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1. INRTRODUCTION

Fuel failure data for commerciz) lignt water reactors were presented
by M. D. Freshley in the FY-1§72 renort(') prepared by Battelle Pacific
northwest Laboratories for the Quality Assurance Branch, Directorate of
Licensing, USAEC. During FY-1374, the literature (especially that pub-
Tished after mid-1972) was reviewed and over 150 entries of possible
inlerest were iocated and many of these were examined for relevancy. The
previnusly submitted tables summarizing fuel failure data from commercial
boiling water and pressurized water power reactors (plus some heavy water
reactors) have been updated. The updated tables (Tables 1 and 2) are
shown in Section Il and now inciude entries for 50 reactors.

(a) M. D. Freshley, "VI. Task 5 - Types and Causes of Fuel Failure," Nuclear

Fuel Reliability-A Preliminary Study, July 1972.

.
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IT. SUMMARY

Fuel failure data are summarized in Tables 1 and 2.

Through 1973, a total of about two million Zircaloy-clad UO2 fuel
rods have been irradiated in commercial water-cooled nuclear power reac-
tors as described below. Through 1973, General Electric Company has
acquired experience with over 10,000 Zircaloy-c'ad UO2 fuel assemblies
(over 500,000 fuel rods) and 1e§s than 1% of the fuel rods have been
affected by failure mechanisms.‘a) GE reported earlier (i.e., for over
440,000 fuel rods), only about 0.2% had been detected as having perfora-
tions of the cladding and before the problem of internal hydriding arose,
the cumulative percentage of fuel rod failures was 0.1%.(b) A total of
450,020 Zircaloy-clad fuel rods, designed and fabricated by Westinghouse
Electric Corporation, have been operated in 17 commercial PWRs through
the end of 1973 and the number of defected fuel rods (based on coolant
chemistry) is on the order of 1/2 to 2 per 10,000. ¢} As of May 1973,
the Canadians have irradiated over 45,000 Zircaloy-clad U02 fuel assem-
blies (50,000 fuel assemblies represents over 106 fuel rods) in nine
CAKDU power reactors and have experienced a failure rate of less than
0.5:.(5) Kraftwerk Union AG (KWU) experience includes operation of about
112,000 Zircaloy-clad fuel rods in three reactors (MZFR, KWO, KKS).(e)

(a) H. E. Williamson, "Operating Experience with Boiling Water Reactor
Fuel," Trans. Am. Nucl. Soc., Vol. 18, pp. 248-249, June 1974.

(b) "Nuclex '72-Report on Technical Meeting, Part 1," Nuclear Engincering
International, pp. 1027-1030, December 1972.

(c) T. B. Buriey, J. DeStefano, and J. B. Melehan, "PWR Fuel: Experience
and Current Development Problems," Trans. Am. Nucl. Soc.,Vol. 18,
p. 249, June 1974.

(d) J. A. L. Robertson, R. D. Page, and L. L. Bodie, Canadian Fuel Perfor-
mance, AECL-4520, May 1973.

(e) D. Knddler and H. Stehle, "PWR Fuel Reliability and Quality Assurance,”
BNES Conference, October 15-19, 1973.




In Hovember 1973, Gulf United Nucliear Fuels Corporation reported that
since 1968 they have had more than 20,000 Zircaloy-clad UO. fuel rods irra-
diated in both BWRs and PHRs.(a) Another 20,000 Zirc;.oy-élad fuel rods
were fabricated under Westinghouse license and were installed in an over-
seas PHR.(b)

Stainless steel-clad fuel rods were used in most early Westinghouse
fuel assemblies. With the 200,000 stainless steel-clad "uel rods irradi-
ated in six PWRs (Yankee, Indian Point-1, Haddam Neck, San Onofre, Chooz,
and Trino), the overall defect rate is estimated to be only about 1/10,000

(c)

fuel rods.

As of June 18, 1974, there were 46 nuclear plants (represents approxi-
mately 6.3% of total U.S. electric generating capacity) with operating
licenses, 54 with construction permits, 110 on order, and 12 with letters
of intent/options.(d) As of January 1973, the average burnup of all U.S.
discharged fuel was 15,000 MWd/MTU, the average burnup of all U.S. fuel cur-
ently in core was 4,593 MWd/MTU, and the average burnup of all world-wide
discharged Zircaloy-ciad fuel was 10,336 de/MTU.(e) For Zircaloy-clad
fuel and on a world-wide basis as of January 1973, the highest discharge
burnup for quantities of fuel of -5 MTU was 23,000 MWd/MTU for BWRs and
127,000 Mad/MTU for PuRs. ()

(a) R. B. Holden, W. Fuhrman, and L. Raven, "In-Reactor Densification
Experience with Gulf United Fuel," Trans. Am. iucl. Soc., Vol. 17,
pp. 169-170, November 1973.

(b) W. J. Dollard and F. W. Kramer, "Westinghouse Nuclear Fuel Operating
Experience,” American Power Conference, April 1972.

(c) H. M. Ferrari, "Nuclear Fuel Experience ir Westinghouse Pressurized
Water Reactors," Trans. Am. Hucl. Soc., Vol. 16, p. 101, June 1973.

(d) Atomic Industrial Forum, INFO Bulletin, June 19, 1974.

(e) Nuclear Assurance Corporation, Nuclear Industry Status, ». 29,
January 1973.

(f) Nuclear Assurance Corporation, Nuclear Power Plant Performance,
pp. 24-25, January 1973.




TABLE 1. Fuel Failure Summary Cateaorization

Category

Cladding strain as a result
of fuel-cladding mechanical
interaction

Crud-related fuel failure
from accelerated high-
temperature corrosion

Internal hydrogenous contaminants

Manufacturing defects

Fretting and wear

Mechanical damage

Accelerated corrosion from rod bowing
Stress corrosion cracking
Power increase or cycling

Design deficiencies

Unknown or type unreported

Other (commercial fuel)

Other (experimental fuel)

See Item No. in Table 2:

lc, 1d, 5b, 59, 16a, 40b, 31d. 42b.

5c¢, 6b, 6¢c, 6e, 44a, 44b.

