moving the sectioning position towards the observed location
of the defect (171.2 mm), until the failure was clearly visible (Fig. 16).

The defect was a branched crack, through-wall type located near a circumferential ridge, facing
a dip in the pellet surface (Fig. 17). Other similar incipient cracks have been revealed by the
ceramography (Fig. 18). Although studies have not been made of the fracture surface the path cracking
observed is typical of a PCI-SCC failure [9,10].

Grain size is 7.6 pm in the periphery and 9.0 /xm in the centre of the pellet.
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Table Vb : Reached values for each axial section EOL, cero power and STP conditions

Pellet radius [cm]

Cladding inner radius [cm]

Cladding outer radius [cm]

Gap [fjm]

Active stack length [cm]

Cladding length [cm]

Cladding radial strain [%]

Cladding axial strain [%]

STP Produced gases volume
[cm3]

STP Released gases volume
[cm3]

STP Trapped gases volume
[cm3]

STP Fission gases volume at grain
boundary [cm^]

Local Burnup [MWd/ton(M)]

Axialsection

1

0.5193

0.5198

0.5820

10.

4.777

4.785

-0.44

-0.72

18.67

0.405

11.78

6.47

19725.

2

0.5195

0.5199

0.5823

9.

4.775

4.784

-0.38

-0.76

16.36

0.195

11.49

4.68

17651.

3

0.5191

0.5195

0.5819

8.

4.775

4.786

-0.45

-0.70

14.03

0.084

10.9

3.01

15575.

4

0.5183

0.5190

0.5817

12.

4.780

4.782

-0.48

-0.80

11.62

0.030

9.92

1.67

13089.

5

0.5176

0.5189

0.5817

26.

4.782

4.784

-0.48

-0.76

9.82

0.034

8.37

1.42

10180.

Table Vc : Reached values for the rod at EOL and at STP conditions (and cero power).

Active stack length

Cladding length

Axial cladding strain

Gases pressure
Fraction gas release

Produced gases volume (STP)

Released gases volume (STP)

Trapped gases volume (STP)

Fission gases volume at grain
boundary (STP)

% He

% Xe

% Kr

Burnup (average)

EOL

23.95

23.94

-0.63

0.33

STP

23.89

23.92

-0.75

0.15
1.1

70.50

0.75

52.50

17.25

72.

24.

4.

15244.

Units

cm

cm

%

MPa

%

cm3

cm3

cm3

cm3

%

%

%

MWd/ton(M)
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Figure 10: Gamma scanning profile for 140La before the ramp.

15000

12500-

10000-

< 7500-

o

< 5000-

2500-

T * ' I I

GAMMA SCANNING NUCLE!DE.woLa

A.1.3

0 20 tO GO 80 100 120 140 160 ISO 200 220 240 260

AXtAL DISPLACEMENT (mm)

Figure 11: Gamma scanning profile for 140La for rod A.1.3 after the
power ramp.
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Dimensional control. A. 1.2 fuel rod after irradiation (15000 MWd/ton(M))

f-t-M-M-HH-M I I l-f-M4-l-R»

0.00 x+41,65 mm.

Figure 12: Diameter vs. lenght for fuel rod A. 1.2

Dimensional control. A.1.3 rod after irradiation (15000 MWd/ton(M))

aoo s i n.csmm.

Figure 13: Diameter vs. lenght for fuel rod A. 1.3

5. BACO CALCULATIONS FOR THE A. 1.3 FUEL ROD

5.1 Baco Code

The BACO code (BArra COmbustible) simulates the fuel rod behaviour under operation conditions
in a nuclear reactor. BACO code includes the following calculations and models: strain-stress state of the
cladding and pellet system, cladding and pellet thermal-elastic-plastic analysis, swelling, pellet cracking,
grain growth, relocation, porosity histogram evolution, creep, cladding anisotropy, fission gases inventory
and gap conductance [11, 12 and 13].
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Figure 14: Fuel rod type A. 1.3 showing the
hole that it is included in the circle.

Figure 15: a-Autorrad. of a section of the fuel
rod A.I .3 showing the Pu
distribution.
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Fisure 16: Micrograph of a cross section near
the defect of the fuel rod A. 1.3

Figure 17: Micrograph of the defect of the fuel
rod A. 1.3



Figure 18: Micrograph of a crack in the
cladding of the fuel rod A. 1.3 in
other section that support maximum
stresses (same height at the defect).

The BACO code development began in 1974 in CNEA. The latest version of the code takes
advantage of the hardware and software new tools, incorporates new behaviour models to manage a new
set of experiments, and new requirements of design.

The IAEA's CRP FUMEX (Co-ordinated Research Programme on Fuel Modelling at Extended
Burnup) required a preliminary work with the BACO code in order to verify, to correct and to change
models, calculations structuring and convergence analysis, leading to BACO version 2.20 employed in this
work.

The job schedule was a feedback work, the code was used to define the irradiation experiment and,
in the next stage, the BACO output was employed to up-grade the code.

5.2 Calculation Results

Due to the appearance of the defect in rod A. 1.3 a more detailed calculation with the BACO code
has been made.

