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fuel pins. No defect was found in other fuel pins of the bundle. Metallographie examination of 
fuel sections taken from the crack location in the failed fuel pin showed extensive restructuring 
of fuel. The centre temperature of the fuel had exceeded 1700 °C at this location in the failed fuel 
pin, whereas fuel centre temperature in the un-failed fuel pin was only about BOO^C. Severe 
fuel clad interaction was observed in the failed fuel pin at and near the location of failure but no 
such interaction was observed in the un-faiied fuel pins. Several incipient cracks originating from 
the inside surface were found in the cladding near failure location in addition to the main through 
wall crack. The incipient cracks were filled wi th interaction products and hydride platelets were 
present at tip of the cracks. It was concluded from the observations that the primary cause of 
failure was the presence of a part-wall defect in the end cap weld of the fuel pins. These defects 
opened up during reactor operation leading to steam ingress into the fuel, which caused high fuel 
centre temperature and severe fuel-cladding interaction resulting in secondary failures. A more 
stringent inspection and quality control of end plug weld during fabrication using ultrasonic test 
has been recommended to avoid such failure. 
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ABSTRACT 

Detailed post irradiation examination was carried out on a PHWR fuel bundle 
irradiated at Kakrapar Atomic Power Station unit # 2 (KAPS-2). The fuel bundle had 
failed early in life at a low burnup of 387MWd/T. Non destructive and destructive 
examination was carried out to identify the cause of fuel failure. Visual examination and 
leak testing indicated failure in two fuel pins of the outer ring of the bundle in the form of 
axiai cracks near the end plug location. Ultrasonic testing of the end cap weld indicated 
presence of lack of fusion type defect in the two fuel pins. No defect was found in other 
fuel pins of the bundle. Metallographic examination of fuel sections taken from the crack 
location in the failed fuel pin showed extensive restructuring of fuel. The centre 
temperature of the fuel had exceeded 1700°C at this location in the failed fuel pin, 
whereas fuel centre temperature in the un-faiied fuel pin was only about 1300°C. Severe 
fuel clad interaction was observed in the failed fuel pin at and near the location of failure 
but no such interaction was observed in the un-failed fuel pins. Several incipient cracks 
originating from the inside surface were found in the cladding near failure location in 
addition to the main through wall crack. The incipient cracks were filled with interaction 
products and hydride platelets were present at tip of the cracks. It was concluded from 
the observations that the primary cause of failure was the presence of a part-wall defect 
in the end cap weld of the fuel pins. These defects opened up during reactor operation 
leading to steam ingress into the fuel, which caused high fuel centre temperature and 
severe fuel-cladding interaction resulting in secondary failures. A more stringent 
inspection and quality control of end plug wetd during fabrication using ultrasonic test 
has been recommended to avoid such failure. 

Keywords: PHWR, Restructuring, Low burnup, Fuel failure, Cladding. 
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J. L. Singh, P. M. Ouseph, V. D. Alur, H. N. Singh, 

S. Anantharaman and D. N. Sah 

Post Irradiation Examination Division, 
Bhabha Atomic Research Centre, 

Trombay, Mumbai - 400 085 

1. INTRODUCTION 
Fuel bundle no.108305 was loaded in KAPS-2 on March 31, 1999 in channel 

L-06 at the 4th string position. The bundle was pushed to the 12th position when it was 
suspected to have failed. It was discharged from the reactor on April 17, 1999 after a 
residence of 17days in the reactor. The calculated fuel burn-up was reported to be 
387MWd/Te. This fuel bundle was received at hot cells of PIE Division for post 
irradiation examination on Oct 25,1999, after a cooling period of 6 months. 

