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EPRI PERSPECTIVE

PROJECT DESCRIPTION

Nondestructive poolside examination techniques and diverse destructive examination 
techniques were used to characterize type-304 sta in less steel clad fuel rods that 
were irrad ia ted  in the Connecticut Yankee PWR during cycles 7 and 8. The fuel rod 
designs and operating h is to r ies  were reviewed to assess th e ir  e f fe c t  on fuel per­
formance during these two operating cycles.

PROJECT OBJECTIVES

This project (RP1758-1) was supported by EPRI and Northeast U t i l i t i e s  Service 
Company. I ts  goals were to  determine the cause of fue l rod fa i lu re s  in batch 8 and 
to establish the reasons fo r  the d i f fe re n t  response of th is  fuel batch compared with 
e a r l ie r  batches where the low primary coolant a c t iv i t y  level indicated that fuel 
performance was outstanding.

PROJECT RESULTS

Failure in batch-8 fuel was caused by in tergranu lar stress corrosion cracks that 
in i t ia te d  at the outer surface of the cladding. The fo llow ing elements played a 
ro le  in contr ibu ting to the fa i lu re s : (1) high localized stresses that resulted
from fuel p e l le t  chips being lodged in the fue l- to -c lad  gap and (2) the low propen­
s i t y  fo r  in -reactor densif ica tion  of the batch 8 fu e l .  Circumstantial evidence 
suggests that a power change near the end of cycle 7 ( i . e . ,  the second cycle fo r  
batch 8 rods) also may have played a ro le  in causing the fuel rod fa i lu re s .  Cracks 
opposite fue l p e l le t  chips also in i t ia te d  at the outer surface of batch 7 fu e l.  
Failures were not observed in th is  batch. Apparently, the more densification-prone 
fuel used in th is  batch led to lower imposed stresses on the cladding during opera­
t io n .  The data suggest the importance of the gap size under operating conditions in 
determining fue l performance. This gap size is affected by the microstructure of 

the fu e l.
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To improve batch 13 fuel performance, the already-fabricated fue l and cladding w i l l  
be inspected to insure that the fue l rods w i l l  be fabricated with the largest fea­
s ib le  fu e l- to -c la d  gap. Evaluation of designs fo r  batch 14 w i l l  assess the possi- 
b i 1i t y  of using a larger nominal fue l-c lad  gap and o f pressurizing the fue l rods.

This report should be of in te res t to u t i 1i t y  personnel with responsib i1i t ie s  in the 
areas of LWR fue l rod design and performance and those investigating BWR pipe 
cracking.

Howard Ocken, Project Manager 
Nuclear Power Division
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SUMMARY

BACKGROUND

The Connecticut Yankee reactor Is one of the few pressurized water reactors using 
sta in less steel clad fuel rods. The reactor had operated essen tia lly  free of fuel 
rod fa i lu re s  up to the end of cycle 7(1969-1978). Near the end of cycle 7 an 
increase in  primary coolant a c t iv i ty  was observed and th is  increase continued 
during cycle 8 operation. Examination of fuel assemblies at the end of cycle 8 
showed tha t 36 of the 48 batch 8 assemblies contained leaking fuel rods. The fuel 
rod fa i lu re s  at that time appeared l im ited  to the batch 8 assemblies and were 
d i re c t ly  related to  assembly burnup or power ra ting  (33 out of 36 defective 
assemblies in the upper 60 percent of the burnup range).

EXAMINATION AND RESULTS

A detailed hot ce l l  examination program was undertaken to  determine the cause of 
fuel fa i lu re s  ( in  batch 8) and to establish differences between fuel performance 
in batches 7 and 8. One fuel assembly from batch 7 (sound) and one assembly from 
batch 8 ( leaking) were shipped to the Battel 1e-Columbus hot ce l l f a c i l i t y .  Fuel 
rods removed from the two assemblies were subjected to  detailed nondestructive 
(NDE) and destructive examinations (DE). The selection of rods and the scope of 
hot ce l l studies were based on an evaluation of results  from poolside examination 
conducted at the reactor s i te .  Emphasis was placed on the examination of high 
burnup (average > 36000 MWD/MTU) rods.

Nondestructive examinations conducted included visual examinations, fuel rod 
profilometry and eddy current and gamma scans. Key f indings from the NDE 
indicated stronger clad ridging in  batch 8 rods than in batch 7 rods and local 
clad diameter increases ( ind ica t ing  high local p las t ic  s tra ins) coincident with 
eddy current indications in unfailed fuel rods. In general, the fuel rods from 
batch 8 indicated much stronger pe l le t-c lad  in te rac t ion  than batch 7 fuel rods.
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Destructive examinations performed included f is s io n  gas co l lec t ion  and analysis, 
fue l-c lad  metallography, and fuel density measurements. Fission gas analysis 
showed the release frac t ions typ ica l of commercial power reactor fuel rods, with 
<1 percent release in  batch 8 fuel rods and '\-4 percent release in batch 7 fuel 
rods. I n i t i a l l y ,  specimens selected fo r  metallographic examination were from the 
unfailed batch 8 fuel rods at the 1ocations of eddy current i ndicat ions. Three 
specimens from two unfailed rods were examined and a l1 contained in c ip ien t 
cladding cracks. The cracks in  a l1 three specimens were d i re c t ly  across from a 
fuel chip wedged in  the fue l-c lad  gap and were located at local diameter 
increases. The cracks were in tergranu lar and orig inated on the outer surface of 
the cladding. Crack charac te r is t ics ,  including s i te  of in i t ia t io n  ( i . e .  clad
0 .D.), were typ ica l of in tergranu lar stress corrosion cracks previously observed 
in  sta in less steel cladding of BWRs.

Prelimi nary evaluation of the i n i t i a l  resu lts  suggested tha t the presence of fuel 
chips in the gap was the primary cause of fuel rod fa i lu re .  However, i t  had been 
reported tha t fuel chipping had been a problem with previous cores as we ll.  Thus 
i t  was necessary to establish whether batch 7 fuel rods were equally prone to de­
velop cladding cracks. Towards th is  end one metal 1ographic specimen was obtained 
from an unfailed batch 7 rod at the location of an eddy current ind ica tion  and 
another from a fa i le d  batch 8 rod at the location of fa i lu re .  Results from batch 
7 rod metal 1ography were very s im ila r  to those from batch 8 rods. Again, an 
in c ip ien t  crack was found across from a fuel chip wedged in the fuel -c l ad gap.

I t  was also necessary to  re la te  the inc ip ien t cracks to  fuel rod fa i lu re s  consist- 
i ng o f 1 ong s p l i t s  observed duri ng pool side exami nations. Accordi ngly one metal- 
1ographic specimen was exami ned from a fa i le d  fuel rod. This specimen al so showed 
the presence of a fuel chip in the gap adjacent to the s p l i t  in the cladding.
Crack branches indicated that the crack had orig inated on the clad outer surface. 
Fuel in th is  specimen was highly oxidized due to reaction with water. I t  is  
believed tha t oxidation o f the fuel with the resu ltan t volume increase was respon­
s ib le  fo r  the propagation o f cladding s p l i t s .  From the number of eddy current 
indications observed in  a single rod, i t  is  also possible that several indepen- 
dently formed claddi ng s p l i t s  joined a x ia l ly  to cause the Tong axial s p l i ts  
observed in  the fa i le d  fuel rods.

I t  is  important to  note that although in c ip ien t  cracks were formed tha t were asso­
ciated with a fuel chip in  a batch 7 fuel rod, there was no ind ica tion  of fuel
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fa i lu re s  in batch 7 or other previous batches which had s im ila r  fuel chipping 
problems during fuel rod loading. This fact suggests that fuel chips by 
themselves did not cause fuel fa i lu re s .  Other factors such as fuel swel1ing and 
i r ra d ia t io n  h is to ry  ( i . e . ,  power maneuvers) in combi nation with the fuel chips may 
have contributed to  batch 8 fuel rod fa i lu re s .

Fuel density measurements were made on fuel samples obtained from batch 7 and 
batch 8 fuel rods. Results showed a s ig n if ic a n t  difference in the dens if ica t ion / 
swelling behavior of the two fuel types. I t  appears that the batch 8 fuel densi- 
f ied  by a neg lig ib le  amount compared to the batch 7 f u e l . The to ta l net swel1ing 
o f batch 8 fuel was higher than that of batch 7 fuel by about 0.8 percent AV/V.
This difference is equivalent to about a 1 mil diametral d ifference in  fue l-c lad  
gap. This suggests that the batch 8 fuel rods operated with a smaller fue l-c lad  
gap than the batch 7 fuel rods, re s u l t i  ng in re la t iv e ly  higher cl ad stresses.
This in te rp re ta t ion  is  also consistent with the differences in f is s io n  gas 
releases observed in batch 7 and batch 8 fuel rods.

The operati ng hi s tory of the batch 8 fuel was also exami ned fo r  any departure from 
f u l 1 power steady state operation. The most s ig n if ic a n t  departure found was a 
10-day period at 65 percent of f u l l  power near the end of cycle 7. The reactor 
power was subsequently raised to 100 percent. The e ffec ts  of th is  power change 
maneuver on fuel performance were analyzed by B r i t is h  Nuclear Fuels Limited (BNFL) 
using the SLEUTH-SEER computer code. The results indicated that th is  power change 
maneuver could have caused or in i t ia te d  fa i lu re s  in batch 8 fuel rods. The 
effects  of a fuel pe l le t  chip in the gap could not be treated in th is  analysis.
I t  is ,  however, believed tha t the presence of pel 1et chips would have exacerbated 
clad stresses and s tra ins .

