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IN~REACTOR CLADDING BREACH OF EBR-1I DRIVER-FUEL ELEHENTS‘

B. R. Seidel and R. E. Einziger

EPR-11 Project
Argonne Natfonal Laborastory
1daho Falls, Idaho 83401, U.S.A.

Knowledge of performance and ainimuym usefvl element lifecime of Mark-ll
driver~fuel elemeants 1s required to maintain a high plant operating capacity
factor with maximum fuel utilization. To obtain such knowledge, intentional
cladding breich has been obtained fn four run-to-cladding~breach Mark-11
experimental dviver-fuel subassemblies operating under normal conditions in
EBR~II. Breach and subsequent fission-product release proved benign to
reactor uperations. The breaches origirated on the outer surface of the
clasdiny in the root of the restrainer dimples and were intergranular. The
Weibull distribution of lifetime, given by

1.94
ron -1 - e|-{500) ]

accurately predicts the obscrved minimum useful element iifettwe of 10 at.X
burnup, with breach ensuing shortly thereafter. Possible causes of breach
have been postulated, but final assignment of cause must await future exam-
inations. The ultimate lifetime of the fuel elementa may well be increased
sonewnat by removing the restrainer dimples or replacing them with an alter-

nate design.

*
This work was performed under the auspices of the lnited States Energy
Research and Development Administratien.
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Introduction

Experimental Breeder Reactor 11 (EBR-II) is the only operating sodium-
caoled fast breeder reactor in the United States. The reactor functions
primarily as a materials-irradiation test facility, but several benefits are
derived from the total wmission of EBR-II. Operating at 62.5 MWe, EBR-I11
generates 20 MW electrical for distribution; provides plant operacing experi~
ence, including experience with component reliability and servicing; and pro~
vides evidence that LMFBR's can operate sifely and at high capacity factor --
76X 1in calendar year 1976.

To prevent costly losses in plant operating capacity factor due to un-
tively breaches of the cladding in driver-fuel elements, a burnup limit for
driver fuel must be established. However, the limit cannot be set unless the
ultimate mininum useful lifetime of an element fs known. Postirradiation
examinations generate performance data resulting from irradiation of driver
fuel to high burnup as part of a fuels gqualification and surveillance program.
In-reactor breaches obtained by the run-te-cladding breach (RICB) program
establieh element lifetimes for normal and off-normal operating conditions.

The element burnup at breach {3 used as an input parameter for the sta-
tistical analyses required to predict element lifetime and reliability. The
Weibull statistical wodel for determining element lifetime, which has been
suceasfully applied to other EBR-II fuel designs (1,2), is being used to
quantify the lifetime of the Mark-II element. (See next section for descrip-
tion of the Mark-II design.) Earlier results for nonreference design Mark-IT
fuel elements clad with Type 3J04L stainless steel are described in Ref. 2.

This paper characterfizes the end-of~1life breach in Mark-11 driver-fuel
elements and demonstrates the applicability of the Weibull statistical model
in determining the lifetime of the Mark-1I element. Element lifetime and
poasible mechanisms of breach are slso dircussed.

) Irradiation Experiment
Design of Mark-II Driver-fuel Element -

The Mark-1I driver-fuel element (see Fig. 1) consists of a fuel pin of
67%-eariched uranium-5 wtX fissiun* 343 om long which 12 sodium-bonded within
Type 316 stainless steel cladding. The cladding is fabricated from fully
annealed welded tubing. A lower end fitting is affixed to the tubing to
position the element within the subassembly. A spacer wire of Type 316 stain-
less stcel im attached :o the element with a 152-om helical pitch to aid in
positioning the element and in distribution of the flow of the primary sodium.
A top end fitting is welded to the top of the cladding after the fuel pin and
bond sodium have been loaded. The last step in fabrication of the elements
13 indenting the restrainer dimples 13 o above the fuel pin to restrict

axial fuel motion.

