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Abstract

Many particular appearance were observed on the fuel rod surfaces during fuel

inspection at reactor outage in 1991. The appearances looked like small black

circular nodules. The size was approximately 1 mm. This kind of appearances

were found on fuel rods of which burnup exceeded approximately 30 GWd/t and

at the second or third spans of the fuel assembly from the top. In order to clarify

the cause, PIE was performed.

The black nodules were confirmed to be oxide film spalling by visual

inspection.

Maximum oxide film thickness was 70 jL/m and spalling was observed where

oxide thickness exceeded 40 or 50 Aim. Oxide film thickness was greater than

expected.

Many small pores were found in the oxide film when the oxide film had

become thicker. Many circumferential cracks were also found in the film. It was

speculated that these cracks caused the spalling of the oxide film.

Hydride precipitates were mainly orientated circumferentially. Dense hydrides

were observed near the outer rim of the cladding. No concentrated hydrides were

observed near the spalling area. Maximum hydrogen content was 315 ppm.

It was confirmed that the results of tensile test showed no significant effects

by corrosion.

The mechanism of accelerated corrosion was studied in detail. Water

chemistry during irradiation was examined. Lithium content was maintained below

2.2 ppm. pH value was kept between 6.9 and 7.2. There were no anomalies in

water chemistry during reactor operation. Cladding fabrication record clarified that

heat treatment parameter was smaller than the optimum value.

In Japan, heat treatment of the cladding was already optimized by improved

fabrication process. Also chemical composition optimization of the cladding, such

as low Tin and high Silicon content, was adopted for high burnup fuel. These
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remedies has already reduced fuel cladding corrosion and we believe we have

solved this problem.

2. Fuel rod

Three fuel rods were withdrawn from 17X17 fuel assembly that was irradiated

2 cycles and transported to Hot cell Facility. Burnup of the rods are 35,000 -

35,400 MWdA. fuel rods are 3,852 mm long and its diameter is 9.5 mm.

Japanese 17X17 fuel has 9 grids.

3. Post Irradiation Examination

3.1 Visual Examination

Many spallings were found between 2000 mm and 3200 mm from bottom of

fuel rod. Spallings are circular and its diameter is 0.5 mm - 2.0 mm (Fig. 1).

White homogeneous oxide covered between 1000 mm and 3300 mm from bottom

of fuel rod. Other anomalies were not found.

3.2 Oxide film thickness and diameter measurement

Oxide film thickness was measured by Eddy Current Test (ECT). Maximum

oxide film thickness is 70 jum. spalling area is correspond to thick (>40~50 /im)

oxide film. These area is also shown in ECT charts as many dips (Fig. 2).

Diameter of fuel rod was determined by creep down and oxide film thickness. Fig.

3 shows axial diameter change and corrected diameter. Corrected diameter was

calculated by the relation :

corrected diameter = measured diameter - oxide film thickness X 0.85

Top G = 270 3145mm Bottom

Fig. 1 Spalled Cladding (Oxide Thickness : 55 \i m)
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As a result of correction, diameter of lower part was almost flat. But diameter

at spading area is larger than the diameter at the other area, it suggest that oxide

at spalling area is low density or contains gaps or pores.

3.3 Metallography

Fuel rods were cut at maximum oxide position and cross sections were

observed (Fig. 4). Oxide film contains many small pores and circumferential cracks.

According to the observation on the borderline of oxide and spalled part, crack in

oxide and surface of spalled part are continuous. It was speculated that these

cracks caused the spalling of the oxide film.

The oxide film under the spalled part looks like the other oxide film . No abnormal

corrosion occurred under the spalled part.

Hydride precipitates basically circumferential (Fig. 5). Most precipitated hydride

were observed near the surface of cladding. No concentration of hydride was

observed, even just under the spalling oxide. Maximum hydrogen content is 315

ppm at spalled area.

Small metallic particles were observed in oxide film close to cladding. These

metallic particles are observed by SEM and EPMA. The result shows these metallic

particles are Zircaloy (Fig. 6).

3.4 Tensile test

Tensile tests were performed under the condition of room temperature and

385°C (Table 1). Tensile test specimen were prepared double wing shape. In

case of 385°C, the samples at spalled area shows slightly lower 0.2% yield

strength than the sample at non spalled area. But 0.2% yield strength is grater

than 500 MPa and enough for fuel performance.

4. Discussion

After we found such a particular surface on the fuel rods, characterization data

of the fuel cladding and water chemistry during irradiation were investigated. Tin

content, Silicon content and heat treatment are important items for corrosion. Tin

content was center value of specification (1.52%). £Ai was low (0.9X10'18). Silicon

content was 80 ppm.

On the other hand, lithium content was maintained below 2.2 ppm, and pH

value was kept between 6.9 and 7.2. There were no anomalies in water chemistry

during reactor operation.
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Fig. 4 Metallography at Maximum oxide position (as polished)
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Fig. 5 Metallography at Maximum oxide position (etched)
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Fig. 6 EPMA results on metallic particle
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TABLE i. TENSILE TEST RESULTS

Rod
No.

1

2

3

SPAN

2

3

4

2

3

4

2

3

4

Specimen
Location^)

(mm)

3071

2621

2214

3069

2623

2203

3073

2621

2210

Test
Temperature

(°C)

385

385

R.T

385

R.T

385

385

R.T

385

Oxide
Thickness

(mm)

0.062

0.055

0.036

0.060

0.051

0.037

0.052

0.045

0.035

0.2%
Yield

strength
(MPa)

491

527

741

514

668

546

517

624

543

Ultimate
Tensile

strength
(MPa)

604

646

979

624

950

686

637

938

674

Total
Elongation(2)

(%)

1 3 - 14

1 4 - 15

1 4 - 15

1 0 - 19

1 1 - (3)

1 9 - 19

1 7 - 18

1 4 - 16

18 -20

R.T. : Room Temperature
(1) At the middle of the specimen
(2) Va!ue on 1st wing - value on 2nd wing
(3) Only one wing tested



We performed on-site oxide film thickness measurement also. At this time,

we used two different type of cladding, due to different tube shell maker, one is

the same as the cladding that we used at this work. The another is higher SAi

(3X10"18) and lower Si content (<30ppm). Two type of claddings show same

corrosion behavior, such as oxide thickness and surface condition.

As there were no anomalies in water chemistries and two type of cladding

show same corrosion behavior, we conclude that both heat treatment and Si

content affect corrosion behavior.

Based on the PIE results, mechanical properties of spalled cladding nearly

equal to normal one.

5. Conclusion

We performed hot cell PIE for spalled claddings. The results show that these

claddings has thick oxide but these mechanical performance is enough for usual

operation.

For better performance, we change the heat treatment of cladding and Si

specification of Si content. These change will be solve the problem up to the

burnup limitation of 48 GWd/t.
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