Tc, 28, 2b, 2¢, 24, 2e, 2f, X, 5b, 5¢c, 5F, 59. {1}, 6c,
6e, 7b, 9a, 10b, 1la, 12a, 14a(?), 15a(?), 16a, 16¢c(?),
18a, 18b, 18c, 26a, 26b, 27a, 27d, 30b, 44a, 44b, 45a,
48a, 49a, 50a.

la, 1b, 2a, 4d, 5b, 5f, 5h, 5i, Ba(?), 13a(?), 16a, l6¢c,
16d, 22a(?), 24c, 3la, 32a, 43a, 45a, 47a, 50a.

3a, 5a, 5b, Sc, 54, 5f, 5g, Ba(?), 10b, 18c.

20a, 20b, 20c, 20d, 21a(?), 2lc, 2le, 21f, 24a, 25, 3lc,
32a, 38a, 40a, 4la, 47a.

la.
40b, 41c, 41d, 42b, 50a.
40b, 41b, 4lc, 4le, 42a, 42c, 46a, 50a.

la, 69, 13a(?), 21a(?), 21b, 25b, 2%a, 26b, 26¢, 27d, 27e,
27f, 27q, 27h, 28b, 29b, 30b, 21b, 44b, 45a.

2a, 2f, 3b, 4a, Se, 6a, 6d, 6f, 7a, 3a, 10a, 14a, 14b,
15a, 16b, 17a, 19a, 20e, 20f, 214, 22b, 23a, 24b, 27h,

28a, 29a, 29c, 29d, 29e, 30a, 30c, 304, 32b, 32c, 33a,
34a, 34b, 35a, 36a, 37a, 3%, 49b.

6h, 9b, 27b, 27c, 29c, 44b.
4b, 4c, 6f, 44b, 50a.
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Fuel
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Type 111 8,
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Type 111 &,
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Fuel Failure Data for Commercial Boiling Water
and Pressurized Water Reactors

0 lmate
Rod

15.500 (v)

St

1960

Frior to

Sept

1969

ting
T _Ed T Agprostmate Fatlure Frequency

Sept
1969

Sept
1969

i

Sept
wn

June
190

OF 77,184 fyel %, J2 Tatled
(<0 18). Ten of there Tailed during
fourth operating cycle (May 1964
Fetruary 19671

0f 400 Tuel sxsemdb'ties, 5 failed
The S leakers tn 400 asvemh)ie:
could result from tmpecfect ions in
5 out of 13,000 fuel rods (<010
defects)

29 fuel assestVies failed (3 Type
LR, 19 Type THE F, 7 Type ¥)

Sipping resalts at end of (ycle &
(Sept  1969) indicated 79 ‘ogaing
fuel assembliics and at ent f
Cycte 7 (Sept 1971) anottar 20
Teaking fuel sesemblies 'r the
19 acsemblies, 55 failed fuel
rods noted [ 0 &3 of the 18,877
fuel vods of Type 111 8, 100 F,
and ¥ reload fuel)

Sigeificant offgas release
observod a5 carly as Fleit week

of May 1970 duriny aperation and
testing at 50% of rated puwer

A total of 121 fuc) assentilies
wore wipped nut of the core and
27 assestilies (deotified o *atled
on basis of yip signals.  leo
other fuel assesblves remsined out
0! core on batis of viteal fmipec-
tion results.

Hatluee Type

Five fuel .ogrent, faile! decause of acceler-
ated corrosion due to bowing, fiee failed
buosuse of jaterval corrosion due to end plug
stringers, an¢ 17 falled hecouse of design
defictencien [ inadeguate space Tor expansion
and fission gt relesse)

Undersater tnined T1on of 8 of these S astem.
Blies ey alor no tuel rod fatiyres The
Oofin ysaenh'y had ome fuel rod with 4 cracked
botton end.piug we'ld

I the fuel rod fatlures, approsimately hall
dur to brittle Yongituding! ¢ladding cracks
“aased 'y straie incatization and halt due to
interoal hydeiding

The 53 ravded fuel rody had Drittie lang!tu-
dimal crabe cdaracteristic of petlet to
Clatd g woteraction mechaniuem [ tang tuding )
trech Strsin loceYisation e lures)

Four Tye! o et ey | oaiuentiied aod gl
rods caamineg Dete ty nPrerynd wrd minae
B0 wers Dotmart) gl Bireterd un el -
vigual rov the Birster. swiicate nighly
Tocatszed hemical conction by the cladding,
the Yoca'iie o point, of reaction are britile

Sone failed Corl war located tn ares; of the
coare comsiderably revoied tros the high
Probabi ) ite suTpect areas defioed by flus
eilting.  cauie of the furl failures has aot
boen delermined at this feme, Dut 1T fu most
Tively due to an stmormal condition intro-
duced during fae) manufacturing  The 29
defective fur  gssent!ies were replaced with
identical new sssenb)ies that had heen
fatricgted for Drecden- ]

3
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. Apgrexisate Fatlure Froquency
1968 Core contained 1063 fuel segaents, 7
repurted.
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Reactor

Fael Fuel Rod
Type Type  Clasding

initial core Zircaloy-2
and second

core.

Type A Tircatay-7
Type A rcaloy-2
Initiat Lircaloy-2
core

Tma e
Rod

Burnup

12,000

27,4600

TABLE 2.

wig-1989 June 1971

1960

ting

June 1971

Lycle )

Cycle 2

Cycle 3

Cycle 8

(contd)
___Approsteate failure frequency

Jdefective bundles identified,

1008 of core sipped and 26 leaky
fuel assembiies itdentified

Operated with Yeaving fuel far
about ! years.

Number of leaker bundles has
decreased from 183 to BX which
amoynts to approximately 011 of
fuel rods expertencing «ladding
fatlure. History of 'eaking
fuel elements .

57 leabing fuel elements, /4 o
paired and returned tg service

13 teaking fuel elements, of
which & were repatred fue)
elements

38 Tesking fuel elements, of
which 4 were repaired fuel
elementsy

31 leaking fuel elements,
et sipping tests used to de-

tect defocted fuel bundles
after each oy le.