The Mark-I1 element is designed to provide for 33 racdial fuel growth
before the fuel contacts the cladding. This allows interconnected fuel
porosity to develop and fission gas to be released to the element plenum
before the cladding is stressed by the fuel. The plenum initially contains

L]
Fissium 18 an equilibrium concentration of fission-product elements left by
the pyrometallurgical reprocessing cycle designed and demoastrated by EBR-II
and consises of 2.4 wt Z molybdeaum, 1.9 wt % ruthenium, 0.3 wt 2 rhodium,
0.2 wt % palladium, 0.1 wt 7 zirconium, and 0.01 wt % niobium,
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2.4 x 107 w3 of argon at one atmosphere. For experimental Mark-1l subassem-
blies that will be run to cladding breach, an identification tag composed of
a unique smixture of xenon isotopes is included in the plenum.

Ninety-ore elements are coatalned in a subassembly. The subassembly duct
has an hexagonal cross section and is made of annealed Type 304 stainless
steel., The subassemblies are cooled with primary sodium flowing from the
botton to the top, so the pezk cladding temperature is at the top of the fuel

column.

Description of Driver-fuel Irradiationa

The total experimental irradiation program provides for irradlation of
driver-fuel -lements under normal operating conditions as well as conditions
of high tempvcature, high heat rating, element~element, and element-subassembly
interaction. The data on which this paper {s based were obtained from iocre-
aentally irradiating experimental subassemblies of Mark-iIl fuel elements to the
point of cladding breach or near cladding breach. The high burnup results are
derived from the irradistion of the "first-production” of elements to be quali-
fied for reactor use. These elements (about one core loading) were fabricated
at EBR-II using welded tubing for the cladding. Reference design elements clad
with seamleas tubing, “second-production"”, are being irradiated to high burnup
and their performance will be reported later.

The RTCB program with “first-production” fuel consisted of six experimen~
tal subassemblies fdentified as X207 through X212. Four of these RTCB sub-
asgemblies, X208 through X211, have been irradiated to cladding breach in the
norwal temperature environment to establish the normal element lifetime. These
subassenblies reached 10.6 to 10.8 at.Z burnup (7.5 x 1027 afem?, E > 0.1 “eV)
in row~6 reactor core positions where the peak cladding temperatures ranged
from S90°C at beginning of life to 560°C at end of Iife. Subassembly X207 was
operated in a4 high heat rating position to determine the effect of thls param-
eter on lifetime. This subassembly 1{s not included in the following discus~
siors, because 1ts cladding breach and subsequent fission-gas relcase “ere not
characteristic of the other cbserved breaches, and the breached element could
not be nondestructively identified. A leak ian the top end weld was most con-
sistent with the gas~release characteristics of X207. Subassembly X212 was
operated in an environment of higher-than-normal temperature to characterize
its performance but was not run to cladding breach.

Each of the subassemblies was examined for performance when burnup was
near 6 at.%Z and was then reconstituted with the cent7al seven elements re-
placed to mirimize both element-element and element~subassenbly {nteraction.
(These intersctions are being investigated in the RTCB program with “sccond-
production" fuel.} The four subassemblies which operated in the normal en~
vironment were then i{rradiated until a cladding breach and subsequent fission-
gas release were obtalned and sufficient xenon-tagged gas (3,4) could be
collected to identify the subassewbly containiag the breached element.

Experimental Results

Element Performance

The physical aztributes of the element which might affect reactor opera-
rlons or safetv were characterized as a function of buranp to establis> a base-
line of normal element performance. FElement diametral change, plenum pressure,
fuel growth, fuel~cladding interaction, and cladding microstructure delincate
the features which would restrict element performance and possibly result in
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tladding breach. 7The performance characteristics of Mark-IT driver-fuel ele-
aents to 6 ut.Z burnup have been found to be adequate and have been reviewed
extensively elsewhere (5,6). A brief summary of the characteristics of high-
burnup first-production Mark-[I elements follows.