CAUSES OF FUEL ROD FAILURES

From an evaluation of the re s u l ts , a combination of three key elements can be 
id e n t i f ie d  as contr ibuting to  fuel rod fa i lu re s  in Connecticut Yankee batch 8 fuel 
assemblies:

1. Hi gh localized claddi ng stresses re s u lt i  ng from fuel pel le t  
chips wedged in  the fue l-c lad  gap

2. Low propensity fo r  in -reactor fuel dens lf ica t ion  of batch 8 fuel

3. Power change maneuver near the end of cycle 7 (2nd cycle fo r  
batch 8 rods).
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The extent of contr ibu tion from item 3 above is  not c lear. Results from 
nondestructive and destructive examinations indicate that fue l-c lad  in te rac t ion  
was s ig n i f ic a n t ly  stronger in batch 8 rods than in batch 7. Thus contributions 
from 1 and 2 above are believed to be s u f f ic ie n t  to cause fa i lu re s .  However, in 
view of the fac t that the i n i t i a l  increase in  coolant a c t iv i ty  was observed 
fo llow ing the power change maneuver, possible contributions from th is  event cannot 
be ruled out.

The sequence of events leading to the observed fa i lu re s  may be summarized as shown 
in Figure S-1.

APPLICATION OF RESULTS

These results  have led to  selected fab r ica t ion  adjustments and surveillance 
programs intended to m itigate the pe l le t  chipping problem. In addition, design 
' refinements' w ith in  current specifications to improve batch 13 fuel performance 
have been in s t i tu te d .  More extensive design and fabr ica t ion  changes are planned 
fo r  fu tu re  reload batches.
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S ection  1

INTRODUCTION

Prio r to cycle 7, the Connecticut Yankee reactor, which uses stainless steel clad 
fuel rods, had operated essen tia l ly  free of fuel rod fa i lu re s .  Near the end of 
cycle 7, an increase in coolant a c t iv i ty  was observed. This increase continued 
during cycle 8 (Figure 1). Examination of the coolant a c t iv i ty  data showed that a 
large portion of the a c t iv i ty  was due to the reco il process (evidenced by 1ow 
I131/I133 ra tios  and the presence of Np239 in  the coo lant), ind ica ting  that the 
fuel in  the fa i le d  rods was d i re c t ly  exposed to the coolant. Also, a high Csl34/ 
Csl37 a c t iv i ty  ra t io  indicated tha t the source o f the a c t iv i ty  was high burnup 
fuel (probably from batch 8) (j^).

At the end of cycle 8, a l1 the discharged batch 8 and selected batch 7 and batch 9 
fuel assemblies were leak tested by using a wet sipping system. The results 
showed tha t 36 of the 48 batch 8 fuel assemblies (75 percent) were leaking, while 
a l l  s ix  of the batch 7 and batch 9 fuel assemblies which were sipped were 
sound(j^). Four of the batch 7 fuel assemblies sipped had undergone three cycles 
of operation. Therefore, fuel rod fa i lu re s  at the time appeared unique to batch 8 
fuel assemblies. More recent examinations performed a f te r  cycle 9 operation, 
however, have indicated fuel rod f a i 1ures in  batch 9 assemblies(^).

A f te r  leak tes t ing ,  a number of batch 8 fuel assemblies were v isu a lly  examined 
using an underwater te lev is ion  system in the spent fuel pool. In four of the 
assemblies, fa i le d  rods were observed—two rods each in three assemblies and eight 
rods in  the fourth . A l1 fa i lu re s  were in  the form of axi al claddi ng cracks of 
various lengths and widths and of a b r i t t l e  nature. Some of the cracks appeared 
to sp ira l along the rod length. On some of the rods multi pie cracks were observed 
at the same axial location.

While the data obtained from the poolside examination indicated the general fea­
tures of the fuel rod fa i lu re s , the cause of fa i lu re  could not be id e n t i f ie d .  
Hence, batch 8 fab r ica t ion  data were reviewed, and reactor operational data fo r  
cycles 7 and 8 were analyzed. Based on the resu lts  of these e f fo r ts ,  i t  was
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postulated tha t the fa i lu re s  could have been caused by a power ramp near the end 
of cycle 7 or by a "wear-out" or "11fe - l im i t in g "  mechanism. In any case, fu r the r  
investiga tions, i ncludi ng hot cel 1 exami nation, were deemed necessary to  c lea r ly  
id e n t i fy  the fa i lu re  mechanism. As an in terim  measure, re s tr ic t io n s  on the rate 
of power increase fo r  the Connecticut Yankee reactor were imposed to prevent 
fa i lu re s  in  fu tu re  operati ng cycles.

A more detailed poolside examination was undertaken, leading to the selection of 
two fuel assemblies, one batch 7 and one batch 8, fo r  hot cel 1 examinations. Both 
were three-cycle assemblies. The batch 8 assembly contained several v isua lly  
observed fa i le d  fuel rods. The two fuel assemblies were shipped to BCL fo r  hot 
cel 1 examinations. A th i rd  assembly from batch 5 (q u a l i f ic a t io n  assembly S004) 
was also included in  the shipment to  study 1ong-term storage e ffects  under a 
program funded by DOE.

The objecti ves of the hot cel 1 exami nations were to :

1. Id e n t i fy  the cause of fuel rod fa i lu re s  in batch 8

2. Establish what UO2 fuel d ifferences, i f  any, between batches
7 and 8 could have contributed to  the fa i lu re s

3. Id e n t i fy  changes required in  fuel rod design and/or reactor 
operation to avoid fa i lu re s  in fu tu re  cycles.

The hot cel 1 examination was carried out in  two phases. An in terim  report was 
issued at the conclusion of the f i r s t  phase(2)• This f in a l report presents the 
main f ind ings and conclusions from both phases of the program.
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S ec tio n  2

BACKGROUND INFORMATION

Before shipping any of the fuel assemblies to  B a tte l le 's  Columbus Laboratories 
(BCL) fo r  hot ce l l examinations, a detailed evaluation of fab r ica t ion  data, oper­
a ting h is to ry ,  and poolside examination results was conducted. These data were 
al so used to establ ish the scope of the hot cel 1 examination. Thus i t  is  impor­
tant to  provide pertinent background information about the batch 7 and batch 8 
fuel assemblies. S im ila r information on the batch 5 q u a l i f ic a t io n  assembly S004 
w i l l  be documented in  a separate report being prepared fo r  the Department of 
Energy.

2.1 FUEL ROD DESIGN

Details of the Connecticut Yankee fuel rod design are documented in the in terim  
re p o r t(^ ) . Only the h igh ligh ts  w i l l  be presented here.

Table 1 summarizes the desi gn parameters and 1i sts the various fuel vendors fo r  
the Connecticut Yankee cores.

Fuel rods fo r  the f i r s t  s ix  batches were designed and fabricated by Westinghouse. 
The fuel pel le ts  and the rods fo r  batch 7 were fabricated by Gulf-United Nuclear 
Fuels (GUNF). Batch 8 fuel pel le ts  were fabricated by B r i t is h  Nuclear Fuels 
Limited (BNFL) and assembled in to  rods by Gulf-United Nuclear and Babcock and 
Wilcox Company (B&W). Fuel rods fo r  batches 9 through 12 were fabricated by 
Babcock and Wilcox. The cold-worked type 304 sta in less steel claddi ng (weld 
drawn) fo r  a l1 batches (except q u a l i f ic a t io n  assemblies) was supplied by Superior 
Tube Company.

A detailed review o f available manufacturing information, spec if ica t ions, QA 
records, and a s -b u i l t  data was performed by B&W and Northeast U t i l i t i e s .  Exami na­
t ion  o f archive p e l le t  and cladding samples from batches 7, 8, and 9 was performed 
by B&W(4).

Exami nation of a s -b u i l t  data and manufacturi ng i nformation on the pel le ts  showed 
batch 8 pe l le ts  to be somewhat d i f fe re n t  from those of batches 7 and 9. The batch
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TABLE 1

C ONNECTICUT YANKEE FUEL SUPPLIERS A N D  DESIG N PARAMETERS

ro1l\5

Batch Designation 

Fuel contractor

1 2 3 4 4N 4A

NUM EC

5 /7 A 5G
(S004)

5A

GGA

®^7B
7 /7 C 8 9

Fuel pellet supplier 

Fuel clad supplier 

Fuel assembly fabricator

BNFL B&W

Superior Tube Company Superior 7 Superior "

B&W  -

Number of assemblies 53 52 5 2 ‘ 48 2 2 4 9 /1 1 2
2

5 0 /^ 5 1 /2 48 56

Enrichment, w /o 3 .00 3 .2 4 3 .67 3 .0 0 4 .0 0 4 .0 0 3 .25 4 .0 /3 .6 7 4 .0 /3 .6 6 4 .0  -

Fuel density, % 93.0 94 .0 94 .0 92.8 93.2 92 .4 92.9 93.2 93 .0  9 2 .7 /9 2 .8  

Some, 2 00  psi

9 4 .8 5 /9 4 .5 7 95.17 95.27

initial pressure, psia 

Fill gas 

Stack height, in.

Pellet diam eter, in. 

Pellet length, in. 

Cladding mat'l 

Clad thickness, in.

14.7

He Air He He Air

120.0121.8  

0 .3835 -

121 .8  1

|-j0 H e /A r /A ir

►  0 .3 6 8 0

120.3

0 .3 8 3 5 ^ " 0 .3 6 4 5 0 .3 8 3 5  “

SS SS SS

0 .0 1 6 5

SS 

0 .0 1 6 5  -0 .0165  -

SS

-*® “ 0 .0 2 4

SS

^  0 .025

SS -------

Clad I.D., in.

Gap diameter, in.

0 .3 8 9  -  

0 .0055  -

0 .3 7 4  

■ 0 .0 0 6

0 .389

0 .0 0 5 5

0 .3 9 0 5

0 .0 0 7

0 .3 7 35

0 .009

0 .389  -  

0 .0 0 55  ■

‘ Four assemblies contain four Zircaloy test rods each.

W — Westinghouse.
GG A — Gulf General Atomic.
BNFL— British Nuclear Fuels Limited.
B & W — Babcock and Wilcox.
GUNF— Gulf United Nuclear Fuels.



8 pe lle ts  were manufactured by BNFL using a contro lled porosity (CONPOR) process. 
However, a l l  fuel rod specif ica tions checked were f u l l y  sa t is f ied .