2. BUNDLE DISMANTLING 
The fuel bundle consisted of 19 fuel pins arranged in a circular array as shown in 

Fig.1. After preliminary examination, the bundle was dismantled using a CNC based 
laser system installed in the hot-cells (Fig.2). The laser used for remote cutting is 150 
watts pulsed Nd-YAG developed by CAT, Indore. The cutting head is at the end of a 25 
meter fiber optic cable and is mounted on a CNC machine. The bundle was dismantled 
by cutting out the 1.5 mm thick Zircaloy end plate at the locations around the spot welds. 
After one end was cut, the bundle was rotated by 180° and a similar operation was 
carried out. The cutting speed was 100 mm/min and a continuous flow of argon cover-
gas was maintained. The requirement is that during cutting no substantial heat flows to 
the region of the end plug and the weld zone of the individual fuel pins. Fig.2 shows 
bundle dismantling in progress inside the hot-cell. 
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3. NON-DESTRUCTIVE EXAMINATION 

3.1 Visual examination 
Detailed visual examination was carried out on ail tine fuel pins using a wall 

periscope. Presence of an axial crack of about 2 cm length was observed at a location 
close to the end plug in two of the fuel pins of the outer ring in the bundle. Fig.3 and 
Fig.4 show the periscopic view of the failures of the two fuel pins. Failure in one pin 
(Fig.3) had occurred about 1cm away from the end-cap with another fine crack after the 
first bearing pad where as in the other pin failure was right near the end-cap. Fuel pin 
shown in Fig.3 was taken up for detailed examination. 

3.2 Leak testing 
Leak testing of individual pins was carried out using liquid-nitrogen alcohol 

bubble testing. The test consists of immersing the fuel pins in liquid nitrogen for 5 
minutes, taking it out from liquid nitrogen and placing it in alcohol at room temperature. 
Liquid nitrogen trapped in the failed fuel pin comes out as bubbles indicating the location 
of leak. Two pins from the bundle which showed surface axial cracks were identified to 
be leaking, which indicated that the clad had ruptured through and through at the 
location of the surface cracks. No leak was found in the other fuel pins of the bundle. 

3.3 Dimension measurement 
Diametral measurement was carried out remotely on one of the failed pins using 

a digital vernier caliper. A device was made to hold the pin firmly and to move vertically 
as per requirement. Measurements were taken throughout the length of the fuel pin 
excluding the thickness of appendages. An increase in the fuel pin diameter (AD/D= 2%) 
was noticed near the failure location 

3.4 Ultrasonic testing of end cap welds 
Immersion ultrasonic inspection of end cap welds of one of the failed and some 

un-failed fuel pins was carried out in the hot cell. No defect signal was found in un-failed 
fuel elements (Fig.5). However, a lack of fusion defect signal was noticed in the end cap 
weld of the failed fuel pin (Fig.6). This weld was in the close proximity to the axial crack 
observed in the failed fuel pin. 
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4. DESTRUCTIVE EXAMINATION 

4.1 Puncture test 
Puncture tests were carried out on nine fuel pins from the outer ring, one from 

the intermediate ring and the central pin. The collected gas from each pin was analysed 
and did not show the presence of Xe and Kr. The estimated void volumes of the fuel pins 
varied from 2.7 to 4.1 CC. The internal pressure of the fuel pins ranged from 1-2 bar. 

4.2 Cutting of fuel pins and vacuum Impregnation 
One failed fuel pin (shown in Fig.3) and one un-failed pin from the outer ring were 

cut into pieces and these pieces were vacuum impregnated using cold setting resin. 

4.3 Metallographie sample cutting and mounting. 
The impregnated pieces of the fuel pin were sliced to get the transverse section 

for metallographic samples. Fig.7 a and b show the cutting plan of the failed pin and the 
un-failed pin, with the distance from the end-cap weld. These samples were mounted in 
stainless steel rings using cold setting resin. Samples designated 1, 2, 3, 4, 5 and 6 from 
the failure location ofthe failed pin and samples designated 7, 8, 9,10 from the un-failed 
pin were taken up for metallographic preparation. 