The magnitude und position of maximum total strain {s measured by elesent
profilometry. Since elements adjacent to the subassembly wall are overcooled
and exhibit less diamerter increase than the inner~position elements, the re-
sults reported here are based on the characteristics of only the inner-posi~
tion elements. The maximum diameiral increase of unbreached elements irva-
diated in X208 to a peak element burnup of 10.6 at.X was 4.2 ¢ 0.5%. The
oaxiwum diam:tral increase for vresched elements was 4.3 ¢ 0.42 measured at
an average elevation of 56 * 2> mm above the core midplane. All the elements
exhibited a broad peak of maxinum dilation above the core midplane which

dropped off sharply at the top of the fuel column, as shown {n Fig. 2. As &
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Fig. 2. Diamcter increase exhibited by Mark~I1 element 54 of sub-
assenbly X208 at intermediate and high burpup. Nomipal
preirradiation diameter is 4.42 om.

function of burnup the diameier increase of ifark II elements clad with Type
316 staiuless steel is appronimately one-third that of nonrefercence Mark~T1
vivments clad with Type 304L stainless steel (see Fig. 3). The fraction of
total strain due to swelling for both types of cladding is approximately two-
thirds for frradiations up to & at.” butaup. Immersion deasity mcasurceents
to determine the swelling contributions near 10 at.® burnup will be performed
soum.

At increascd Operating temperatures, the diameter increase has been found
to be significantly larger. At 4.6 at.” burnup elements operated at 130Y of

normal T 1a X212 cxhibited total strains of 6.1 = 0.3%, which would be
charac.cerisiic of elements operated to 3 durnup of 12 at,% gt normal tecpera-

tures,
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Fig. 3. Maxiomum diameter incrcase for reference-design Mark-II
elements clad with Type 316 annealed scainless steel
and nonreference elementa clad with Type 304L annealed

stainless steel.

The element plenum pressure at operating temperature i3 obtained by
puncturing the elements by laser at room temperature, measuring the pressure
and volume, and correcting the volume for thermal expansion of the bond
sodium. The characteristic plenum pressure as a functicn of burnup is plotted
in Fig. 4. At 10.6 at.% burnup, the plenum pressure at the operating tem-

petature of 560°C 1s 18 MPa.

As the fuel swells and comes into contact with the cladding, an interac~
tion zone, shown in Fig. 5, is established due to interdiffusion. The width
of the interaction zone is greatest at the top of the fuel column; at 10.3
at.2 buraup, 13 um of the total zone thickness of 76 um are within the clad-
ding. The total width of the interaction zone at the core widplane 1s 64 uo

with 8 ym within the cladding.

Since no previous breaches in elements with Type 304L cladding had oc-
curred at a fuel reatrainer (2), breach of Mark-II elements in the dimple was
unexpected. The restrainer dinmples, therefore, alsc hald to be evaluated as
to function and performance. The purpose of the restrainer is to restrict
axial fuel displacement (1iftoff) and inhibit axial fuel swelling. The maxi-
wum pbserved lifcoff of the fuel pin with respect to the bottom of the ele-
ment was found to be 3 mm, and this d1d not Increase after a burnup of 3.2
at.? was achieved. At that burnup, fuel-cladding contact was complete. The
fuel had not yet contacted the restrainer, and fuvel-cladding i{nteraction pre-
vented further axial motion. The restrainer dimples are therefore not
necessary to prohibft fuel-pin Jiftoff. Swelling, heawrever, caused the fuel
to contact the dimples at about 5 at.? burnup. The fuel continued to swell
past the restrainer at a reduced rate until at 10.6 at,.% burnup, the fuel
had grown 13 == past the dimples. The restrafner dimples therefore restrict

fuel swelling 1in only a limited manner.
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Fig. 4. Plenun pressuvre of Mark-II elements as a function of
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Fig. 5. Fuel-cladding interaction resulting at 10.3 at.X
at the corv-midplane elevation of element 54 of

subasseubly X208,
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An increase in the )7 7e gcciviey in the reartor pri=arv cover yas ic
the firat {ndication of brearh of A Mard-11 driver-tael elesont, *0ae o0 phe
13 my, Ras results from the deeay of 17 1, a ahort=live! fiowion protuce
soluble in the bond sodium. Siace the lodine is carried throuvh the breach
and into the primiry system by the bond sodium, a prempt fncee e i ¢
activity sigaals the breach betore plenum gas {5 released
sure contloues to forew the bond sodium and »ontafned ¢
the breach uatil the pleaum sas is released, causing focreaw