Investigations conducted by B&W on archi ve pel le ts  also showed some differences 
between batch 8 pe lle ts  and those from batches 7 and 9. Batch 8 fuel p e l le ts ,  in 
compari son to batch 7 and 9 pel le ts ,  appeared to contain a higher percentage of 
la rger pores in  a high-density matrix, probably because of the use of a pore 
former during fab r ica t ion . Quantitative analysis of the photographs (on the 
Quantimet) also confirmed th is  observation. In batch 8 pel le ts ,  50-60 percent of 
the porosity was in the 5-10 ym range, while in  pe l le ts  from batches 7 and 9,
70-80 percent of the porosity was in  the 1-5 ym range. The la rger frac t ion  of
smal1 pores (1-5 ym) observed in pel le ts  from batches 7 and 9 compared to batch 8
pe l le ts  suggests tha t fuel from the former may be more densifying in -reac to r than 
is  the batch 8 f u e l . One aspect of lower in -reac to r dens if ica t ion  is  tha t i t  
results  in  fue l-c ladding contact e a r l ie r  in the assembly's l i f e  and therefore 
produces hi gher claddi ng stresses at hi gher burnups.

Thermal res in te r ing  tests were performed on pe l le t  samples from batches 8 and 9. 
Batch 7 pel le ts  were not avail able fo r  tes t ing . Tests were conducted fo r  6 and 24
hours both at 1600 C and 1700 C. Results showed no s ig n if ic a n t  differences in the
measured density changes. For batch 8 fu e l ,  the increase in  density a f te r  24 
hours at 1700 C ranged from 1.18 to  1.43 percent. For batch 9 i t  was 1.43 
percent.

2.2 OPERATIONAL HISTORY

A review of the power h is to ry  o f batch 8 and 9 fuel rods was performed by North­
east U t i l i t i e s .  The cycle average l inea r  heat ratings fo r  the second and th ird  
cycle operation of batch 8 rods were 6.6 and 5.5 k w / f t ,  respective ly. Batch 9 
rods experienced 6.5 kw /f t  during th e i r  second cycle of i r ra d ia t io n .  Results of 
the review indicated tha t the l inea r  ra ting  experienced by the batch 8 rods was 
quite  typ ica l of commercial power reactor fuel rods.

The operating h is to ry  of batch 8 fuel was also examined fo r  any departures from 
steady-state f u l 1-power operation. The most s ig n if ic a n t  departure was a 10-day 
period at 65 percent of f u l l  power near the end of cycle 7 (near the end of the 
second cycle fo r  batch 8 f u e l ). The reactor power was subsequently raised to  100 
percent very rap id ly . I t  has been hypothesized tha t th is  power ramp could have 
caused or in i t ia te d  the fa i lu re s  in  batch 8 fuel (since increase in  coolant
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a c t iv i t y  was observed short ly  a f te r  th is  event) by inducing excessive 1ocal cl ad 
s tra ins adjacent to rad ia l pe l le t  cracks. I t  was, however, concluded that addi­
t iona l e f fo r ts  were needed to  ve r i fy  th is  hypothesis.

2.3 POOLSIDE EXAMINATION RESULTS

At the end of cycle 8, a l1 of the batch 8 fuel assemblies and s ix  batch 7 and 9
fuel assemblies were leak tested by a wet-sipping technique. Leakers were found 
only among the batch 8 fuel assemblies. In a l1, 36 of the 48 batch 8 assemblies 
were p o s i t iv e ly  id e n t i f ie d  as 1eaking. Results, shown in Table 2, also indicate a 
d e f in i te  co rre la t ion  between fuel assembly burnup or power ra t i  ng and the f re ­
quency o f leakers.

At an assembly burnup of 34,200 MWD/MTU and above, a l1 assemblies (a to ta l of 20) 
were found to be leaking. Between burnups of 32,400 and 34,200 MWD/MTU, 13 of the
16 assemblies were leaki ng. At burnups below 32,400 MWD/MTU, only 3 of 12 assem­
bl ies were found to be leaki ng.

At the concl usion of the sippi ng tes ts ,  24 batch 8 fuel assembl ies were visual ly  
exami ned using underwater te le v i si on equipment in the spent fuel pool. Failed 
fuel rods were observed in  four fuel assemblies. Three assemblies each contai ned 
two f a i 1ed rods and the fourth contai ned eight fa i le d  rods. A l1 four assemblies 
had been c la ss if ie d  as leakers from the sipping examination, and a l l  fa i lu re s  
were in the form of axial cladding cracks of varying lengths and widths and of a 
b r i t t l e  nature. Some of the cracks appeared to sp ira l along the rod length. 
M u lt ip le  cracks were observed in some rods at the same axial location.

A fte r  the i n i t i a l  visual examination, portable fuel rod diameter measurement 
equipment, designed and b u i I t  by Windscale Nuclear Power Development Laboratories 
(WNL) (UKAEA) under contract to BNFL Fuels D iv is ion , was used to  determine whether 
any unusual fuel swelling had taken place. Measurements were taken on the outer 
row of fuel rods of two 3 cycle batch 8 assemblies ( containing BNFL CONPOR fu e l ) 
and one 2 cycle batch 9 assembly. Two hundred diameters were measured on a to ta l 
of 63 fuel rods in 9 faces of these three 15x15 pressurized water reactor fuel 
assemblies, with a rep ro d u c ib i l i ty  of ty p ic a l ly  0.0001 in .  The results  showed 
tha t compared with the plenum diameters fuel cladding had undergone compressive 
creepdown over the highly rated zones of the fuel length. Three cycle batch 8 
rods containing BNFL fuel t y p ic a l ly  exhibited 0.001-in.-diameter reduction, while
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TABLE 2

SIPPING RESULTS ON BATCH 8 FUEL ASSEM BLIES 
AS A  FUNCTION OF BURN UP

A ssem bly Burn-U p 
(M W D /M T U ) Leaking Sound

35,800 H07, H21, H31, H38

35,000 H03, H23, H40, H53

34,300 HI 6, H20, H33, H35

34,200 H05, H I 3, H I 5, H24, H30, H37, H43, H44

32,500 H10, H I4, H22, H28, H29, H32 H45, H50

32,400 H 11, H I8, H25, H27, H41, H45, H52 H36

31,500 H26, H34 H04, H06, H I 7, H39, H42, H51

30.100 H I2, H I9, H49

29,800 HOI
36 Leaking 12 Sound
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2 cycle batch 9 rods o f the same design showed reductions o f 0.002 to  0.004 
inches(^). These resu lts  are shown in  Table 3.

Subsequently, a more deta iled examination of s ix  leaking assemblies and a review
of the ava ilab le  p re irra d ia tio n  data on them were carried out to  select an 
assembly fo r  hot c e ll examinations and to characterize cladding damage and be tte r 
id e n t ify  fa ile d  fue l rods. Batch 8 fue l assembly H07 was selected fo r  the 
fo llow ing  reasons:

•  H07 was in  the highest burnup assembly group and had no grossly damaged 
peripheral rods tha t could complicate la te r  handling.

a H07 contained a broad representation o f the batch 8 p e lle t and cladding 
lo ts ,  includ ing combinations o f lo ts  with a re la t iv e ly  high propensity 
fo r  early  fu e l-c la d  gap closure ( i . e . ,  1 ow UO2 dens ifica tio n  w ith 
smal1 c l ad inner diameter).

a H07 contai ned the only rod with a s i ngle claddi ng crack tha t mi ght be
the primary fa ilu re  and had seven fa ile d  rods id e n tif ie d  in  the
visual examination. (The p ro b a b ility  of find ing  evidence of in c ip i­
ent fa ilu re  in  th is  assembly was believed to  be at least as high as 
fo r  any other assembly in  the highest burnup group.)

Batch 7 assembly G il was also selected fo r  de ta iled  examination in  the hot c e ll.  
This assembly was from the highest burnup group (36,700 MWD/MTU) and was confirmed 
to  be sound by sipping. I t  would thus serve as a baseline w ith which resu lts  
obtained from the exami nation o f batch 8 assembly H07 could be compared. In 
add ition , the assembly contained rods w ith cladding from the same tube lo t  as 
those in  assembly H07.
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TABLE 3

DIAMETER MEASUREMENTS EXPRESSED AS DEVIATIONS FROM 
A 0 .42 23 "  DIAM. STANDARD IN UNITS OF 0 .0001"

Assembly H07* Assembly H53^ Assembly 340*

Face Rod No. Plenum Span 3 Plenum Span 4 Plenum Span 4

5 +3 -14 (-14 ) ___ ___ ___ ___

6 + 10 0 — — — —
7 +3 -9 — — — —

North 8 +7 -12 — — — —
9 +8 -3 — — — —
10 +2 +5 — — — —
11 +5 -8 — — — —
X +5.4 -5.9 — — — —
a X 1.1 2.6 — — — —

Plenum Span 4 Plenum Span 4 Plenum Span 4

5 +10 (+10) -8 +6 -9 — —
6 +9 -2 +10 -14 — —
7 +5 -6 +6 -16 — —

East 8 +4 -13 +4 -1 — —
9 +4 -11 +2 -7 — —
10 +7 -6 + 1 -5 — —
11 +5 -12 +2 -16 — —
X +6.3 -8.3 +4.4 -9.7 — —
ax 0.9 1.5 1.2 2.2 — —

Plenum Span 4 Plenum Span 4 Plenum Span 4

5 +2(+1) -3 +7 0 -4 -8 (-9)
6 +4 -10 +6 -5 -5 -49 (-47)
7 +12 (+12) -3 -3 -13 -7 -23 (-24)

South 8 +5 -7 -1 -10 -9 (-6) -47 (-47)
9 +3 -17 -4 -6 +1 -30 (-29)
10 -3 -12 +1 -4 -5 -30 (-28)
11 -1 -14 -4 (-5) -14 -4 (-2) -39 (-39)
X +3.1 -9.4 +0.3 -7.4 -4.7 -32.4

<7 X 1.8 2.0 1.7 1.9 1.2 5.3

Plenum Span 4 Plenum Span 4 Plenum Span 4

5 +3 -7 -1 -20 (-20) -5 +5
6 +3 -13 +3 -5 -3 -40 (-34)
7 0 -7 -2 -11 0 +3 (+5)

West 8 +4 -8 0 -20 (-20) +4 -35
9 -1 -14 +2 -3 -1 -41
10 +5 -9 -2 -13 -1 -41
11 +5 -3 -2 -11 +6 -33 (-36)
X +2.7 -8.7 -0.3 -11.9 0 -26.0
a X 0.9 1.4 0.8 2.5 1.4 7.8

+ = BNFL CONPOR fueled rods 
X = Babcock and W ilcox rods
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Section 3 

BCL HOT CELL EXAMINATIONS

3.1 FUEL ASSEMBLY RECEIPT, DISASSEMBLY, AND FUEL ROD REMOVAL

Fuel assemblies H07 and G ll were shipped dry to  BCL. A fte r rece ip t and unloading, 
the fue l assemblies were transferred  in to  the hot c e l l.  To fa c i l i t a te  removal of 
fue l rods the top end was disassembled by removing the upper nozzle. No problems 
were encountered during removal o f the upper nozzle.