4.4 Metallographie sample preparation 
Metallographic preparation of the samples was carried out inside hot cells using 

remotised grinding-polishing equipment. The samples were ground on 180 grit SiC 
paper till the cross-sections were completely exposed and then progressively ground on 
240, 320 and 600grit SiC papers. The ground samples were successively polished using 
diamond slurry of 3pm followed by 1pm size. Sample 2 from the failed pin was first 
etched (in 70% H202 + 30% H2S04) to reveal the fuel microstructure. It was 
subsequently etched (in 10% HF + 45% HN03 + 45% Lactic acid) to reveal the hydride 
morphology in the dadding. 

4.5 Metallographic examination 
Microscopic examination of the polished samples was carried out under a 

remotised-shielded and computer controlled metallograph. Images were grabbed and 
stored in the computer and detailed image analysis was carried out to measure the grain 
size, porosity distribution, area of fuel leached out, pellet clad gap and oxide layer 
thickness. Five samples from the failed fuel pin were examined in as-polished condition 
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and one sample was examined after etching foe fuel and cladding. Three samples from 
the un-failed fuel pin were examined in as-polished condition. No sample was examined 
in etched condition from un-failed fuel pin. The observations on different samples are 
given below. 

4.5.1 Failed fuel pin 
4.5.1.1 As polished examination 

Observation at lower magnification showed radial and circumferential cracks in 
all the samples. Central region of the samples were brighter as compared to the 
peripheral darker region. Samples 2 & 3 showed elongated columnar grains at the 
central region as shown in Fig.8 & 9. A through-wall crack in the clad was seen in 
samples 2, 3 and 4, whereas samples 5 and 6 showed an intact clad. Fuel had leached 
out from the region opposite to the clad failure in samples 2, 3 and 4. 

At higher magnification, variation In the shape and size of pores was observed 
along the fuel cross-section of samples 2 to 6. Periphery of the fuel showed uniformly 
distributed small pores. The size of the pores increased and became irregular in shape, 
decorating the grain boundary in the mid-radius region. Moving further to the centre, 
partly delineated columnar grains were observed with lenticular pores on the grain 
boundary and fine pores within the grains. The central region of the fuel revealed a large 
number of rounded pores. A thick grey layer was noticed on the surface of the pellet of 
sample 5 as shown in Fig. 10. 

A number of incipient cracks (Fig.11) and other defects were seen in the 
cladding, in addition to the main through-wall thickness crack. Two deep incipient radiai 
cracks were observed in the clad near the failure site and necking of the clad was 
observed at the location of one of these cracks (Fig. 12). Severe oxidation had occurred 
on the cracked faces of the cladding (Fig. 13). All defect sites in the cladding were 
associated with the formation of a grey coloured phase (Fig. 14). 

Pellet clad gap, oxide layer on the inside surface of the clad and oxide on the 
outer surface of the clad was observed in all the samples. The average pellet clad gap in 
the samples was 30pm. Oxide layer formed on the inside surface of the clad (Fig.15) 
had an average thickness of 4 to 6pm. Cracks were observed on the oxide layer formed 
on the inside surface of the dadding, at a few locations. The average oxide layer 
thickness on the outer surface of the clad was about 1pm. Fuel appeared to be in hard 
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contact with the cladding at a few locations in sample 5 (Fig.16) and thick oxide layer 
was present on the cladding at such locations <Fig.17). 

4.5.1.2 ß-Y autoradiography 
ß-y autoradiography of as-polished samples 2 to 6 from the failed pin was carried 

out inside the hot-cells. Exposure time of about 45minutes was given. The ß-y 
autoradiographs showed a bright central region and dark peripheral region as, shown in 
Fig. 18. This indicates the migration of the fission products from the central region to the 
periphery of the fuel pellet. 