"Xe, and krypron isotope activity In the cover eas. lhe Py e
the primary sodium also {ncreases as the bond sadivm containtor e covine is
released. Ultimate fn-teactor bdentificatlon (3,4) ~f the Sronboad subyos
bly is obtained by analysis of the released xenon tag which is tncer-
porated in cvery fueled FUR-II experiment. The subassenbly is recoved from
the reactor as soon as f{dentification is made. Sonmetines 5 In the coase of
X208 and X211 in the work reperted here, more than ene breach mav be inurred
within the tlme tevessary to reledse safficient toor e T e L R S
ala. Breach bos boeen boenlon (o rea tor operalion ! oo ppopae aoat faoach
has been observed.

The plenum pres-
vton prodbets thtoues

Breach Identification and Characteristics

During diumantIfng of the RICB subasserblics, cach clement was viwnally
fnspected fer cladding defects. A light~colored hond-sodium deprsit was
always seen in the dimples of the elements sharineg 1 corlant choanel where
one of the elements was breached (see Figs. 6 and 7). All elenents were

Fig. 6. Disassembly of subassembly Fig. 7. Breached and unbreached
X210 exhibliting bond sodium in one dimples of element 29 at 1.5 at.”
dimple of breached elemeat 29 (second burnup of subasscmhly X210. YNote
fron right) and on the claddlng of bond sodium including fission prod-
neighbor elements sharing the sate ucts In breached diwple on left.

coolant charnel.
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wlfea wed vlooents were sactioncd fur destructive exantina-

vTosartace ob the three dizple roplona of o ot reached olement
cleslron sloruacopy (SEM) L Voo o two zaler axial
sved centered within cavtt of the three dimples
the tieple, as stown in . . The typleal
aid had @ Laxizad vpeninp ot 1o oLl ofte wf the ¢ lad-
dingle was corroded, as can he scen in Fip. 9. The

L, TO A depth of g, 1s helieved to have been caused

. s the scbassenbly was washed with mu.st dryon and water
. the roactor.  To prevent corrostion ol the breached cladding,
Lo st asset Dles were not washed.,  flastic strain in rhe cieple area,
Ty rree e dim, ling operotivn, was evicent in the region o! the crack

dsoand twins characteristic of o deformed structure
ar the defect was

Clhyerved sl b
caed iy Dby but thae pradn size dn e dimple repion
LT Zittorent teom that adlacant o the diaple.

Transverse metalloyraphy tevealed ioteryrarular cracks orivineting on the
Dadaing surf pe §n buth breached and unbreachel elepcnts,  (See

boaad Ll Tae cotedts in the cladding of the unbreached element
'roeatend macst of the way throegh the claddiny, fmdiceting that linited
2 ¢! the elvment would have caused breachi. Metalloeraphv
tadioated that craces existed nefther in areas cutside the dinple at the
at coere midplane. A definfte chanee fn feoZetry vocurred
Teosicn, Vot thete 1s no indication of wall tidnnlop. As shown
0ottt Gimple where the breach occurred, the cludding was forced
tu eriyinal c1roular Cross section.  Zven in the unbreached
Seepetr the (rack, the shallower the dirple apyears to be. The
Gle suvvests that the fuel eXerts 4 reverse hending coment on
1ting a «rack in the root of the dizple. No correla-
positicn of the tube seaz weld and the position of

hereby g

Dorefwecn th
the aimplic,

Flement Lifetime Staristics

ibe reliability of reactor components, particularly fuel c¢lements, wust
te cuantifie! and palntained sufffciently hich to vnsure system reliabilicy.
Yaterial propertics are aseful fn predicting lifetime 3§ perferzance criteria
Pased wn oproperties can he established and evaluated, but in eeneral thev are
lindted tn gquantityvine reliabilityv.,  Statistical models basced upon messured
Ittetines, however, provide trae measures of reliability and expected life-
tizes and have proved to be asecurate descriptions of coaponent lifetimes (1,2).