I n i t ia l l y ,  two peripheral rods were removed from assembly H07. These rods were 
previously id e n tif ie d  as fa ile d  during poolside visual inspection. They were 
removed to  v e r ify  assembly o rie n ta tio n  and to  locate unfa iled  candidate rods fo r  
examination. A lso, one of these fa ile d  rods appeared to have only one crack, 
which was believed to  be a primary defect and therefore  o f in te re s t in  deter­
mining the cause of fa ilu re .  Subsequently, add itiona l unfa iled rods were removed 
and subjected to  de ta iled  examinations. Selection o f these rods was based 
p rim a rily  on fue l rod burnup. Other reasons fo r  se lec ti ng them included pel le t  
and tube lo t  cha rac te ris tics  and proxim ity to  fa ile d  fuel rods. Table 4 shows 
which rods were removed fo r  exami nation and the basis fo r  th e ir  se lection . Figure 
2 shows the loca tion  o f rods removed from assembly H07.

Four fue l rods were removed from assembly G ll.  These rods had a range of burnups 
w ith two in  the highest burnup group. In add ition , a ll fou r rods contained fuel 
pel le ts  from lo t  512, fo r  which thermal res in te rin g  data were ava ilab le .

3.2 FUEL ROD NONDESTRUCTIVE EXAMINATION

Selected fue l rods removed from the two assemblies were subjected to  deta iled  
nondestructive examinations (NDE) to  locate and id e n tify  any anomalies in  the 
rods. These examinations included p ro filom e try , gamma scans, eddy current scans 
(e n c irc lin g  co il and probe c o i l)  and stereovisual examinations. Table 5 shows the 
extent of NDE/DE performed on the rods. Procedures used fo r  the NDE have been 

documented in  the in te rim  report. Only the key resu lts  are discussed here.
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TABLE 4

ID EN TIFIC ATIO N  OF FUEL RODS REMOVED FOR EXAMINATION FROM BATCH 8 ASSEMBLY H07
AND THE BASIS FOR THEIR SELECTION

CO
I

r\o

Rod
Number Location'®’

Pellet
Lot

U 0 2
Stack
Wt,g

Tube
Lot

Estimated
Burnup,

Gwd/MTU Basis fo r Selection

013E03 A l 11 2,283 28 35.0 Rod w ith  single crack (failed rod)

062E12 LB 11 2,280 23 36.7 2nd highest BU w ith  same tube lot as in 
assembly G -11

065E 11 G4 11 2,286 25 36.8 Highest BU group in fuel assembly

013E06 F4 11 2,286 28 36.8 Highest BU group in fuel assembly

157E01 M12 10 2,300 129 36.7 2nd highest BU group in assembly \
1 Proxin

010E03 LI 2 11 2,286 30 36.7 2nd highest BU group in assembly > to fa ik
1 rods

075E05 K12 a 2,286 103 36.7 2nd highest BU group in assembly /

217E02 J12 9 2,288 101 36.7 2nd highest BU group in assembly; 
pellets in lots 1-10, small clad ID

1007E01 E4 14 2,295 123 36.8 Highest BU group in fuel assembly; 
small clad ID

(a) See Figure 2 for rod array in assembly H07.
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FIGURE 2. Locations Of Rods Removed From Batch 8 Assembly
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TABLE 5

EXTENT OF N O ND ESTRU CTIVE/DESTRU CTIVE EXA M INATIO NS PERFORMED  
ON FUEL RODS REMOVED FROM FUEL ASSEMBLIES H 0 7 A N D  G l l

NDE

Known Coil Probe Detailed F.G.
Rod No. Position Failed Profile E.G. E.G. Visual Punch 4-Scan Comment Metallograph Density

Assy H07

013E 03 A l Yes X X X X Destructively
examined

X

179E09 K15 Yes Removed 
in storage

062E 12 L8 No X X X X X X Candidate rod

065E11 G4 No X Reinserted

013E 06 F4 No X X Removed 
in storage

157E01 M 1 2 No X X X X X
Destructively
examined X

010E 03 L I 2 No X X X Removed 
in storage

075E 05 K12 No X X Reinserted

217E 02 J12 No X X X X X X
Destructively
examined X X

1007E1 E4 No X X Removed 
in storage

Assy G -1 1

595A1 R11 No X Removed 
in storage

5 9 5 A 1 0 H11 No X X X X X Destructively
examined

X X

5 9 5 A 1 1 G 1 1 No Removed 
in storage

5 9 5 A 1 2 F11 No X X X Removed 
in storage
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3.2.1 Profilom etry

Eleven rods were p ro file d  to  detect and characterize any local fuel rod diameter 
anomaly and to  determine the extent o f claddi ng creepdown over the f u l l  length of 
the rod. Al 1 batch 8 fue l rods showed s ig n if ic a n t clad ridg ing  at fuel pel le t  
in te rfaces. The typ ica l ridge height ( r e la t i  ve to fuel rod diameter at mid-pel le t  
region) was approximately 1 m il. Fuel rod o v a lity  was ra ther low, less than about 
4 m ils at the top and bottom ends and about 0.5 to  1 mil in  the midregions. Fuel 
rod average creepdown based on the diameter measured in  the plenum was in  the 
range of 1 to  1.5 m ils . These are in  agreement w ith the poolside measurements 
shown in  Table 3.

In add ition  to  clad rid g in g , some of the unfa iled rods showed local diameter 
increases of up to  5 m ils . The f a i1ed rod exhib ited large diameter increases (up 
to  20 m ils) at the 1ocations o f cracks observed on the rods.

Figures 3, 4, 5, and 6 show examples o f ridg ing  and diameter increases in  two 
unfa iled rods and one fa ile d  rod.

Selected regions of three of the unfa iled rods showing local diameter increases 
were also p ro file d  in  the nonrotating mode to produce 1inear scans. These scans 
were made at 30° in te rv a ls . The ob jective  was to  determine whether increases were 
c ircum feren tia l or loca lized a t one smal1 spot. In a l1 cases, the diameter 
increases were caused by loca lized  spots spanning no more than 30° of the rod 
circumference. The data also showed tha t the ridges extended uniform ly over the 
fue l rod circumference. Figure 7 shows the appearance of the ridges and diameter 
increases in  rod 157E01.

Batch 7 rods showed s lig h t ly  la rge r o v a lit ie s  in  the midregion (1 mil vs 0.5 m il) 
compared to  the batch 8 rods. Cl ad r id g i ng was also less prominent. The extent 
o f clad creepdown in  batch 7 rods also appeared to  be s lig h t ly  la rge r than in  
batch 8 rods. Figure 8 shows typ ica l r id g i ng and ova li ty  and a region o f local 
diameter increase observed in  one of the batch 7 rods. Figure 9 shows the 
appearance o f typ ica l f u l l  length p ro f ile  traces obtained on a batch 8 and a batch 
7 fuel rod. D ifferences in  the degree o f o v a lity , r id g in g , and creepdown are 
c le a r ly  seen.
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FIGURE 3. Profilometer Scan Showing Typical Ridging Observed 
In The Unfailed Batch 8 Rod 062E12
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FIGURE 9. Full Length Spiral Profilometry Chart Obtained On Batch 8 Rod 157E01 And 
Batch 7 Rod 595A12
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3.2.2 Eddy Current Scans

Results o f enc irc lin g  co il scans showed tha t the eddy current system was h ighly 
responsive to the clad ridg ing . In add ition to  the ridge s igna ls , a number of 
defect ind ica tions were observed. The locations o f these ind ica tions coincided 
with those of fue l rod diameter increases observed by p ro filom etry . Figure 10 
shows a typ ica l example o f an eddy current ind ica tion  at the loca tion  o f diameter 

i ncreases.

Selected regions of several fuel rods were also scanned using the probe c o il eddy 
current system. These regions had shown one or more defect ind ica tions in  the 
e n c irc lin g  c o il scans.

Results from probe c o il scans showed much stronger ind ica tions at the same loca­
t io n  than did e n c irc lin g  c o il scans. The ind ica tions were also found to  be lo c a l­
ized ( i . e . ,  re s tr ic te d  to a small fra c tio n  of the fue l rod circumference). This 
observation confirms those from the p ro filom e try  scans. Eddy current scan resu lts  
on batch 7 rods were very s im ila r to those on batch 8 rods but showed fewer 
i ndications.

3.2.3 Gamma Scans

Selected unfa iled and fa ile d  fue l rods were gamma scanned over the length of the 
fuel stack. The rods were scanned fo r  both gross gamma and Csl37 a c t iv ity  pro­
f i le s .  Batch 8 rods in  general showed no anomalies. A c t iv ity  depressions at 
p e lle t in terfaces were c le a rly  observed, in d ica ting  l i t t l e  or no p e lle t dish 
f i l l i n g  or axial re d is tr ib u tio n  of f is s io n  products. In the fa ile d  fuel rod, 
small reductions in  a c t iv ity  were observed at the locations o f cracks, as shown in  
Figure 11. This was presumably due to the leaching of fuel out of the rod.