4.5.1.3 Examination after etching 
Sample 2 was etched for U02 and examined. Photo-macrograph (Fig.9) clearly 

reveals three distinct regions - columnar grains region, high porosity dark region and the 
peripheral as-fabricated region. Higher magnification revealed small grains (grain size-
10 to 15pm) with uniformly distributed porosity at periphery of the fuel Larger grains with 
intergranular porosity were observed in the equiaxed grain region and the average grain 
size was 25 pm. Towards the centre, there were two types of columnar grains. The 
aspect ratio of the outer columnar grains was 2.5 and that of inner columnar grains was 
3.6. Centre of the fuel showed migration of pores to the centre and porosity was high in 
this region. Fig. 19 shows the different types of grains in the fuel formed from centre to 
periphery due to restructuring. Based on the observed fuel restructuring the fuel centre 
temperature was estimated to be 1760"C (See Appendix-I). 

Sample 2 was subsequently etched for hydrides in the clad. Examination 
revealed that there was no significant hydriding of the clad. But, sharp hydride platelets 
were observed at the crack tip of all defect sites (Fig.20). 

4.6.2 Un-failed fuel pin 
Samples 7, 8 and 9 from the un-failed pin were examined in the as-polished 

condition. The photo-macrographs of the fuel in the central region of the three samples 
are shown in Fig.21 (a, b and c). It is observed that the fuel cross-section neither 
showed any clear restructured zones in the pellet cross-section nor revealed extensive 
radial and circumferential cracking unlike the failed fuel pin cross-sections. Examination 
at higher magnification revealed the microstructure of fuel containing intergranular pores, 
as shown in Fig.22 (a, b and c). Oxide layer formed at the inside surface of the clad was 
either thin or absent along the clad. Based on the microstructure the fuel centre 
temperature was estimated to be less than 1300°C. 
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4.6 SEM examination 
Sample 3 from the failed pin was examined in Scanning Electron Microscope 

(SEM). Examination showed extensive oxidation and fragmentation into small particles 
on fuel pellet surface (Fig. 23). Severe oxidation of U02 to low-density higher oxides 
(possibly U3Oe) was evident. A layer of oxide was present on the clad inside surface 
and on the crack faces as shown in Fig. 24. Graphite layer was intact in some locations 
but was dislodged at other locations. A light grey phase containing fine cracks was found 
to have developed at defect sites and had penetrated into the cladding (Fig.25). A 
redistribution of porosity was observed in the fuel pellet as shown in Fig.26. The radial 
porosity profile was produced as a result of fuel restructuring. Absence of porosity in 
central region is due to the formation of columnar grain. A through-wall crack and many 
incipient cracks were observed on the cladding (Fig.27). Necking was observed at one 
incipient crack location as given in Fig.28. Incipient cracks were filled with a grey 
coloured phase. Examination ofthe inside surface showed some fuel particles bonded to 
the cladding (Fig.29). The inside surface contained fine axial cavities and cracks filled 
with fuel particles. 

4.7 Hydrogen estimation in cladding 
Small samples were cut from the fuel clad. They were cleaned in acetone and 

subsequently in carbon tetra chloride to remove the adherent hydrogenous contaminants 
and dried. The samples were analysed using Differential Scannning Calorimetry (DSC) 
technique. The hydrogen content in the cladding of the failed fuel pin was 42 ppm and in 
the cladding of un-failed fuel pin was 34 ppm. 

5. DISCUSSION 
The main observations from the examination are given below: 

1. Two fuel pins had failed near the end cap weld in the outer ring of fuel 
bundle. There was an increase in diameter of the fuel pin at the crack 
location. Ultrasonic test had indicated presence of defect in the weld in one 
of the fuel pins tested by this method. 

2. The fuel centre temperature in the failed pin from the outer ring near failure 
location was estimated to be more than 1700°C. However, the fuel centre 
temperature in non-failed fuel pin at corresponding axial location was 
estimated to be less than 1300°C. 
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3. The cladding showed a through-wall crack and a large number of incipient 
cracks. The cracked surfaces were oxidized and the incipient cracks were 
filled with a grey phase appearing to be zirconium oxide. Hydride platelets 
were observed at the crack tips. 