The Weiliull statistical model was chosen for cur analysis because of two
principal reasons. First, the model s the most appropriate to describe fuel-
eicaent breech because the distrlbution s derived for the situation where a
Lavee namber of flows earst in an tem ane fajlure of the ilem results from
the severost flaw (3,9, 1o additien, the Weibull distribution was ch.osen
because the smillest extreme from a Weibull distribution follo.s a Weibull
distridution and becquse the family of Weibull) distributions can be written to
inclde ancrcasing and decreasing fatlure riates o8 well as constant fai, ure
rates.  jhese properties of the Weibull dlstribution allow one to Jdetermine
titerjme doerib tfons from a linited number of carly fallures in a set and,
thus, characterice the fallure rate and reliabizlity as a function of life.
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Fip, 9
Surface corrosion within
one dimple of element 54
at 10.3 at.? burnup of
subassembly X208,
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Fip.

Crack at onter surface
of dimple of element 54
ar 103 at.” barnup of
subassembly X208, Note
the interpgranular nature
of the defect and the
surface stip lines re-
sulting fram the
dimpling operation.

The ennmlative Reibull distribotion funcrion is given by

(1)

F(x) = 1 - expl-

where X = TeSPONSe parameters
Fix) = cumulative probahility at X, or the fraction of the popula-

tion accounted tor at =g

oririn of the ¢istribution, or threshoeld paraneter

(F(x - xo) = 0]:

“
"

n = scaling paraneter (1 > M3

characteristic life [F(n + x )= l\\']: and
(sl

+
i
3

shape paraneter, or Weibull slope (0> 0).

i

To apply the Weibull model), coe must {irst deternine the failure mode.  I1
resnit from competing mewes, the companent lifetimes for each mode
ifted and the analvsis perforned for cach rede separately.

Sinee all the breaches obtained in the "first-produection” Mark=11 eliments
woere Jocated in the diaple rerion, posscssed the same physis il characteristies,
and exhilited the same fisaion produer release charactevisties, the analyses
assumed g sinele mode of br

f.4ilures
must he cla

aech.
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Fig. 11. Cross section of cladding at the dimple elevation of breached ele~
ment 65 at 10.1 at.? burnup of subassembly X208. The cracks origi-
nate on the outer surface and are intergranular. The greater the
outward deflection of the dimple, the decper the crack.

The cxperimental median rank of the cumulative failure probability, F(x),
is obtained for the set of brcaches employing the binomial correction given

by Johnson (1Q):
rey = 47 0.3
FOO =330 @

where j 1s the mean order number or the number of breaches out of N observa-
tions.

Flements are suspemnded {f they are removed from the test before they in-
cur breach. Therefore, all unbreached clements at the end of the test and

other elements remaved for examination during the ¢ rse of the test are dis-~
tinguished from the ¢lements run to cladding breach The mean order number

Jedrzuti/13pias



Fig. 12. Cross section of cladding at the dimple elevation of unhreached cle-
ment 55 at 10.3 at.? burnup of suhassembly X208, The cracks origi-
niate en the ocuter surface and are intergranular.  The Rreater the
outward deflection of the dimple, the decper the crack.

must therefore be adjusted accordingly. The new increment in rank, 'n, is

pn s A F 1) = (previous order nurher) 9
' 1 + (mmber of ltems remtiniue)

the adiusted mean order mmher is deternined from the new increrent by

i = k‘] :‘.ni. %)

i

The parareters of the distribution are determined by linear least-squares fit
of the transformed vquation

h,{x.,[
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Three basic methods of lifetime testing and aualysis have been applicd to
the breach of EBR-I1 Hark=1I1 driver-tocel clements.