Ref, *
P farture lype E:’Q_Etii
Inyestigation of gre bundie showed failures 9 My 190

sUill Deing caused by 1itthe wires and moving
within the (ircyit

Fatlyre type uobmown. furl assesblies had not 2, 0
been suamined in detail got

Hypdride. aused fun! Fyiigres in production pel. 3
Tet fuel wore first encountered by GF In the
intgial core fusl of the KAR resctor  Cxaming-
tion of fue! efter 2 fow months of operation

had dtscio ed only cladding penetration due to
fretting wear by satrancons material trapped

in the spacer Eaamingtions of fue! <ubse

quently produced and irradiated showed evi-

donce in the fatled furl of an yndetected varl-
ability o produ tion loutaescing)

fuel poarfosance his followed tynical BWl prob 10
Toms whnich include three failure mechantisms
mechantcal faitore caused by cladding abration
Cauned by extraneoys wires from the “tean seps
rartor, clagding Mvdriding failures, and Uy
Lircaloy teteraction

St (o)) eaaminations carvied oul with estat 1
Tishod wothods dlwi; s thowed Tocal (2ed hydride
JLLack In wicte ity 6F the qoe tionable srea of
cladding. Thys, question of whether primary or
secondary Mgdeiding cauced the claddine dofect
remaine 3111 pngnswercd.  Main ares of inter
€3t on the guestion was the original moistyre
content pf first core fyel. “Wistorical®™ ap-
proac falled b yuse the moisture had not

heen measured dur ng manafs turing of first core
Fuels far YET snd skl

May

1972 andt
Aprid
w2,
reso

April
"

Do
1912

Bct .
1913
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Type 8
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Type L6
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Type |
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Fuel #od
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Hircatoy-2
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Tircaloy 2
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Lircatoy 2
Hreatoy 7

<9500

WY, MK

TABLE 2.

1967

1l

1907

ted
Aprit,
1969

an 1A
196/

1908
April,
1969

Jan. 1972

e

Feb. 1970
Feb. 1970

feb. 1970

June 1971

Feb. 1971
feb 19N

feb. 19701

June
ez

(contd)

. Approsimste Vatlure Frequency

fuel bundie fallure rates of tiest
core fuel Nave bewn séarly constant
through § operal ing oy les,

Prior Lo Apeil 1969, there were no
bnows fallures and [here mere tun
suspec ted leakers in Type B fuel
asyembl e,

Ouring April 1964 refyeling outage
Wry sipping revealed 7 leaky fuel
asvembltes (41 B oand | '-yr n
Tospection of 7 Tepe & ant 2 Tyow §
Teaker fuel assemblies revealed
and 9 Yailed Teel rode, resper
tively  [Also noted were 4 failod
fuel vods in comtermelt development
fue! assmetly 0250 )

1008 of the core sipped and 19 leaky
fuel assemtltes identitied 15 Type B,
1 type £, 3V Type LG}

Several fuel assesb!ies failed.

08 of the corn sipped and 17 Tealy
Tuel assemb)iey dentified [0 fype B,
1 type £, and ) Type EG)

I af 84 fuel avsembiios were found
to have failed.

- Fatture Type
Daty indicate a0 ystemattc inf lgence of "
Bursap on Yuel frllare vate Failyre rate of
KEB/YML Firtt core fye) 1ncopaves with in
creasing Timvar codf power . Overall statisti-

cal behavior and fact that abselute fatiure

rate by much Towes with Later fuel Batches.

rather indicate that thesr fatlures were due

to substandard fuerl quality Power changes

due to fuel shutfling were Tound to have no
intluence on the fuel retiability

Farlure (7] Lype untoown 1
The atisrae? fuei rod fatlures wore of the ]
same Chavac tor e all fuel types inspected and
woep Vimited to JO 16 of sctiee fue) Tewgih

woany gteen s0d  The Tuel rod tatlures re
Gulted trom heawy butldup af cred scale that
casved the laditing surfaces Lo averheat to
ataormally roah temgecstured (Vv aeceler-
ated carvoson due to cret)

Examtnation of the Tyoe B and § Yeat v aviem ?
By Indicated fatluror are prodominantty

crud related (o0, acceluvated coreasion gue

s crud] The Type £ fue! fallures gave in
dication of early 1ife hydoading

Premature Caliure of several © fusl assewb! bes. 27

Eaamination indsoated that the Tyne § and | 2
teaber assenb! ey are aredominantly of the
(hartcter of the coult related fatlares previ

ously descrided (Ve . accelarated corvoston

due to cryd)  The Tepe B4 ol lures appoared

10 be Mivided coughly tetween (rud related

and sar iy Life hyde ite varlures.

he taite!d fupl g omb)let constatad of b
4 types of eaper mental fanl bundlies
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8, 300

), 0
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TABLE 2. (contd)

1985

1969

May 1969

Jan. 1NN

meen
9

Vo

Oct. 192t

sept
"wn

June
wn

Cotralt target rody in & fuel aysem
bibes becams gnloched

i fatled fuei rodd

3 teary fue! aviesb!ies detected by
sipping.

Tl Teaber fuel assemblies ident)
fied,

1003 of cove (bR fue! aroemb)iet)
sipped and 70 Teaky Tuel aotemt)ics
tdenttfied

1002 of core (%60 fun! assemtlies)
sipped and 88 leaky fuel atsem
blies tdentified

0T of core (%60 fue) assemt)ier)
3 during each outage  Bundle
fatlure (activity release 1o conl.
ant) 13 Age to only g few porfa.
rated rods emong the 29 ta an
assmtly.  fuel rod faliure rete
was 0 ST, even for earlisst
cycles

Aboye-norwmal off -gas activity
indicated increas fael rod
leakage

I LLLT B ——
fuel inspection determined that several of the
cobalt target et had become enlocked ‘n tour
fuel avsemt)ies  The Toote cobalt rods wers
revoved and the fuel sscembl les rechiraed into
outer rowt 40 the core  Rnalysis shows e
peating will not orcur. also change n flow
diatribytion will rot have o large offect. '
Tocking resylted from intgffic fent farce tn the
Apring that Inched the rods in position Wod!-
ficetion sade that incresses farce required to
unlock target rods (1 v, instailed auxilisry
spring which mas Teching farce of 13 1)

Tre rod from “T° tyre Yur) bundle urmopectedty
found on spent Tuel pool

fatlure type wnvnown  The T Teaker ¢yml asyne
Bl tes had eacesded their design esposure