4. Fuel was oxidized and fragmented into particles on pellet surface. The 
internal surface of the cladding showed fine axial cracks and cavities 
embedded with fuel particles. 

5. Fuel had interacted with the cladding, causing severe localized oxidation 
leading to penetration of the reaction product deep into the cladding. 

6. The locations of the cracks in the cladding were noticed to lie opposite to the 
cracks in the fuel. The incipient cracks showed branching at many locations. 

7. Fission product release from central region of fuel to fuel periphery had 
occurred at failure locations, as revealed by beta-gamma autoradiography. 

8. Cladding showed enough residual ductility, as shown by 2% diametral 
deformation and localized necking. 

Observations 1 and 2 strongly suggest that the failed fuel pins had weld 
defects, which would have opened up when the fuel pin was brought to power in 
the reactor, thereby providing a path for the ingress of coolant water inside the 
fuel pin. Ingress of water into the fuel pin could lead to: 

i) Presence of steam in the fuel-clad gap, deteriorating the fuel-clad 
gap conductance, thereby increasing fuel centre temperature. 

ii) Severe oxidation of U02 fuel to low-density higher oxides, 
probably U3Oa, causing further rise in fuel centre temperature and 
large dimensional increase of fuel causing strong fuel-clad 
interaction. Fuel oxidation also produces hydrogen. 
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iii) The oxidation and hydriding of cladding by steam and pellet-clad 
interaction forming defect on the inner surface of cladding. 

iv) Large volume increase of fuel due to severe oxidation and high 
fuel temperature would cause high stress and strain in the 
cladding, leading to defects on the inner surface of the clad. 

v) Generation of defects which grew either by PCI/SCC or by 
cracking of hydride precipitates, present at the tip of the crack. 

The facts that other fuel pins in the outer ring did not fail and also that the fuel 
temperature in the un-failed pin was at least 400°C lower than the temperature of the 
failed pin support the above hypothesis. 

The high temperature of fuel observed in the failed fuel pins, the nature and type 
of defects in cladding, and evidence of extensive oxidation of fuel and cladding and other 
observations made during this investigation indicate that the primary cause of failure was 
the presence of a part wall weld defect. Ultrasonic testing of the end plug weld region 
also indicated possibility of a lack of fusion type defect in the weld in the failed fuel pin. 

The observations 6 and 7 are typical features of PCI/SCC type of failure. Strong 
interaction observed between fuel and cladding indicates that high stress was also 
present in the cladding. However, for PCI/SCC to occur, availability of a threshold 
concentration of iodine is essential. Since the fuel burn up was very low, it is doubtful 
whether the iodine concentration at the clad internal surface was sufficient to promote 
PCI/SCC. A simple calculation revealed that the maximum iodine concentration likely to 
have been released and available in the fuel clad gap would have been less than the 
threshold concentration needed to cause PCI/SCC in Zircaloy-2 cladding. Hence, 
PCI/SCC as the primary cause of fuel pin failure is ruled out. 

Observations 3, 4 and 5 suggest that the propagation of the crack was by 
progressive oxidation or chemical reaction between fuel species and cladding. The low 
density grey reaction product tightly filled in the incipient cracks provides localised high 
stress at the crack tip, which promotes precipitation of hydride platelets at the crack tip, 
leading to crack propagation. Although this mechanism explains mode of crack 
propagation, it cannot be considered as the primary cause of failure of the fuel pins. The 
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low-density products could not have formed without the presence of steam inside the 
fuei pin. This observation indicates that a leak path was already present in the fuel pin, 
which was proved by the presence of a defect in the end cap weld of the element as 
confirmed by the ultrasonic test. The observed features like the increase in diameter, 
cracks in the clad, high fuel centre temperature and associated restructuring of the fuel 
are only secondary effects due to the presence of a primary defect in the end cap weld. 