The first method of lifetirve testing is performed by operating a set of
cooponents to fajlure and determining the distribution of failure times.
Owing to rexctor operdting limitations, this method is generatly unacceptable
for uncncapsulated nuclear fuel elemeats, but 1t has been emploved very suc-
cesstatly for encapsulated fuel elements (1,2).  However, the flrst hiph-
burnup driver-fuel subassembly to exhibit breach in the normal envirowment,
X20%, unintentionally generated multiple breaches. UOnce the fnitial breavh
oceurred, breach in high=burnup elements soon followed but no propagation of
breach was observed.  Increases In reactor cover gas activity Jue to fission-
product release pinpointed the time ac which cach breach event occurred, but
the c¢lement responsible for cach release could not be determloned Jdirectly, A
conservative and reasonable assumption 13 that the elements with che hiphest
burnup will breach first. Since the primary response parameter Is buroup
{i.e.. x = BU), the breached elements were ordered according ta maximum burnup
at time of breach. The cumulative failure probability was calculated for ecach
ordered event after first suspending 32 of the 91 oluments in the subassembly
which had wot achleved burnup equivalent to 10.12 at.Z (the lowest burnup of
the seven breached elvmeats at the time of the first breach). Table 1 lists
the breached elements, the corresponding burnups at breach, and the cumula-
tive probubilities. The fitted Weibull slope, or shape paramcter, is very
high, which indicates the strongly increasing probability of breach exhibited
by the fast failure rate once the threshold for breach was surpassed.

Table I. Weibull Analysis of Breached Mark-1I Driver-fuel Elements
Operdt ing in Normal-cnvironment Swbassembly X208

Cumulative
Rank Element Burnup, at.” Mean Order Number Probability, F(BU)

1 L&Y 1u.12 1.53 0.0135
2 E55 10,138 3.07 0.0303
3 E54 10.26 4,60 0.0470
& 143 10.27 6.13 0.0638
5 £ 10.28 7.67 0.08D6
6 LS 10.30 9.20 0.0974
7 E25 10.31 10.73 a.1142

Distrlbution of Breach:

Threshold Parameter, %U = 0.0
Shape Parameter, g = 110,52
Scaling Parameter, n = 10.5

Explanation of Variance = 0.97

A second method of lifetinme testing, termed sudden deqath resting” by
Johmson (13}, s advantagueous n one is most interested in the first fail-
ures and the time requited to obtain additional Tailures is prohibltlve.
Rather than obtaining several breaches over a wile raege of hurnup for ele-
mients within a single sabassesbly, a numbur of subassenblics are irradiated
to the first breach in each and then terminated. Since the distribution of
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first breaches follows the Weibull distribution, the Weibull distrihution for
the total popnlation may be determined. Johnson (19) has shown that the two-~
parameler We-ibull distributlon (i.e., x, = 0} for the total population pos-
sesses Lthe same slope as the distribution of the first failures but that the
characteristic 1ife is a factor N to the power (1/{) times the “characteristic
life of the first failure.” The first breaches obtained in the four normal-
environment driver subassemblies were analvzed by the "sudden death” technique.
The data and results are given in Tahle II.

Table II. "Sudden Death” Analysis of First Breaches of Mark~1l
Driver~fuel Elements Operating in Normal-environment
Subassemblies X208, X209, X210, and X211

Cumulative
Rank  Subassembly Burnup, at.Z” Mean Order Sumber Probahilitv, F(BU)

1 X208 10.12 1 0.1599

2 X209 10.43 2 Q0.3857

k] X210 10.52 3 0.6143

4 X211 10.57 4 0.8409

Distribution of First Breaches: Distribution of Total Population:

Threshold Parameter, Brn = 0.0 Threshold Parameter, BUO = 0.0
Shape Parameter, A = 49.34 Shape Parameter, B = 49.34
Scaling Farameter, n = 10.51 Scaling Parawmeter, 1-H1/r = 11.50
Explanation of Variance = (.92 Fxplanation of Variance = 0.92

The third method useful for lifetime analysis is termed the "suspended-
set and failed-set” (10) technique. The metliod is appropriate when the
number of suspended items and failed items is known over several intervals of
the response parameter. The analysis is performed by determining the median
rank for the last failure in each failed set. Along with the corresponding
value of the response parameter at the eund of each ser, the best fit according
to Eq. (5) 1s obtained. The data resulting from the four normal euvirenment
RTCB subassenblies are given in Table III. The new increment, mean order
aumber, and median rank are calculated from Eq. (3), (4), and (2), respec-

tively.