Ine faiiad fenl inds In the Yogher Yuel assem
Blies s uhitint the churarterintics af sarly ) ife
hydride Parluces

Fatlyre type umimowr, no Setatled ergmingtion
performed yot Twn possidle causes oentioned
’l fretting wear by 1team sepacator wires, ar
71 fuet fadricated nrioe to tntroduction of

VACUMR DUTGAL Procens step during Tabhrication

Fue! rad foilures Vdentified predaminantly had
eharpcteristicg of earig - 1ite hydeide altack
DF the 80 lwater fue' svveablivs, 20 were
repaired (4 o failed rony renlaced] and
rocharged into reartor

Belationenip cetween fuei sivestily and fye)
rod Tailure frouue (§ indicates some pusitive
correfation in fuel ol hehavior within an
sssemtly  Observes clustering of fatlyres is
felt due to sixtlarity tn operating eaviron.
ment within an acvembly rather thas caswa'!
fatlyre Intera tion meihaniems betunen rodi

Moy imgs reactor power will be lismited gnti)
fue! iy replaced

L
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fla®

12a®

1

T4a*

1ha*

16a

5

Rear tor

Anar tor

S

Nine Mile Paint Aud

Tsuruge

Fukushiom

Vubushing 7

il lstone
Fotat |

Wil 1stane
Potne )

Manticells

ngen (0 )

Uingen (¥l }

Fust
S I

Initial
Lore

Rpprosimete
Peas Bod
Foel Rod B nup
Cletding (waywiw)
Lircalny-d L A00
Ivrcatoy 2 b2
Iircaloy 7 A 400
Zivcatoy 2
{ircalay 4,300
IVreatay ¢ 7,.m
(awweap)
Lyreatoy-2 “1.000
ircatoy 2
itrcaloy 2

TABLE 2.

g’l'ﬂ
__Start I o Agprovimate Tailure Frequency

Sept.
Lk

Mow 19

fetr 1000

May 1964

Ve

(contd)

Sept 1003 of core (552 fuel svsestilies)
W st and B leaky fue) astem.
biles tdevtified

Sept 'nnw? han ldeatifind Yewker

1an a Lot

,.;' Sipping tdent ified 6 leaky Fyel

an an ey bn the core (hat 600 feel
assenbl les )

Sul O"r\ trond suggrats some fuml rod

W failures exist bn the core (R

fue) ausomb]tes)

. OF 112 furl assembilbes 415 harged
1912 105110 Yeskers determined by
(€ le i sipping sut of core

SQ;!. Dffgas trond suggests that some
an tuel vod failures baye occurred in
the core [has $5% fuel ausemt)ies)

WI M rodu (dotesLive or 4t Taast

L wusgert) withdrawn from M bun
dles 139 fuel rods [Lome coond)
from an atdition 41 bandle: gisn
withdrawn ¥l assomed to have
1T detect rate

mwn About 1Y 0F the Tael radh of the
initial core falled

SN 1L L3 S——

The aaker Fuel asicomtl ien showed predom -
nant failges chgren toristios of sariy 1ife
cladding hydride attach, howsver, 10 of the
fesher aviemtiies Rad fue! rod fallyems
Attributed to fretting wear from debriy
trapped in ipacery 1 the I8 leaker fue)
assenhlia, /7 were vonaieed (fatled rods
roplacod] and 14 of the 2 vecharned into
reactor

Thie $arled fuel vnds have the chariter iy
tics af the party L ife hydride tatiyemy ab-
erund o other cenntors with senoutoes ed
fuel  the witial core furl in Tsarune way
ot ¥ um Surassied

The Tuml vad faityrey oo jerinnced were earl
Tite nyteide type (40, (nternal hydriding,

Perienical intarfereaee betwe 1 furl buntie
ahansels and control blades wes *rami

Fatlare type uobnown. oo Fom!l (0wt iom 4
dote.  The Fuel vod failuves ave Lo ted
o be eariy-life mydecde faltyees  Omiy o
prtinn of the initis) core fuel asvemhlies
Convaln Fuel cuds whi b Nave been v
sutyanied

No wisudl Insgection resylty avatlante yet

o fue) Inspection performed ot busl vod
fathures probably due *5 early 1ife hydrid

tag.  Initiat core fue) Toaded tn Mantice! o
WAt Ot v uum outagriiod dariaa el b st lan

Befects classifiod (n folloming mannes  WT
craterhaped holes, S6° buiges, partiy with
cenchn, ¥5 tomnityding] cracks, and AT enn
Plun fallurms  bdt Fust vods Ald mat collect
any cend Lo lsavg cve gl contains only stain
Trut steel)  Defiate velatinnabip betueen
sagritude of <pning srgeal, the burnup, and
rumte s oF Aetact iys furl reds in 2 buntie (yee
Yable S in report]

Frodicted turmups mece obtataed o o satisfa
tary spnner byt the mochanlcs) per farmance of
the fuel st nnt Latisfartory
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Ly

Fael 204

~Slesting

Zivcaloy 4

Lircaloy &

Lircaloy 4

P

~19,000 Jame 1969 Jume 191}

(contd)

.. Mpprosimate Fatlure Froquency
coolant

Chamical snalytis Indicated
sctieily in Sept. 1969 due to
Tesks (0 A1),

083, baved on prlmary conlent g«
tigity sgrly 1n first cycle, come
pletea cycle (additional 600 days)
with no further dJefect '« picatines

OSRSEE | ———
Direct and TV visual ensmingtions plys indi
v!ﬁo: fuel assembly Tead tests disctased
that leshs came fram one core Regian
Yi and tewted ta ronfirm m'h:!.:n:.hln
that Tovalized <1aading hydriding resulting
from sereniive mistuce tn fuel oellets wes
cause of fuel ot defects Observations alse
s toimd & mstwr of cods In var lous Reglon
¢ tusl atsemblles with collapsed sectiony
(577t 2 172 %n Ygng) but 8o indicellon of
iwass in any of the fael sisemb)iey contain.
ing coliaphed Tuel rosdy .