6. CONCLUSIONS 

Following conclusions could be drawn from the post irradiation examination of the 
fuei bundle from KAPS 2: 

1. The primary cause of failure was the presence of a part-wall defect in the end cap 
weld ofthe fuel pins. 

2. Opening of the defect during reactor operation led to ingress of steam inside the fuel 
pin, causing high fuel temperature, degradation of physical and chemical state of fuel 
and cladding and severe fuel clad interaction leading to failure of fuel pins. 

3. The fuel in the failed pin was found to have experienced a centre temperature of 
more than 1700°C, which is at least 400°C more than the central temperature in an 
adjacent non-failed fuel pin. 

4. The observed features like the increase in diameter, cracks in the clad, high fuel 
centre temperature and associated restructuring of the fuel are only secondary 
effects. 

7. RECOMMENDATIONS 
It is recommended that more stringent inspection and quality control of end plug 

weld in the PHWR fuel pin should be followed during fabrication using ultrasonic test, to 
avoid such occurrences. 
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Dismantling | 
Machine 

Fig.2: Nd-YAG Laser based bundle dismantling machine 
installed in hot-ceils 
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Fig.3: Axial surface crack on one fuel pin 

Fig.4: Axial surface crack on another fuel pin 
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Fig.7: Cutting plan of (a) failed and (b) un-failed pin 
from outer ring 
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Fig.8: As-polished cross-section of fuel in 
failed fuel pin. (Sample no.3) 

Fig.9: As-etched cross-section at failed location showing 
restructured region in fuel. (Sample no.2) 
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Cladding 

Fig. 10: Oxidation of pellet surface 

Fig. 11 : Branching incipient crack in the cladding 

Fig. 12: Necking and cracks near failure 
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Cladding 

Fig. 13: Oxidation of cladding at cracked face 

Fig. 14: Defect site filled with grey-coloured phase 

Cladding 
Oxide layer 

Fig. 15: Oxide layer on the clad inside surface 
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Fig. 16: Defect site at location of fuei touching the cladding 

SUjtin 

Fig. 17: Thick oxide layer at fuel-ciad interaction site 
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Fig. 18: ß-y autoradiograph corresponding to photo-macrograph of sample 2 
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Fig. 19: Restructured zones from periphery to the centre ofthe fuel 
pellet in the failed pin at the location of failure 

Fig. 20: Hydride platelets at the crack tip of cladding of failed fuel pin 
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Fig. 21: Photo-macrograph of fuel cross-section in un-failed pin 
(a) 17mm (b) 27mm (c) 37mm from end-cap weld 

18 



(a) Sample 7 
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(c) Sample 9 

Fig. 22: Microstructure at the centre of the fuel pellet in un-
failed fuel pin showing inter-granular porosity. Samples at 

(a) 17mm (b) 27mm (c) 37mm from end-cap weld 
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Fig. 23: Oxidation at fuei pellet surface 

Fig. 24: Severe oxidation damage on cladding 
internal surface and creation of a defect 

Fig. 25: Grey phase and fine cracks at defect site 
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Fig. 26: Porosity distribution along the peliet radius 
as a resuit of fuei restructuring 
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Fig. 27: Through-wail crack and incipient 
cracks in the cladding 
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Fig. 28: Incipient clad-crack and necking of the clad 
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Fig. 29: Inside surface of cladding showing surface cracks, 
cavities and U02 particles bonded to the cladding 
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Append ix-l 

Fuel Centre Temperature Estimation 

s . 
No. 

Fractional radius 
of columnar 

grain growth (rcg) 

Average Fractional radius 
of 

equiaxed grain 
growth region 

(raa) 

Average Estimated 
fuel centre 

temperature 
(°C) 

1. 0.3 0.60 

2. 0.36 
0.36 

0.60 
0.60 1760 

3. 0.39 0.60 

4. 0.38 
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