Gamma scan resu lts  on the batch 7 high burnup rods showed somewhat d iffe re n t 
cha rac te ris tics  compared to  the batch 8 fue l rods. The scans in  general were 
"n o is ie r"  and the midregion of the rod showed no d iscern ib le  a c t iv ity  depressions 
at p e lle t in te rfaces , as shown in  Figure 12. This re su lt suggests tha t the dishes 
in  the fue l p e lle ts  o f batch 7 rods had closed during operation. Data from 
metallography (presented la te r)  showed tha t the dishes contained pieces o f fuel 
and there was no apparent change in  the dish p ro f ile  from the as-fabricated 
cond ition .

Gamma scan resu lts  from the lower burnup batch 7 rod 595A1 showed no anomalies.
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FIGURE 10. Eddy Current indication At The Location Of Diameter Increase 
Observed In The Unfailed Batch 8 Rod 157E01
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FIGURE 11. Gamma Scan Data Showing Depression In Activity At The Location 
Of The Cladding Crack In The Failed Batch 8 Rod 013E03
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FIGURE 12. Gamma Scan Charts From Batch 7 Rod 595A12 And Batch 8 Rod 157E01

(Note: Lack Of Activity Depression At Pellet Interfaces In Batch 7 Fuel Rod)
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3.2.4 Visual Examinations

Selected batch 8 rods were examined using a stereovisual system, w ith emphasis on 
regions where anomalies had been id e n tif ie d  by other NDE data. In two of the
unfa iled fue l rods, v is ib le  "bumps" were observed at the locations o f diameter
increases and eddy current ind ica tions . Figures 13 and 14 show the appearance of 
these bumps in  two of the rods.

The unfa iled  rods, in  general, appeared to  be in  exce llent cond ition , w ith very 
l i t t l e  crud present. Crud decoration of the r id g i ng on the claddi ng could, how­
ever, be re a d ily  seen.

Only one of the fa ile d  rods was v is u a lly  examined in  d e ta i l. This rod had been
previously id e n t if i  ed as havi ng a s i ngle crack which probably resulted from a
primary defect. Upon c loser examination in  the hot cel 1, a second crack was 
observed approximately 50 inches from the other crack. The two cracks appeared to  
be unrelated to  each other. The locations o f these cracks corresponded to  the 
1ocations of anomalies observed in  other NDE data. Figures 15 and 16 show the 
appearance o f the two cracks in  th is  rod.

3.2.5 Summary o f NOE Results

Table 6 summarizes the resu lts  from a l1 the nondestructive examinations performed 
on the rods. The data show h igh ly  consistent resu lts  from the d iffe re n t NDE pro­
cedures, w ith good co rre la tio n  o f locations of the anomalies. Examination of a l1 
the data together also provides a sound basis fo r  se lecting  rods and rod sections 
fo r  destruc ti ve exami nat ion .

3.3 FUEL ROD DESTRUCTIVE EXAMINATIONS

The primary ob jectives o f the destructive  examinations were to  locate in c ip ie n t 
cracks tha t served as the f i r s t  step in  the clad fa ilu re  process, to characterize 
those cracks, and to  determine the mechanism o f fa i lu re .  These objectives were to  
be accomplished by metal 1ographic examinations. The other important ob jective  of 
the destruc tive  examinations was to  provide background inform ation on general fuel 
rod performance.

The destructive  examinations performed on the selected rods consisted o f:

(1) Fuel rod puncture fo r  f is s io n  gas col le c tio n  and fuel rod in te rna l 
volume measurement

(2) Fuel-clad metallography
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FIGURE 13. Photograph Showing A "Bump" On Unfalled
Batch 8 Rod 157E01

f t  ■ -

~8X*
J

FIGURE 14. Photograph Showing A "Bump" In Unfailed Batch 8 
Rod 217E02 At ~35 Inches From Rod Bottom

*  Please note that the illustration{s) on this page have been reduced 10% in printing.
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FIGURE 15. Appearance Of The Longer Of The Two 
Cracks Observed In Failed Rod 013E03 
At ~25 Inches From Rod Bottom
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FIGURE 16. Appearance Of The Tight Crack In Rod 
013E03 At 79 Inches From Rod Bottom

*  Please note that the illustration(s) on this page 
have been reduced 10% in printing.
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TABLE 6  

S U M M A R Y  O F N D E D A T A

Eddy Current"”

R od N o. P rofilom etry  D ata Encircling Probe G am m a Scan Visual Exam Status

Fuel Assembly H07

0 13 -E 0 3
A l

Failed rod

Split at 2 5 -2 9 ''““
—15 mil diam increase 
Crack at 7 8 -8 0 "
—4 mil diam increase 
Heavily ridged 
~ 1 .0 mil creep down

ECl at 2 5 -2 9 "  NP 

ECl at 7 8 -8 0 "

Small depression at 2 5 -2 7 "  
(—15%  lower activity)

Another small depression at 
7 8 -7 8 .5 "
(—8% lower activity)

Split at 2 5 -2 9 "  
Crack at 7 8 .5 -80 "

In storage

0 1 3 -E 0 6
F4

Sm all ovalityand
diam incrase at 4 3 -1 /2 " ,
85"
Ridging
Creep down —1.0 mil

ECl — at 3 2 - 1 /4 "  NP 
4 7 - 1 /4 "

All ECl weak

NP NP Returned to 
assembly

2 1 7 -E 0 2
J12

Ridging
—3 mil bump at 2 3 -5 /8 "  
—1.2 mil creep down 
—4  mil Bump 3 0 -4 5 “ span

Strong ECl at
2 3 -7 /8 "  Strong ECl 
ECl at 40 , 6 3 - 1 /4 "  3 1 5 -0 “ 
8 0 - 1 /2 " — weak  
to medium

No anomalies Visible bump at 
2 3 -3 /4 "

Destructively
examined

157-E01
M 1 2

Ridging
Diam ovality increase 
at 3 5 -1 /2 " ,  small bumps 
at 4 7" , 5 1 -1 /2 "
Med bump at 6 3 -3 /4 " ,  
local bumps of 5 mils

Strong ECl at 3 5 -1 / 2 "  Strong ECl 
6 3 -3 /4 "  1 3 5 -1 8 0 “

W eak ECl at 9 5 - 3 /4 "  
4 7 -5 1 "
2 7 0 “ at 6 3 -3 /4 "

No anomalies  

at 3 5 -1 /2 "

Visible bumps at 
3 5 - 3 /8 " — 6 3 -3 /4 "

Destructively
examined

0 6 2 -E l 2 
L8

Ovality change 3 5 .5 "  
Diam & oval increase at 
4 0 -1 /2 "
Ovality change at 8 5"

Strong ECl at 4 0 -1 / 2 "  Strong ECl
2 7 0 “ at 4 0 - 1 /2 "  

ECl at 3 5 -1 /2 "  
1 8 0 -2 7 0 “

No anomalies Possible bumps at 
3 5 -1 /2 " , 4 0 -1 /2 "

Rod punctured 
In storage

(a) All locations from bottom of rod.
(b) ECl = Eddy current indication.

NP = Not performed.



TABLE 6  (Continued)

COIro

Eddy C urrent"”

Rod N o. P rofilom etry  D ata Encircling Probe G am m a Scan Visual Exam Status

010 -E 0 3  
LI 2

Diam increase at 17", 2 6" , 32", 
4 8 -1 /2 " ,  7 8 -1 /2 " ,  8 2"
Ridging

Weak indications Ridge type 
indication at 
17' - ,3 2 "  ECl 
at 2 6"  4 8 -1 /2 "  
5 1 -1 /2 " , 53"  
56", 5 7" , 102- 
1 /4 " , 8 4" , 86"

NP NP Returned to 
assembly

1 00 7 -E l
E4

Ridging
Ovality change at 78", 1 1 0 -1 /2 "

Few weak  
indications

NP NP NP In storage

0 6 5 -E l 1 
G4

Ridging
Ovality change at 1 1 -1 /2 " , 61 - 
1 /2 " ,  8 8"

NP NP NP NP Returned to 
assembly

075 -E 0 5
K12

Ridging
Small diam increase 3 7 -1 /2 " ,  
4 7 " , 6 7" , 8 5 -1 /2 " ,  9 7"

M any weak 
Indications

NP NP NP Returned to 
assembly

Fuel Assembly G 1 1

5 9 5 -A 1 2 
F 1 1

Larger ovality than FI07 rods 
Ridging diam increase at 24- 
1 /2 " ,  38"

W eak ECl at ~ 8  
ECl at - 4 2 "

NP Noisier gross gamma trace than 
H07 rods
Few activity spikes

NP In storage

5 9 5 -A 1 0 Ridging
Larger ovality than H 07  rod 
Diam increase at 4 4 - 1 /4 "

Strong ECl at approx 
4 4 "

NP Same as 5 9 5 -A 1 2 NP Destructively
examined

595-A1 NP NP NP No anomalies NP In storage



(3) Scanning electron microscopy

(4) Fuel density measurement.

3.3.1 Fission Gas C o llection  and Analysis, and Void Volume Measurement

The objectives of performing f is s io n  gas c o lle c tio n  and analysis were to  determine 
whether the fue l rods v^ere unfa iled and to determine the fra c tio n a l f is s io n  gas 
release during ir ra d ia tio n .

Four fue l rods, three from H07 and one from G ll,  were punctured. The released 
gases were co llected and the volumes of release were measured using the BCL Hot 
Laboratory f is s io n  gas c o lle c tio n  system.

Table 7 shows the gas release and void volume data obtained from the four fue l 
rods. Also shown is  the estimated volume of f is s io n  gas generated and the fra c ­
t io n a l f is s io n  gas release obtained. Data fo r  the three batch 8 rods agree 
c lose ly , each w ith <1 percent release. The batch 7 rod, however, showed a higher 
fra c tio n a l release, namely 4.41 percent. The fra c tio n a l releases observed in  rods 
from batches 7 and 8 are believed to  be in  the range expected in  a typ ica l commer­
c ia l pressurized water reactor fue l rod(i5). By comparison, fue l rods from the 
q u a lif ic a tio n  assembly S004 showed even higher releases. The gas release data 
from four rods showed release frac tio ns  in  the range 0.2 to  14.3 percent.