Study, without witus) saamingt lon, indic gled
st propable causs to he Internal hydeiding
Bue to weisture whio b oway Tater confirmed
Prior ta this, mdifications in funl oraduc
tion Rad besn 10t cudured to eliminate this
AInce ot had beer pepectod Lo additlon,
observations of spent farl avsemhl ey showed
natl ngetey af spds with shart sect tans col
Tagsed (hat mo e Indications ). wajority of
these gisenltias bett dn for wooond g le
apevation

Prigr to 1975, Westh st trae fas o Al mot
eupar temend funl rad flattening  §lattenes
fuel rpds were first detocted in Rugion Il of
Besman | durtig the Cyrle | oretgaling in 100}
A single flattemd lenagth of 0 8. L0 ta s
the upper 01 of the fus! coluse Teogth was
ohserved In goprastmetely ST of the rods te
Bugtam 15 Fuel vost (0 Beglons | oang 180 en
hibtted no flattentng at that s, howswer , &
il feaction af the dratom | fusl rods were
Faund 1o b flatisned during the recent (yile
11 rotueling. A1) ¢ ladding flaltening ot
sorvet to dute Wax oo uered in gnpressur b ied
fuel vods  Fael fonsification snd anisl set
Thoawe! ween identifind a5 cause nf agp forma:
Lham e fuel ol s which Ted tn Slgttening
0f ¢ Tadding beause of thermal  and levadia
tian anhan od coenp of the ladding gndss (e
content predsore  Llatding tlattening 15 ox
#cted at Righer eapavurns be Cee of the
v ihor deiigns of prapresseriix) fuel rods
since the presture levely ave predicted to be
ton low o prevent o fadding (1t tening
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' TABLE 2. (contd)

'nt.‘:l" Operat
| tem Reactor Fuel Fue! Rod Burnup gl Reference
Mo,  Reactor = Type  lype Cladding g/ wtH) T SRar ___Agproxieate favlure Frequency  Fatlure Type . el <
i ila  Ginna g Iircaloy-4 - 25,000  Nov. 1963 Marcn Cootant activity tncreases observed  Leaky foe! asseadlies fdeatiflod by visual ex- 1, Rorfl 1972
"N tn March 1370, Leaks were confine!  aminslions snd leak testing fvaluation of 2 and Sept
to 12 fue) assembliss tn Region 3 observatiors suquested Tocal hydriding ressit. 1937,
Replacing the 12 leater assemb)tes ng trom fue!l contained molsture as the Tikely ress
with fresh ones reduced activity 10 cause of the leab (4] 1t was Jater contimed
adout hal® the leww) prior to that source of Jeavi wii motsture contiined in
outage the *url
2 Ginne el Lircaloy 4 Vet . End plug separated fram fuel rod Durinyg reryel ing oparations, one fuel element $9  Oct. 1972
1972 wou!d mot botiom poonecly, pretrudinn 172 in
above other core 375 wlies  Tour days later
an end olug Trom a Kogteo © fyel assembly wes
1 retrinved from the hattae core olate. Plyn
to be ceamined ty sow why it separated from
the fue! rod
2lc Ginna ran Tircaloy 4 June Dez. Fuel rod end-plug recoverad  No About 13 days equired for replacement of 29  feb. 1973
1972 1972 indicators of fyel detecioration 8% unprescarieel fue? assemblies and ve-
observed after 48 fue! astemblies “overy of & fuel rod end-plug from the
were replaced with other lower core-support piate.
assemb] tes
214 Giona Pun Iircaloy-4 0.4%, based on primary coolant Study, without visusl examtnation, indicated 10 e V27
So—ll activity early wn first cycle. most probable cause to be intcrnal hydridine
a2} went additional 400 days before dur 1o MoiAt e which was Fiter (orfirmed
further defects indicated. Prior to this, sgd froatios, ¥ fuel profur-
tion had beer iatroducad to eliminate this
stnze ¥t Mad been expected Dyring <pring
refue')ing, nllapeed rods observ- 1 with col-
Tapuad secttons ranqing from 4-8 o= tn Yenith
g are the resull of gradas. treepdown of
cladding over an unsupported tength due to
righ difFferontial pressyre
ile  Giona Vv Zircaloy-4 Cycle Saring Cycte ¥ wetueiling, a byeoe aynber of a5 Jues 1973
fur! rods were gtitrved to De 1t Intesfersace
«iih the too mr2iey and @ fow of theds rodt
were bowed  God intecferen & and bowng e
due to Tarser-than-erpocted Zircaloy growth
during frestiation
r v 1 Flattenad fys! roas nhseryes tn Featons 1, 11, 33 Oct. 1973
LA s Finoxtey-4 i and 111 (A" uspresturized fuel! during the
(ycle ¥ refusling in 72 See last three
sentences under Bezngu -1 {eatry e}
Some fyei rode collansed hecsuse of in-reac- 3% Dt 17)
27 Ginna e Zircaloy-4 = oar demaifiiatron of fuel. Densification

phenwencn reported b{ AEC to ocour at tinear
nont rates o5 low #s | Yo 7 kd/fE 133 o
65 Wiem)
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Item

2m

™

Minama !

Point Beach-1

Point Beach-1

Point Besch-!

Point Beach-1

Paint Beach-)

Reactor Fuel
e e
i

Fuel Rod
Lledding

I alay-4

lircaloy 4

Ircaloy

Lircaloy -4

Mrcaloy &

Tircaloy -8

Lircaloy -4

Itrcaloy 4

TABLE 2.

(contd)

Approcimate
Peak Rod Operating
Burnup Period N
{wasww)  SRart T M Approsieate failure Frequency
2,000 Oct. 1972
(Average) (Cycte 3)
~16,000 July 1970 Nov. 1971 Coolant activity indicated presence
of & few leaking fuel rods In core
at start-up (0.0353).
1973

~19,000 Jan. "

fall 1970

1,807
(average!