The power axial profile was obtained from Fig. 2 on Reference [ 14] (pre-irradiation stage), the
Fig. 2 from Reference [15] (pre-irradiation ramp stage) and from Fig. 2 from Reference [16] (power
ramp). We divided the MOX pin in 5 axial sections. The fifth axial section chosen corresponded to the
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defective zone, where we observed the maximum peak level during the power ramp. Figure 19 shows the
power irradiation history used for the BACO calculations. Figure 20 shows the power history for the
defective zone in the A. 1.3 fuel rod (the fifth axial section in BACO code).

BU15 Experiment- Rod A. 1.3
Power History at the HFR Petten

0 2000 4000 6000 8000 10000 12000 14000 16000
Burnutfav) [MWd/ton(Ml]

Local Power History
MOX Fuel rod A.1.3 (defective section)

0 2000 4000 6000 6000 10000 12000 14000 16000
Bumup(av) [MWaVton(M)]

Figure 19: Power irradiation history for the A. 1.3. Figure 20: Local power history for the rod A. 1.3 in
the defective zone.
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Figure 21: Pellet radius evolution for the fuel rod
A. 1.3 in the defective zone as it was
calculated for the BACO code.

Figure 22: Cladding outer radius evolution of the fuel
rod A. 1.3 in the defective zone as it was
calculated for the BACO code.
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Figure 23: Pellet centre temperature.
Defective zone in the A. 1.3 fuel rod.

Figure 24: Fission gas inventory evolution in the
rod A. 1.3
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Pellet and cladding contact appeared in the first days of irradiation due to the small gap and high
power condition. The gap opened when shutdowns took place. It is easy to identify the densification and
swelling behaviour (Fig. 21). Figure 22 shows the evolution of the external radius of the cladding.

Pellet centre and cladding inner surface temperatures were acceptable. Figure 23 shows the
relative low temperature for the pellet centre of the defective axial section during pre-irradiation period
and the increase in temperature in the final ramp.

Figure 24 shows the fission gases inventory evolution. We discriminate:

produced fission gases (upper curve),
released fission gases (lower curve, just above the x-axis),
fission gases trapped in the UO; matrix, inside the grain (medium upper curve), and
fission gases kept in grain boundary (medium lower curve).

There was a tendency to saturate the grain boundary.

Figure 25 completes the above information with the released gases fraction. The fraction
released for the A. 1.3 rod was 1.1 %. A complementary vision of free gases in the rods is shown in
Figure 26 where we discriminate de percentage of He, Xe and Kr in the free volume, there is a direct
relationship between gap conductance and gas composition (see Figure 27).

There was stress reversal in the rod due to the shutdowns (Fig. 28). The hoop stress maximum
was 208 MPa in the A. 1.3. rod for the defective axial section. We can assume a direct relationship
between Ihe defect and that hoop stress. The defective zone supported the strongest mechanical demands
and the value reached for the hoop stress is practically the SCC threshold. The biggest power increment
was the last ramp:

Ql(end) - Ql(initial) = 29O.W/cm

The radial contact stress between pellet and cladding was very strong too (Fig .29).

The final pressure in the rod due to free gases was about 0.45 MPa (see Figure 30).

We calculated a growth in the grain size in the central zone of the pellet from Rg (initial) = 6.2
jtm to Rg (end) = 16 urn.

Table V shows the parameters calculated with BACO code. Results are comparable to those
reported in (4.1). Due to the lower power, the final burnup for the A. 1.3 fuel rod was lower than that of
the assembly, and the local burnup in the defective zone was the lowest.

6. CONCLUSIONS

The maximum hoop stress and pellet-cladding radial contact pressure appears in the axial section
corresponding with the failure (Figs. 28 and 29).

There was a good agreement between experimental results and BACO code predictions, specially
with respect to the relationship between the failure position and characteristics and the mechanical demands
predicted [7].

The presence of microcracks inside the cladding in the doped rods, the coincidence between the
predicted and measured pellet-cladding gap values, the temperature calculated and the microstructure
observed, the grain sizes distribution, indicated a good BACO code evaluation.
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Figure 25: Fission gas release fraction in the
fuel rod A. 1.3.

Figure 26: Gases composition in the fuel rod as it
was calculated using the BACO code.
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Figure27: Gap conductance in the fuel rod as it
was calculated for the BACO code.

Figure 28: Hoop stress for the A. 1.3 fuel rod
in the defective zone.
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Figure 29: Radial pellet-cladding contact pressure.
Defective zone in the A. 1.3 fuel rod.

Figure30: Gas pressure in the fuel rod as it was
calculated for the BACO code.

360



The defective zone of the A. 1.3 rod had the biggest mechanical demands. The calculated hoop
stress was ov=208 Mpa. This value indicated that PCI-SCC was the mechanism likely to produce the
failure. That prediction was confirmed with the post-irradiation examinations (Fig. 17).

The absence of fabrication induced failures in the irradiated rods is an important achievement in
our MOX fuel development program.

This work was partially performed in the frame of the KFK (Germany)-CNEA (Argentine)
Agreement for Peaceful Uses of Nuclear Energy.
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