3.3.2 Metallographic Examination

3.3.2.1 Id e n tif ic a t io n  o f In c ip ie n t Cracks in  Batch 8 Rods. From an evaluation 
of the NDE data (p ro filom e try , eddy cu rren t, and visua l examinations) three loca­
tions from two of the batch 8 rods were selected fo r  metallographic examinations. 
These locations were 64 inches and 35-3/4 inches from the bottom of rod 157E01, 
and 24 inches from the bottom of rod 217E02. A ll locations had shown eddy current 
ind ica tions at local diameter increases (see Table 6).

Cladding cracks \vere observed in  a l l  three specimens. The cracks were intergranu- 
la r ,  in i t ia t in g  on the outer surface. In a l l three cases the cracks appear to  be 
caused by a fue l chip wedged in the fu e l-c la d  gap. Figure 17 shows the presence 
o f a fue l chip in  the gap. Figure 18 is  the higher m agnification montage of the 
area showi ng a large claddi ng crack. Figure 19 shows the appearance o f the large 
crack as well as a second crack at higher m agnification. Figures 20, 21, 22, and 
23 show s im ila r resu lts  obtained from a second and th ird  sample.
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TABLE 7

FISSION GAS RELEA SE A ND  V O ID  VOLUME DATA OBTAINED ON A BATCH 7  A ND  BATCH 8 FUEL R O D S

IX )
00

Rod Avg

Fuel
Rod
Void

Total Vol of 
Gas Collected

Vol of Vol of
(Xe + Kr) (Xe + Kr) Percent

Batch Burn-Up Volume, From Rod, Gas Composition, vol percent Released, Generated*, Fission Gas
No. Rod No. M W D /M T U cc stp cc H j He HzO Ns O 2 A Kr Xe stp cc stp cc Released

8 062E 12 3 67 4 0 2 0 .86 3 8 .49 < 0 .01 54.0 <0.1 <0 .01 <0 .01 11.2 3.47 31.3 13.38 2336 0 .57

8 157E01 3 67 4 0 18.66 36.83 < 0 .01 50.9 <0.1 <0 .01 < 0 .001 8 .7 4 3 .90 34.9 13.99 2336 0 .6 0

8 217E 02 3 67 4 0 20.3 4 5 .2 8 < 0 .01 46.5 <0.1 <0 .01 <0 .01 10.3 4 .4 4 40.3 20.25 2 33 6 0 .87

7 5 95 A 1 0 3 8 4 0 0 2 0 .62 1 54 .74 < 0 .01 29.3 <0.1 <0 .01 <0 .01 1.43 7.79 61.4 107.1 2440 4.41

‘ Based on 0 .3  atom of (Xe + Kr) generated per fission and 4 0 0 0  M W D /M T U  = 10 fission/cc.
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FIGURE 17. Photomacroiraph Showing The Location 
Of Fuel Peliet-Chip In Batch 8 Rod 
157E01 At 64 In. From Rod Bottom

*  Please note that the illustration(s) on this page 
have been reduced 10% in printing.
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FIGURE 18. Appearance Of Incipient Cladding Crack In Rod 157E01 
64 Inches From Rod Bottom

*  Please note that the illustration(s) on this page have been reduced 10% in printing.
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FIGURE 19. Appearance Of The Two Cracks In Rod 157E01 At 64 Inches 
In Etched Condition (Etchant — Glyceregia)

*  Please note that the illustration(s) on this page have been reduced 10% in printing.
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FIGURE 20. Photomacrograph Of Fuel Chip And Cladding 
Crack Observed In Batch 8 Fuel Rod 217E02

*  Please note that the illustration(s) on this page have been reduced 10% in printing.

3-27



OJ
I

ro
CO

35X*

FIGURE 21. Photo Montage Of Incipient Cladding Crack In Rod 217E02 At 24 Inches From Rod Bottom

*  Please note that the illustration(s) on this page have been reduced 10% in printing.
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FIGURE 22. Photomacrograph Showing The Location Of Fuel Chip In The 
Unfailed Batch 8 Rod 157E01 At ~35-3/4 Inches From Rod
Bottom

*P lease note that the iliustration(s) on this page have been reduced 10% in printing.
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FIGURE 23. Photo Montage Of Incipient Cladding Crack Observed In Rod 157E01 
At ~35-3/4 Inches From Rod Bottom

'"Please note that the illustration(s) on this page have been reduced 10% In printing.



3.3.2.2 Id e n t i f ic a t io n  of Inc ip ien t Cracks 1n Batch 7 Rods. To determine i f  
batch 7 rods were also susceptible to cracking, one metallographic specimen from 
rod 595A10 was examined. This specimen contained the location of an eddy current 
signal and a local diameter increase. Two cladding cracks were found in th is  
specimen, and again the cracks appear to be caused by a fuel chip wedged in  the 
fue l-c lad  gap. Figures 24 and 25 show the appearance of the crack at d i f fe re n t  
magnifications.

The character is t ics  of the inc ip ien t cracks observed in the four specimens (from 
batch 8  and batch 7) were very s im ila r .  Results of the metal 1ographic examina­
tions can be summarized as fo llows:

« Cladding cracks were observed in both batch 7 and 8 rods; a l l  cracks
were in te rgranu lar, in i t i a t in g  at the outer surface.

9 In a l l  cases, the cracks were associated with a fuel chip wedged in the 
fue l-c lad  gap.

e The cracks were branched and had the typ ica l appearance of intergranu­
la r  stress corrosion cracks.

9 In some cases, the cracks appeared to contain corrosion products.

9  The cladding cracks were not seen adjacent to fuel pe l le t  cracks.

9  The cracks were unrelated to the seam weld in the cladding

9  In batch 8 fuel rod specimens, no v is ib le  fue l-c lad  gap existed except
in  the v ic in i t y  of the fuel chip.

9 Batch 8 fuel pe l le ts  showed circumferentia l cracking near the periphery
of the p e l le t .  Such cracking was not apparent in the batch 7 fuel rod.

3.3.2.3 Relating Inc ip ien t Cracks to  Cladding S p l i t s . To obtain data re la t ing  
the in c ip ien t  cracks described above to the 1ong s p l i t s  observed in the fa i le d  
fuel rods, metallographic samples were obtained from fa i le d  rod 013E03. This rod 
was found to contain two short cracks (5 inches and 1-1/2 inches long) at two
separate 1ocations. The two cracks were a x ia l ly  separated by almost 4 feet and
appeared to be independent of each other. One specimen from the location of the 
smaller crack was examined metal 1ographically. The resu lts  showed the presence of 
a fuel chip at the location of the cladding s p l i t .  Figure 26 shows the appearance 
of the fuel chip and the s p l i t  in  the cladding. The cladding also contained a 
number of smal1 crack branches rad ia ting  inward, suggesting that the s p l i t  had 
orig inated on the outer surface. Also, several t ig h t  cracks o r ig ina t ing  on the 
outer surface of the claddi ng were observed, thereby confirmi ng the crack
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FIGURE 24. Photomacrograph Showing The Location Of 
Fuel Chip In Batch 7 Fuel Rod 595A10

*  Please note that the illustration{s) on this page 
have been reduced 10% in printing.

3-32



Backup Ring Cladding

CO
J

CO
CO \

35X*

FIGURE 25. Appearance Of Cladding Crack And Fuel Chip In Batch 7 Fuel Rod 595A10

*P iease note that the illustration(s) on this page have been reduced 10% in printing.
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FIGURE 26. AREA OF TIGHT THRUWALL CRACK IN FAILED ROD 013E03 SHOWING CHIP IN GAP

*P lease note that the illustration(s) on this page have been reduced 10% in printing.



character is t ics  to  be very s im ila r  to  the inc ip ien t cracks. Figures 27 and 28 
show a crack branch and a small part-wall crack o r ig ina t ing  on the outer surface.

The fuel microstructure at the location of a cladding s p l i t  was examined in 
d e ta i l .  The UO2 fuel appeared to  be highly oxidized, with s ig n if ic a n t  separa­
t io n  at the grain boundaries. The d is tr ib u t io n  of fuel porosity was also unusual 
in  tha t the pores were ra d ia l ly  oriented towards the p e l le t  center. However, no 
columnar grain structure  was evident. Figure 29 shows the appearance of oxidized 
fuel near the cladding s p l i t .  Figure 30 shows the ra d ia l ly  oriented fuel poro­
s i ty .  S ign if ican t oxidation of fuel by reaction with water and an associated 
volume increase of fu e l ,  as well as a reduction in fuel thermal conductiv ity , may 
have contributed to the formation of the long clad s p l i t s .  I t  is  also possible 
tha t several of the independently formed short s p l i t s  may have joined a x ia l ly  to  
cause the long s p l i t s  observed on the fa i le d  rods.

3.3.2.4 Scanning Electron Microscope Examination of an Inc ip ien t Crack. One of 
the metallographic specimens containing two in c ip ien t  cracks was examined by using 
a scanning electron microscope in order to  examine the crack t ip s  at higher magni­
f ic a t io n .  A th in  r ing of the specimen was cut from the metal 1ographic specimen 
and examined in  the as-polished condition. The crack t ip s  were quite sharp, as 
shown in  Figure 31, suggesting tha t corrosion of the crack surface was not s ig n i­
f ic a n t  in  th is  region.

Subsequently, the crack surface was exposed by breaking the specimen along one of 
the cracks. Figure 32 shows the fracture  appearance. Attempts were made to 
determine the composition of the pa r t ic les  on the frac tu re  surface using the 
energy dispersive X-ray system. However, no meaningful results  could be obtained 
due to the high rad ia tion background.