Low-leve! coolant activity abserved
from beginning indicating one or two
leaking fuel rods.

u’;. 70 fuel rods 1o 26 unpressurized

19 fuel sssemblles showed indications
of collapse, representing a collapse
ratig of 3 5%

Nov. 1972 0f 105 fuel assesblies sipped, 23
were leabers and | was syspect

1973

Sept 25 tue! assemb) fes with failed

1972 rods (collapses and leaks), €

(Cycle 1) fuet assemblies with collspsed
sections have no leaks

. Fallure Type
Fuel failures and ullapsed cladding noted

Final 48 nonpressurized fuel rods discharge
from core

fatlyre type unknown  Coolant activity never
eshibited & sharp increase similar tu thet
observed at Beznsu and Ginng  Mihama-| has
pressurized fuel rods.  Also, more stringent
controls on fue! moisture specifications and
quality contro! procedures apolted in many-
facture of Mihuma-1 fuel (and al] other fuel
delivered since Bugnau and Ginng)

During the past few months, fuel rod flatten-
Ing has been observed in Reofon | fuel [un-
ssurized) . See 1ast three sentences under
amau-1 (entey J6c). Mo collapsed cladding
observed in oiner reqlons which contan pres-
surized fuel

Tatlure type unknown

tagminatior performed by bimucular obser -
vation. At time of shutdown, core had 13,000
effective fyull power hours  Propressorized
rods exhibited no ey idence of collapse

Weak velationhip found between leaby fuel
avsewb!ies and those with collapsed fuel rods,
No correlation was found between collapies and
core locatton, burnup, or Tuel atsemsly
inserts.

During the past few wonths, flattensd fuel
vods have teen shierved tn Region | fuel (un-
pressurized).  See last three sentences under
Bernau 1 {entry 26c) Mo collapsed cladding
observed in other rogions which contain
pressurizod fuel

Reference
Ko Date
W Jan. 192

O Aprir 19r2

M Oee 1973

4 Aprit
192

61 Oet 1

n Nov. 1972

n Oct, 1973

1 Jan. 1973
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Ttem

o Reac tor

30m  Obrighelm (R0} PV
I Obeighelm (KMD) PR

30c

Reactor
Jrpe

Obrigheim (D))  PWR

Obrigheim (¥d)) Puw

M. B Robinson-? P

H. 8. Rotbinson-2 PWR

Fue! Fuel Rod
Type Cladding
itrcatoy
lircaloy-4
First core  Iircaloy-d
Reloads Zircaloy-4
lircaloy-2

Zircaloy

38,000

> 36,000

»32,000

TABLE 2.

March
1969

March
1969

Firen
Cycle

(contd)

—Approximste Fatlure Freguency

March
tare

March
1974

ey Y073

1973

In first core, first refuelling re-
vealed signs of dasage in about 101
of fue! assemblies, but the number
of defective fuel rods did not ex
ceed 18. During first refuelling,
11 foe) asser’ ' "sg with defective
rods were ¢ orly found by wet
sipping wring second refuelling,
3 fuel a5 wmblies with gefective
rods were emoved

Defective fu | rods were only 2
problem during the first Y0 opers-
ttoma) cycle.  The overal) fatlure
rate 15 smaller than 012, with
sost of the fue! defects orcurring
in one batch of the initia! core
Toading.

On & fue) rod basis, the fa2iiure
rate s 0 212

On 3 fue) rod basi., the fallyurn
rate is J.01 7.

Rod-contro) cluster fatlure in goe
fue! assembly

—— e dellre Type

all getective fyel rods found after the first
cycle were from the same fabrication series
Preferential allgnment and crateriihe appear
ance of the defects stvmv‘ pointed to in-
ternal contamisation of fuel rods ax cause of
failere fpiie’ing and sutoclaving of empty
tubes o fuel rods was eliminated on or after
the first vt rolpad)  Visual tnspection ot
0 fuel asseniites during £0 5t refuelling
contirmed the problee of treadiation jrowth
of lircalow, ¥ fuel assemd! ey from zomc of
Bighest eor ichment were repatred by replacing
Towe: eed finture of sinembly with 3 new one
whizh tec more axial clearance for fuel
rod Saangton fead =post oo was unusaally
high guring “1oyt cynle but caused o de-
fouts Firt cove el rode wwre not pre-
presaorized, n cucdence of cladding ot iapse
wht found

e fur T atrol cluster ar a2 ‘el ssiem
Biy separated from the spider 50t during

operatior  Fail e accurred in trate jaint,
00 cause Toun and ro othor failure was found

During the poit few montns, flattened fyel
rody have beon b erved in Fegion 1 fue)
(uneressurized]  see list thres sentences
ynder Becnau ! jentry 6] W coliapsed
tIvdding abseryed in other renions which
contain prossurized fuel,

Heterence

an

a3

Dec . 1972
and 1977,
resp

Jan_/feb.
1971 and

Oct.
1973,
resp.

Jume
1314

June
1374

May 1972

Gt 1973
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TABLE 2. (contd)

Item Reactor Foel Fue! Roa Burnup E&
-~ Beac tor Tyve Type  Clsading M}_ ar ___Approstmate Failure frequency
e W B Robinson-2 P m:. .

e Satlyre Type = _m":ﬁ_

3 One grid  irap on one bundle Two smal! sections of » Yue! sssesdly spring " Dec 1973

fatled. clip grid strap made of Incone! were 345~
coversd 1n steam generstor Normal resclor
coolant flow would readily carry the grid
Strap sections into the stesm aenerator
chanrel nead.  The spring clip grid pleces
came from 4 single cormer area of one grid;
herce, 3te fus! rods are partially umsup-
pertes At the one grid Tocation Mot
Tikely gxplarrtion is that the grid edge
caught on sree partion of ae acent
assemd’y a5 the affected assestly way being
inserted tnta 1ts core potition during re-
forling oprrations  Results suagest thet
the grid pleces are fram previously irre-
diated fuel During forthcaming refueling
outaye, conprebent ive fyel imgpection to
be conducted te determine Tocation of
daman<t ‘ue) assewd’y and effect, 1f ane
o Swrounding fue! sssembl tes

i fue! astembly repleced becavse Puieat containing ta-core l0ad e detector ”n Moy Va7
W Nt S o, Bhrcitag# m :.““..g r“" One fue! assee we' Deing removed and cauaht under hold-doen
Yly had to be wodified plate of an adjecent fuel assestly, 1iftine

10 off ity 3 atignment pins sed dameging
7 spacer gridy . The Tl avimmbly was re-
placed with & spare.  Two diagoealiy loceted
support-plate aligreent ping weve found to
be ot of aligameny (fabe ication evror),
4 "ol elesent nat 1o Le modified by e
hrglu? the pinkoies defore i1 would (1t
proper |,