A threshold parameter of 10.0 at.X burnup was ohtained for the three-
parameter distribution (i.e., BU, = 10.0) by maximizing the explanation of
variance due to regression. The thrce parameters obtained by the grouped-
data-set analysis is the best cstimate of the lifetime distribution. The data
polats, regression line, and 957 confildence limits for the line as a whole are
plotted in Fig., 13. The characteristics of the breach distribution are mere
apparent in the !inear plot of Fip. 14, where the curves resulting from each
of the forepoing analyses are plocted. This figure shows that each distribu-
tion predicts a verv low probability of breach belew 10 at.? burnup fellowed
by a rapidly iuncrecasing probability of hreach. The three-parareter grouped-
data-set distribution (curve D, Fig. 14) cxhibiting a burnup threshold of
10.0 at,% most accuratelv represents the Jdata. Censequently, no breach can be
expected below 10.0 at.”.

The reliability, R, of a system of X elements is deternined by the
function
R=f1-ranl. )

138F2uU)4/1apIas
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Table 111, Suspended-set and Failed-set Weibu:l Analysis of Breaches Incurred by Mark-II Driver-fuel
Elements Operating in Normal-znvironment Subassemblies X108, X209, X110, and X211

Burnup Total Number of Number of Hew Kumber of Mean Medfan
Interval, Number of Suspended Remaining Increment, Breached Order Rank,
ac.% Elements Elements Llements in Elements Number F(uu)
5.0 - <10.9 164
5.0 ~ «10,2 210 208 156 2.32 2 4,65 ¢.0112
10.2 - <10.3 32 29 125 2.86 H 13.23 0.0355
10.3 - «<10,4 35 33 89 3.91 2 21,05 0,0569
10.4 - <10.5 29 28 59 6.43 1 27.48 9.0746
10.5 - <10.6 26 23 35 9.38 3 55.61 g.151%

Tyvpe of Discribution

Parameters Two-paramerer Three-parameter
" Threshold Parameter, BU° 0.0 10.0
Shape Parameter, £ 62.50 1.94
Scaling Parameter, n 10.91 1.53
Chavacteristic Life, n + X, 10.91 11,53
Explanation of Variance 0.95 0.98

0z 91 25332073/12P¥25
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dence) as a function of burnup minus threshold bhurnup re-
sulting from “suspended-set and failed-set"™ analysis of
all Mark-11 breach events for “"first-production™ fuel.
The data and results of this three-paramncter distribution
are given in Table III,
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Table IV shows the calculated burnup at which the first breach 1n systems of
91 and 1000 elements would be expected to occur {50% system relfabflity). The
burnvp which must be surpassed before the first breach can be expected te occur
(952 system reliability) and the burnup at which tt. breach would certainly
have occurred (5% system rellability) are included to indicate the expected
range of burnups for first failure in the elements.

Table IV. Burnup Expected for First Breach
in a Subassembly and a Core Loading

Number Lower Bound Median Upper Bound
of (35X Reliability), (502 Reliabilicy), (5% Reliability),
Elemeats at.2 Burnup at.? Burnup at.2 Burnup
91 10.07 . 10.16 10.30
5000 10.04 10.06 10.07
Discussion

Characteristics of Breach

ALl breaches of Type 116 stainless steel reference-design Mark-II driver-
fuel elements have been located withia the dimple. The fully annealed cladding
Is deformed by a maximum radial displacement of 36% during the dimpling opera-
tion. Optical and scanning electron microscopy have . vealed slip and twinning
{n the dimple regicn. An increase In hardness carresponding to 157 cold work
1s observed in the root of the dimple. As a result of the dimpling operation,
the lnner gurface of the cladding at the dimple exhibits a residual tensile
stresg as fabricated. During irradiatlon, the fnternal lcad due to fuel
swelling and pleaum gas pressure increases and causes reverse bending, re-
sulting in significant tensile stresses oa the outer surface at the root of the

dimple.