3.3.2.5 Longitudinal Metallography of a Specimen from a Batch 7 Fuel Rod.
Results from gamma scanning of the high burnup batch 7 fuel rod had indicated the 
p o s s ib i l i t y  of dish closure (presumably due to fuel swelling and/or fuel plas­
t i c i t y ) .  The gamma a c t iv i t y  p ro f i le  in  th is  rod did not show a c t iv i t y  depressions 
at pe l le t  in terfaces in the high burnup region. To determine whether the fuel 
p e l le t  dishes had been f i l l e d  in due to  fuel swelling, one longitud inal metal- 
lographic sample was examined from the high burnup region. The results of th is  
examination showed tha t the absence of a c t iv i ty  depression was simply due to
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FIGURE 27. Photograph Showing A Crack Branch 
Propagating Inward Suggesting The 
Origin Of The Crack Shown In 
Figure 26 To Be At The Fuel Rod 
Outer Surface

*  Please note that the lllustration(s) on this page 
have been reduced 10% in printing.
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FIGURE 28. SMALL TIGHT CRACK ORIGINATING AT OD ADJACENT 
TO THE CLADDING SPLIT SHOWN IN FIGURE 26.

*P lease note that the illustration(s) on this page have been reduced 10% in printing.
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500X*

FIGURE 29. Oxidized UO2 Fuel At The Grain Boundaries In The Vicinity 
Of Cladding Split In Failed Fuel Rod 013E03

*  Please note that the i]]ustratlon(s) on this page have been reduced 10% in printing.

3-38



CO
'-D

Fuel
Edge Center

40X*

FIGURE 30. Appearance Of Fuel Porosity At The Location Of Cladding Failure In Rod 013E03

*P lease  note that the illustration(s) on this page have been reduced 10% in printing.
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FIGURE 31. HIGHER MAGNIFICATION APPEARANCE OF 
CRACK BRANCH TIP

*P lease note that the illustration(s) on this page have been reduced 10% in printing.
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FIGURE 32. HIGHER MAGNIFICATION APPEARANCE OF 
BRITTLE FRACTURE SURFACE

*  Please note that the illustration(s) on this page have been reduced 10% in printing.

3-41



re location of fuel fragments in to  the dish. The p ro f i le  of the dish was s im ila r  
to that of the as-fabricated cond it ion , as shown in  Figure 33.

3.3.3 Fuel Density Measurements

Density measurements were made on fuel samples from batch 7 and batch 8 fuel rods 
to compare dens if ica t ion /sw e ll i  ng behavior of the two types of f u e l . Each sample 
was obtained from a 1/2-inch-long fuel rod section. Essentia l ly  a l l  the fuel 
pieces w ith in  the section were used in the measurement. The axial location of 
each sample was selected to  provide data over a range of fuel burnups.

Density measurements were made by using the BCL mercury pycnometer. A cy l ind r ica l 
stainless steel standard was used to validate the procedure.

Figure 34 shows the results  of density measurements on both batch 7 and batch 8 

fuel samples. Results are shown as a function of burnup, in  terms of percent of 
peak burnup in the batch 8 rod based on gamma scan p ro f i le .  Also shown are 
approximate sample burnups. The data obtained are also shown in  Table 8 . I t  can 
be seen tha t fo r  a given burnup level the batch 8 fuel samples consistently show 
1 ower densities (by about 1 percent). The data also suggest that the batch 7 
samples may have densified more than batch 8  fuel early  in l i f e .  The rate of 
swel1 ing as determined from the data appears to  be about 1 percent per 1 0 ,0 0 0  

MWD/MTU, which is  consistent with tha t reported by others(2)*

Limited density data were also obtained on fuel samples from the q u a l i f ic a t io n  
assembly S004. This assembly apparently contained highly densifying fuel and the 
ir rad ia ted  densi ty  val ues were 0.25 percent higher at peak burnup and 2.0 percent 
higher at low burnup than the as-fabricated density of 93.2 percent TD(^).

3-42



CO
i

CO

FIGURE 33. Photomacrograph Of Longitudinal Sample From Batch 7 Fuel Rod 595A10 Showing 
Axial Relocation Of Fuel Pieces Into The Dish

^Please note that the illustration(s) on this page have been reduced 10% in printing.
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FIGURE 34. Results Of Irradiated Fuel Density Measurements On 
Samples From Batches 7 And 8 Fuel Rods
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TABLE 8

SUMMARY OF IRRADIATED FUEL DENSITY MEASUREMENTS

Fuel Rod/Batch
Axial Location 

Inches from Rod Bottom
Approx Burnup* 

M W D /M TU

End-of-Life
Density

%TD

Density
Changef

%TD

217E 02/B atch  8 114-115 28,400 94.32 -0.68

6-6.5 30,500 94.38 -0.62

76.5-77 42,250 93.42 -1.58

1-1.5 17,750 95.20 +0.20

2-2.5 22,300 94.96 -0.04

5.5-6.0 30,800 94.50 -0.50

46.5-47 42,250 93.24 -1.76

109-109.5 35,900 93.8 -1.20

109.5-110 35,900 93.8 -1.20

119-119.5 18,600 95.14 +0.14

595A 10/B a tch  7 76-76.5 42,000 94.13 -0.87

77.5-78 42,400 94.54 -0.46

6-6.5 30,500 95.62 +0.62

2-2.5 19,000 96.47 + 1.47

44.75-45.25 44,200 94.25 -0.75

1-1.5 15,500 96.70 + 1.70

45.25-45.75 44,200 94.25 -0.75

5.5-6.0 28,700 95.95 +0.95

115-115.5 26,500 96.09 +1.09

107.5-108 37,600 95.26 +0.26

114.5-115 26,500 95.99 +0.99

108-108.5 37,600 95.24 +0.24

*Based on rod average burnups of 36,740 M W D /M TU  for rod 217E02 and 38,400 fo r rod 595A10 and 
peak to average value of 1.15. 

fBased on as fabricated density of 95.0% TD.
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Section  4

DISCUSSION

Over the years that sta in less steel cladding has been used In commercial reactors, 
there have been few Instances of fuel rod fa i lu re s .  The m ajority of fa i lu re s  In 
sta in less steel cladding were In bo i l ing  water reactor environments. An extensive 
Investigation of these fa i lu re s  had been perfonned by Duncan et a l . (^) under the 
jo in t  US-EURATOM research program. The Investigation proved tha t highly stressed 
unsensitized austen lt ic  stainless steels (such as Type 304) are susceptible to 
stress-assisted In tergranular corrosion In high pu r ity  water environments. I t  
appears tha t the fa i lu re  mechanism was well understood and was believed to  Involve 
the fo llow ing elements:

•  Highly localized cladding stresses resu lt ing  from pe l le t-c lad  
In te rac t ion .

• Segregation of Impurity elements at grain boundaries during reactor 
operation.

•  Irradiation-Induced defects, such as vacancies In the cladding, which 
enhance grain boundary s u s c e p t ib i l i ty  by migrating to  the grain 
boundaries along with the Impurity atoms.

•  Accumulation of harmful species such as chloride Ions at the cladding- 
water In terface.

In pressurized water reactor (PWR) environments such as the Connecticut Yankee 
reactor. Type 304 sta in less steel cladding has performed we ll.  In fa c t ,  there 
have only been four documented cases of fuel rod fa i lu re s  under PWR conditions. 
These were fa i lu re s  In the PM-3A core(lO) (portable reactor In Alaska), In the 
APPR core from an Army re a c to r ( j l ) .  In high burnup rods In the core of the BR-3 
Vulcain reac to r( j^ )  and In the French/Belgian SENA reactor(13). Failures observed 
In the Connecticut Yankee reactor were not d i re c t ly  comparable to the PM-3A or 
APPR observations In tha t the design of the fuel rods and the operating parameters 
were quite d i f fe re n t .  The PM-3A core consisted of annular fuel tubes made from 
30-m11-th1ck U0 2 -s ta 1nless steel dispersion clad with 7 -m ll- th lck  Type 347
stain less s tee l.  The cladding was bonded to the fu e l.  Peak burnup In the fuel
was approximately 50,000 MWD/MTU. The APPR fuel was of plate geometry with UO2

and B4C In a stainless steel matrix, r o l l  bonded with Type 304 stainless
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steel cladding. Cracks observed in these cases were 1ntergranular, in i t ia t in g  on 
the outer surface.

In the Vulcain core of the BR-3 reactor, the fuel rod fa i lu re s  were s im ila r  to the 
Connecticut Yankee fuel rod cracks. However, the rods (containing UO2 pe lle ts  
in cold-worked Type 304 stainless s te e l) were ir rad ia ted  at s ig n i f ic a n t ly  higher 
ratings to burnups >40,000 MWD/MTU. Peak heat ratings in the Vulcain fuel rods 
were approximately 11 kw /ft  compared to the peak heat ra t i  ng of 7 to  8 kw /ft  in 
the batch 8 Connecticut Yankee fuel rods. The fa i lu re s  observed in SENA are 
probably comparable to those in the Connecticut Yankee, si nee both systems are 
commercial power reactors. However, no information on the cause of fa i lu re s  in 
SENA is  available in open l i te ra tu re .

Results of the examinations performed on the Connecticut Yankee batch 7 and batch 
8 fuel rods show that the key elements contr ibu ting to  fa i lu re  were (a) high local 
stresses from fuel chips and (b) fuel dens if ica t ion /sw e l1ing behavior. I t  has 
also been postulated tha t the power ramp experienced by the core near the end of
cycle 7 (second cycle fo r  batch 8 f u e l ) could have resulted in the in i t ia t io n  of
cracking and the subsequent fa i lu re s .  Each of these possible contributors is  
discussed in  some deta il below.

4.1 LOCAL CLAD STRESSES FROM FUEL PELLET CHIPS

Four in c ip ien t cracks in unfailed rods were discovered by metallographic examina- 
t io n s ,  three in batch 8 fuel rods and one in a batch 7 fuel rod. A l l the metal- 
1ographic specimens were selected on the basis of NOE resu lts ,  namely profilometry 
and eddy current data. In each case the cladding crack(s) had a l1 the character­
is t ic s  of stress-assisted in tergranu lar cracking. Also, a fuel chip was found to 
be wedged in  the fue l-c lad  gap at the same azimuthal o r ien ta tion  as the crack(s). 
High 1ocal clad stra ins as determined by pro filometry  data ( in  the nonrotating 
mode) and the presence of a fuel chip strongly suggest tha t the fuel chip was the
source of high local stresses leading to  cracki ng.