. - [ s M 1970
ke * - 9ra Higher then average coolent aotive Fatlure type not indicated yot Reartor
e e £ - A o tty indicates that some ‘el rods ray O shut dowr Ve June 1974 (orignally
have falind sotedule? far refysling next geer) t3 cor-
rect condition

§ 4" June 1974
Rc  Maine Taskee P Firsy core  Pircaloy 4 1,400 Dec. 1972 Warch On 8 fuel rod Dasis, the failure
irst 1978 rate 15 <0 VT
Lycle)

' There has besr cery 1ittle change e 42, June 1974
oGl MR Ml nealers e Re D e e et MLt bt 0 taction e e stnce 43 end o
through small pinholes tartus  sc these leakers may be classed 1978,
4 Cintinite oo ralities” anet are morwal resp
for 4 Sirstepl actand wnit  In Janvery
1975, ome talt of ‘yel was reploaced with
pregressur tied fuel rody
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Reactor Fuel

___Reactor Type  Type
Stade-1 (KKs) .

Stade 1 (KxS) L first core
Palisades . First core
Fort Calhoun ) " First core
Turtey Point-} PR

Turkey Point & P

Borssele (K(B) I First corr

wPD-2 iR
(Rotphton)
wPD-2 B
(Rolpnton)

Fuel Rod

Clodding

Tircaloy-4

ircaloy-4

Iircatoy-4

Iircaloy-4

Zircaloy-4

Iircatoy-2

mate
Rod

Burnup
_{voat /)

IR, 000

25,00

~13,100

TABLE 2.

Sept. 1973
(First
Cycle)

1962

1962

March
1974

March
19

March
194

July
1973

Rarch
1974

May 1973

1973

(contd)

__Appronimste Fatlure Frequency

Coolant activity was already de-
tected during low power pericd of
reactor operation. It increase!
fomwdiately whon full powsr was
achieved and has stayed theve
since then

The fatlure rate on & fuel rod
basis 15 0 058

On 2 fuel rod basis, the failure
is <013

On a fuel rod bastis, the fatture
rate 1s <0 012

Coolant activity increpses cavsed
by fue)-cladding defects (much
Tess than 13).

1 fue! assembly dropped during
infttal rue! toading

On a fuel rod basis, the failure
rate 15 <013,

OFf 3,378 bundles, 11 have fatled
The moan fatluyre rate 15 ane
bundle/year or <0 43

For WPD-2, Douglas Potnt, and
Pickering reactors, the defect
rate is well below 13 of all
bundles Tuelied

e oM lure Type

Fallure type undnown Response to power
rather rapid
activity was
very low and just at the detection !imit
Fuel ¥4 to be insper tod during scheduled

changes by sctivily peaks
Unlfke XM expesience, the

refuelling In July/August 1973

Fur) assembly drogped 4 or & 1rches
clawps did not arip cable) while being ©aised
Sheteton of fue!

assembly replaced before avsembly was loaded

to the vertical posttion

Some fatlyres wore the resylt of =mevhanical
demage by fuelling marhines during unusual

maneyvers (v a9 , reverse fuelling of a chan.
nel) and & few may have been damaged by the
Mg‘ling equigment anly after discharge.
evidence of shwath collapse into fnterpellet
Q80 has been observed in NPU o 0ther CANDU

reactors

M5t probable defe t mechanises, acting sepa
rately or together, are strest covrosfon
craching by Fiosion products, or rupture of
the neutron embrittiod cladding in reglons of
high stracs and strgin cuncentrat .ong

entry (41c) wder Douglas Point,

et

n.
40

&1

Jan_/feb
1971 and
Oct

s,
resp

June 1971
June 1972
June 1974
July 1973

Aprit
1921

June 1974

May and
June
1973,
resp

fHee. 1971
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Item

Mo, _ Resctor

4la  Douglas Point

416 Douglas Point

4lc  Dauglas Point

Reactor Fuel
Type Type
PH

(nso

pst)

L

TABLE 2.

ircalon-2, -4

Iircaloy-2, -8

(contd)

ting
Prior to

May 1968

May 1973

1973

__Approsimate Fallyre frequency =

S fuel failures detected out of
~5,282 fuel rods (135 fuel
assemdl fes

0f 5,387 bundles, 63 have failed
The cumulative failure rate is
<IS. Up to mid-1971, less than

1% of 2!l bund'es failed, inciwuing

those suspected of having failed
but in which a defect ould not
be positively identified. At
®id-1972, the 1 was sti)l
under 13 and, | . had de-
creased significantly  Tha
current failyre rate §s about
one fuel bundle per year

For Duuglas Point, WPD-2, and
Pickering reactors, the defect
rate s well below 1t of all
bundles fuelled.

AVl fue) fatiyres attributed to maloperation
of fuel-loading equipment.

Program to monitor fuel performance at Douglas 12,
Point and Pickering revealed 2 smal) but sig- 13,
nificant tac-ease in fuel fallure rate. Many i
of the failed bundles had undergone power n-
creases shortly before giving evidence of

fatlure Tests confirmed that increasing the
power (rapld increase is not required) :: fuel

that has already heen appreciably \rradiated

does indeed cauvse failures.  The delay be-

tween increacing the fuel's powsr and any

evidence of 4 sheath failure ran range ‘rom

a4 Tew minutes tn teveral days  Txamina®ion

ot farind buna'e  showed muth hydriding

damage, howtver  avaly 15 revealed chat

Pydrogen 1e the sheaih conifsted largely

of the deuterium \sotope, 30 much of the

obseried damans was the contequence of the

ortginel fa1lurs rather than Its cause

Tan potentis) mechanisms identified e
(1) therma) peutron fluwes higher than fael
design value, (2) mechanica' damage during
fuel handling, (1) faulty components, poor
design, or -whuuvm? error. (4) strawn
reversa! at longitudinal ridges tn claading.
(8} external corrosion of cladding; (6) mi-
gration of wacancies to forw vords in the
Tircaloy, .7) low cycle fatique fatlure of
cladding, (R' internal contamination by hv-
drousnoss matertal to cause « Tadding hy
driding, (9) stress rovrosion cracking of
cladding; and (12) tensile fa:lure of ¢ adting
embr tiled by fast neutron irradistion,
possitly sgyravated by strest comcentraiions,
Many of the defects in eaperimental fuel
were atcribed to one or more of the first
eight defect mechanism., hownver, some de-
fects, including the majority of those in
power reactor fuel did not fitl these mecha
nisms but 9id have a common character iatic
(f €., they were gosociated with sudden
increases in the power output of the fuel)
Defects occur 1 Iecaloy-clad U0y fuel rods
it their power gutput is tn.nuc‘ signifs-
cantly after & burnup of S0 bty /kg U The
investigators stite that the two wost pro-
bable gefect me haniems, acting separately
or together, wre stress corrosion cracking
by fission praducts, or rupture of the
neutron. smarittled cledding 1 regions

of high siress and strain concentrations.