A stress analysis (11) of the dimple repion indicates a stress-intensity
factor of 4.35 over the normal loading on the cladding. Any stress-assisted
mechanism of breach will, therefore, be accelerated fn the dimple region.
Stress alone, howvever, is not believed to be the wechanism of breach, btecause
e defects are not catastroohic.

Although che strain tn the Jimple is difficult to measure, ths loczlized
estimated to be 134, Total diameter increases of 4.3 = 0.57 are ob-

strain is
catned at axial positions hetween the core midplane and the top aof the fuel
<olumn at asormal operating temperatures and about <% at higher cemperatures.

Since 40X of the increase tyoicatly resuits from swelling, about 4 mechanical
strain can be achleved in "he fueled regiun without incurring breach.

The Mark~T1 breaches oviginate on rhe onter surface and are intcergranular.
Breach of noarcvfervace Mark=!! clements (2) und fark-IA ¢lements (1) ciad with
Tvpe 364l stainless steei have also oripinated on the cuter surface. The de-
tects also vere intergranular, wnd intergranular stress corrosion and grain~
boundary carbide precipitation were attributed as mechanisws of breach. Since
the characceristics of breach ure very similar for the two materials, the sane
necnanisas wre helieved to be operating. Grain-boundary eabrittlement andfor
stress corroslon appear to he the Jominanc mechanisms. The corrosion or em~
beiteling species have not heen determined. There is more than adequate time
for fission products to diffuse along the cladding prain boundaries to the
nsuter cladding aurfice where crack initiation bepan. Final assignment of the

reRieuyq/iaprag
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cause of breach must await Auger spectroscopy, transnission electron wmicros-
copy, and swelling and mechanical-strain analysis.

Breach cf nonreference design clements clad with Type 304L stainless
steel having restrainer dimples occurred within the fueled regfon rather
than in the dimple. One encapsulated element of the same wesign and material
reached 16.4 at.? burnup without breach. The fact that no Type 3lé-clad ele-
ments have breached outside the dimple indfcates that the combination of ma-
terial and dimple geometry may cause premature breach. One conclusion drawn
from these results is that element lifetime could be extended if the design

did nct include the restrainer dimples.

Characteristics of Liferime

Characterization of fucl-element lifetime is necessary, particularly
from the viewpoint of reactor operations, to maximize fuel utrilization.
High system reliability can be maintained by establishing a burnup limit at
a burnup lower than the burnup at which the firs. breach is expected. The
Waibull statistical mocel provides a means of reliably quantifying these

parameters.

The breaches of Mark-II driver fuel are characteristically end-of-life
breaches 1In that none are observed at low or intermediate burnup, but
promptly pccur once 10 at.? burnup is attained. The growth of the defects in
each of the three dimples ¢ an element 1s closcly related to burnup. Since
the Weibull model is theoretically derived on che basis of the worst flaw in
the system and accounts for breach threshold and a vhole family of breach
rates, the Weibull distribution i{s the best choice to characterire lifetime.
The analysis indicates that although no breach can be expected prior to
10 at.Z burnup, 632 of the elements will have incurred breach by 11.5 at.X.

Other criteria predicting lifetime could be escablished. Material
property correlations may become more useful as the mechanisms of breach are
further characterized. Obviously, the wodel and criteria must have some
physical relationship to the breach charvacter. In addition, the correlations
must relate the following parameters to the breach defect: the operating
conditfons of fluence, power, and temperaturce; the material properties of
composition and microstructure; and the chemical and mechanical behavior of

the irradiated material,

Conclusions

Mark-1II driver-fuel clements perform satisfactorily with high relia-
bility to above 10 at.Z burnup at which time breach has an ever iIncreasing
probability of occurring. The breach originates on the outer surface of the
cladding in the root of the dimples and is Intergranular. The ultimate ele-
ment lifetime could probably be increased if the element were not dimpied.

The Weibull statistical model accuratelv predicts the minimum useful
element lifetime that was experimentally observed. This model should come
into wide use, because 1t can predict the reliability of a componeat within
izs lifetime based vpon limited rcal-life operating experience. Based on the
minimum usefal element lifetime determined bv Weihull analysis, a reactor
core can be operated within the range of required reliability.
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