I t  is possible, however, that claddi ng cracks could have formed at other locations 
without the presence of a fuel chip. These cracks would be expected at highly 
stressed cladding ridges at pel le t  in terfaces. Such cracks may not have been 
detected by eddy current scans, since the defect signals would be masked by the 
strong responses to clad ridging.
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Results from the examination of a fa i le d  fuel rod showed tha t the cracki ng mechan­
ism was the same as tha t in the unfailed rods. The presence of a fuel chip at the 
1 ocation of fa i lu re  suggests tha t the chip was one of the key contributors to  fuel 
rod fa i lu re .

I t  is  important to note tha t claddi ng cracks associated with a fuel chip were 
observed in  a batch 7 fuel rod. Yet there was no ind ica tion  of fuel rod fa i lu re  
in batch 7. Further, i t  has been reported that fuel chipping was a common problem 
in the 1oading of previous batches of Connecticut Yankee fuel rods(14). These 
observations suggest tha t the fuel chips alone did not produce rod fa i lu re s .  
Rather, i t  appears that fuel chips together with other fac to rs ,  such as fuel 
swel1 ing and possibly power ramping of the f u e l , account fo r  the fa i lu re s .

4.2 FUEL DENSIFICATION/SWELLING BEHAVIOR

Irrad ia ted  fuel density measurements on samples from batch 8 and batch 7 fuel rods 
show a s ig n if ic a n t  difference in the densif ica tion /swe l1 ing behavior of the two 
types of fu e l.  I t  appears tha t the batch 8 fuel densified by a neg lig ib le  amount 
compared to batch 7 f u e l . Net swelling ( swel1ing less dens if ica t ion) in high 
burnup batch 8 fuel samples was approximately 1.7 percent aV/V while that in batch
7 was 0.9 percent aV/V. The differences in the net swelling of 0.8 percent aV/V 
is  equivalent to about a 1 mil d ifference in the diametral fue l-c lad  gap. This 
suggests that the batch 8 fuel operated with a correspondingly smaller fue l-c lad  
gap than the batch 7 f u e l . Therefore, fue l-c lad  contact would have occurred
e a r l ie r  in the 1i fe of batch 8 fuel rods, re s u lt i  ng in hi gher cl ad stresses. Thi s 
observation is  consistent with other data obtained in th is  program. Clad ridging 
was found to be much sharper in batch 8 f u e l . The fuel rod diameter p ro f i le  over 
the length of the rod in batch 8 fuel rods also d if fe red  from tha t of batch 7 fuel 
rods. In batch 8 fuel rods the data i ndicate e ithe r a cl ad pushout in the rod 
midregion or an e a r l ie r  arrest of cl ad creep. The metal 1ographic data also 
indicate stronger fue l-c lad  contact in the batch 8 fuel sample. Further evidence 
of stronger fue l-c lad  contact in batch 8 fuel rods can be obtained from the fuel 
cracking pattern in that a c ircumferentia l crack was observed in the fuel pe l le t  
near the p e l le t  periphery. The fue l-c lad  gap was absent in the batch 8 samples, 
while a small gap could be seen in  the batch 7 sample.

The observed differences in the dens if ica t ion /sw e ll ing  behavior between the batch
8 and batch 7 fuel types is  consistent with the results from the examination of 
archive fuel pel le ts .  In batch 8 f u e l , 50-60 percent of the porosity was in the
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5-10 range while in  batch 7 fuel 70-80 percent o f the porosity was in the 1-5 
um range. The larger frac t ion  of small pores (1-5 ym) in  the batch 7 fuel
suggests that batch 7 fuel is  more densifying than the batch 8 f u e l . However, as
noted in  Figure 34, the rate of swel1ing of the fuel appears to be the same in 
both batches.

The ir rad ia ted  density data are also consistent w ith the observed f is s io n  gas 
release f rac t ions . In batch 8 fuel which showed l i t t l e  or no dens if ica t ion ,
f is s io n  gas release was 1 ess than 1 percent. In batch 7 fuel which appears to be
s l ig h t ly  more densifying, higher gas release was observed. In the q u a l i f ic a t io n  
assembly containing high ly densifying f u e l , release frac t ions  o f up to  14.3 per­
cent were measured(^). S im ilar observations re la t in g  fuel densif ica tion  and 
f is s io n  gas release have been made by other investiga to rs(^ , 15).

4.3 BNFL ANALYSIS OF CYCLE 7 POWER MANEUVER EVENT

The operating h is to ry  o f batch 8  fuel was also examined fo r  any departure from 
steady state fu ll-power operation. The most s ig n if ica n t  departure was a 10-day
period at 65 percent of f u l 1 power near the end of cycle 7 (near the end of the
second cycle fo r  the batch 8 f u e l ). The reactor power was subsequently raised to 
100 percent. Since a sharp increase in coolant a c t iv i ty  was also noted at th is
po in t,  i t  was suspected tha t th is  power ramp could have caused or in i t ia te d  fuel
rod fa i lu re s .

Coolant a c t iv i t y  continued to increase, and a f te r  cycle 8  operation was completed, 
BNFL performed an analysis of th is  p a r t ic u la r  power maneuver(16). The analysis 
was performed using the UK fuel performance code, SLEUTH-SEER. In order to expe­
d i te  the analysis, a rough estimate of the i r ra d ia t io n  h is to ry  was used. In th is  
analysis, peak clad stresses and s tra ins were computed and compared with the known 
values of y ie ld  stress and d u c t i l i t y  of the irrad ia ted  clad m ate ria l. The results  
led to the conclusion that the fa i lu re s  in batch 8 fuel could have been caused by 
the power ramp towards the end of cycle 7. As a re su lt ,  in ter im  re s tr ic t io n s  on 
the rate of power increase fo r  the reactor were imposed to prevent additional 
fa i lu re s  during fu tu re  operation. Details o f th is  analysis are given in  Reference 
16.

Although the e ffects  of a pel le t  chip could not be treated in th is  ana lys is , i t  is 
thought that the presence of pel le t  chips would fu r th e r  decrease the available gap 
and aggravate clad stresses and s tra ins ,  thereby increasing the p roba b il i ty  of 
clad fa i lu re .
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4.4 CAUSE OF FUEL ROD FAILURES

From the discussion of the results  presented above i t  appears that the key 
elements contr ibu ting  to the fa i lu re  of Connecticut Yankee batch 8 fuel rods are:

1. Highly localized cladding stresses resu lt ing  from the presence of 
fuel chips wedged in the fue l-c lad  gap.

2. Low propensity fo r  fuel dens if ica t ion , leading to  early  gap closure 
and enhancement of fue l-c lad  contact pressure.

3. Power change maneuver at the end of cycle 7,

The contributions from the th i rd  element are not c lear. The hot ce l l  examination 
resu lts  in  general indicate that fue l-c lad  contact pressure was much higher in 
batch 8  fuel rods than in  batch 7. This is  believed to  be due to  the low 
propensity fo r  in -reac to r dens if ica t ion  of the batch 8 f u e l . Therefore, any 
additional contributions to  the cladding stresses, such as fuel chips, may have 
been s u f f ic ie n t  to cause fa i lu re s .  However, the possible e ffec ts  of the power 
ramp cannot be ignored.

4.5 USE OF RESEARCH RESULTS

The experimental resu lts  described above indicate probable elements contr ibu ting 
to  the Connecticut Yankee batch 8 fuel fa i lu re s .  These resu lts  also suggest 
d irections fo r  changes in  key elements to improve the performance of fu ture reload 
fuel batches. Since p e l le t  chips are c le a r ly  implicated in the fa i lu re s ,  
a ttention has been directed to the fuel fab r ica t ion  process. Selected fabr ica t ion  
changes have been made and additional surveil lance programs implemented which are 
directed to m it ig a t i  ng the pel le t  chippi ng problem. An immediate benefit has been 
an improvement in p e l le t  loading, with fewer instances of loading problems than in 

p r io r  batches.

Other areas of possible change are spec if ica t ion  of lower impurity levels in the 
claddi ng and fuel design changes to  i ncrease the pel le t - to -c la d  gap. The lower 
clad impurity 1 evel would reduce stress corrosion s u s c e p t ib i l i ty ,  and the 
increased gap would be tte r  accommodate any chips which might be present and would 
also better accommodate fuel swel1i ng at high burnups. Mi nor "refinements" have 
been made w ith in  current spec if ica tions fo r  batch 13 fuel (cu rren tly  in  fabr ica ­
t io n ) .  More extensive changes are being investigated a n a ly t ic a l ly  to optimize 
fuel design and performance fo r  fu tu re  reload batches. A la rger gap size along 
with fuel prepressurization are antic ipated fo r  implementation in  batch 14.
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S ection  5

CONCLUSIONS

The resu lts  of the hot ce l l examinations presented in th is  report lead to the 
fo llow ing conclusions.

(1) Unsensitized sta in less steel cladding is  susceptible to  in tergranu lar 
cracki ng in pressurized water reactor environments.

(2) Depending upon design and fab r ica t ion  parameters, fa i lu re  of the 
sta in less steel cladding can occur under normal reactor operat­
ing conditions ( i . e . ,  peak heat ratings of "^8 k w / f t ) .

(3) The batch 8 fuel rod fa i lu re  mechanism appears to be stress assisted 
in tergranu lar corrosion, with the sources of stress being:

(a) a fuel p e l le t  chip wedged in  the fue l-c lad  gap

(b) high clad stresses induced by pe lle t-c ladd ing  in te rac t ion , th e i r
magnitude bei ng dependent upon the dens if ica t ion /sw e ll ing  
behavior o f  the fuel

(c) possible power ramp e ffec ts  f o l 1owing low power operation near
the end of the second cycle of i r ra d ia t io n .

(4) The primary fa i lu re s  are probably short-ax ia l cracks, with the 
observed s p l i t s  caused by a fuel volume increase due to  oxida­
t io n  upon exposure to the coolant.

(5) Modification of the fuel rod design and fab r ica t ion  process are 
necessary to  avoid fa i lu re s  in  fu tu re  reload batches. An 
increase in the fue l-c lad  gap along with appropriate changes in 
the fuel rod loading process to  reduce fuel chipping problems 
are expected to eliminate fuel rod fa i lu re s  in subsequent core 
reloads.
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