Fallure Type I’:_Efs_f
1 ser

ing
191

Jan.
May, and
June
1973,
resp
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TABLE 2. (contd)

“'“2:“
L4
Item Reactor Fuel Fuel Rod b.nm!q
Wo. _ Resctor  Type  Type  Cladding ,{'l!{"!)_ Start U Approtimate Failure Frequenc
RLUE L Tircatoy-2 18,500 Jan. 1968 Aprit More than 48 defective fuel alemmnty
(pres- (eariier 1973 romoved from reactor
sure cores
tube) -10,000)
5a  Karlsrune Ll Iircaloy-2 8 009 Dec . 1966 MIFR fuel performed with o *ailyre
(m21%) rate of <0 028 The first defec-
tive fuel rod was recorded at a
burnup as low as 588 *ad/Miy
462 Vulcain . 00,-Pud,, Stainless 45,000 The one W*-" fue] eloment
tteel {37 fuel plus) was intact, tow

ever, fallures were induced in
U0y fuel eloments.

FCIC . LT e

The defects ehich have cccurved in SGHR fuel
elements, apart from those attridu ed to crd
and spectal eaperiments. have not been rolated
to design or operating conditions, but are all
belteved to be due to defects tn components.
Some fue! elements hud to be discharged pre.
waturely because fue! pin axial h ex-
ceeded design allowanse.  Harefyl crud (thick,
copper-r'ch) deposition caused 33 defects. Of
15 cther defecty, £ wore in “high risk™ ex-
periments, the romaining T were of particular
interest since tn 2 cases the cladiing rapidly
develgped multiple mi ron-size hales and the
cther & elarents involved internally suto-
claved cladding [-e<idusl hydrogen led to
ohservad wyltiple Wyt ide “sunbursts® and
sometimes transverss coacks). hnun noted
an 2 firgt cove wlements ot bottos end

Found 3 fye) elements in reactor which had
tecome detached from hangsr bars and were
Todged at bottow of pressure tube, damage

10 elements was very slight

The few fuel rod fatlyres ot ierved shortly
after startup gave saluatle infarmstion for
fabrication improvements The firit defec-
tive rod revealed a “hydride sunburst " the
seurce of hydrogen was wasiily traced back to
moisture trapped tn the tuel rod durin: fa-
trication. Some other fue! rods failed at
their fingl end jlug welds, the standard
steam autoctave tost vouttnely used 4id not
reves! these pooe auality welds. Residual
air inside fuel vod wat cause 0f heavy weld
contamination  Oimensiora? check of almost
208 of MIFR fiect corm fue! eloments revealod
proplem of teradiation growth of Jircaloy
cladding

Cause of the failures of the (N2 fuel ele-
wents (37 fuel pin element, toth <tainless
steel and Iircaloy 1 cladding have been used)
was operation n a regime where first half
was At teady power and second half tovolved
a period of power cycling

3o Ocr, W23

12, Jan JTed.
w0 1971 and
det

I!”
resp

M, Oct 1973
32 and Jen./
Fen 1910

T —
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Item

4a

Resc tor

Agesta

Saxton

Cirene
(Latina)

Reactor Fuel fue! Rod
Type _ Type Cladding
e w,mz ircaloy-2
- Iircatoy-4
e wrm), Iircaloy-4
B Core 3

LR Tircatoy 2

Approvimate
Peat @od

Burnup
Amadjon)
A1 60
~19.8W

~45,0%0

9,820

TABLE 2.

S

(contd)

—Appronimste Failyre Frequency

May 1972

1973

0f & fuel elewents (60 fue! pins),
2 fue) elements failed

S fuel rod fallures were detected
in the tota! of 1190 ‘el rods
{<0.51 fatlures)

Mo leaking fuel rods

7 leaking fuel assemblies

0f 159 fue) rods which have com-
pleteg trradiation (in other
reactors such as Helden HEW,
Agesta, (SSOR, etc ), 3 fuel
rods fatled and 10 fue! rods
had nonpenctrating defects

SR [ 1] 3 ¢ | —

One fus  elepec® fatled Decause of mechanical
demaoe caused By o handling fdncident The
other failure wat due to 3 crack which devel.
oped i » weln

Evidence suggeits *hat the fallures were
raused by nternsl sources of which
Ted to loca! hydriding of the Zircaloy clad-
ding (1 e, 3r.-phase hydriding). Peat ex-
posures (Wi MTM) of the 5 fallad rods were
10,600, 6,800, 12,800, 18,900, and 19,100

Blisters formed a5 a result of internsl
hyds tding

T Ceaking fys! avsemblies went to @Ml and
T yent to Maltz Wil site  Zore 3 had
L8179 Mid of cperation

About 240 of the WO ir-adiated fue! rod
were exagmined 1n hot cells 23 fuel rod
failures (and norpenetrating defects on 10
other fue) rods) wove Caused by Yocalieed
Attacks by interna) hedrogen and, to a letser
extent, defocty at the end plug welds, 7
other tue! rods failed as a consequence of
2 stress coreosion mechanfse during power
ramps. an! i fuel rod fatlad beoguse of er
estra (and long) averpowsr tran.fent.  The
7 tuel ruts all fellen either with smai!
anial crachs ot ridues on the (lafding or
with circunfe ential cracks in the plug
welds  “he single rod €ailed because of a
penctrating cra k in the cladding

T

n

“hate

et 1972
Sprtag
"wn

May 1970

Oct. 1972

Jan_ ifed
19,

o
1973, ana
et
1973,
resp.
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