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Knowledge of performance and alnlaua uaefi-1 element lifetime of Hark-Il
driver-fuel elements Is required to nalntaln a high plant operating capacity
factor with naxioun fuel utilization. To obtain such knowledge, intentional
cladding breach has been obtained in four run-to-cladding-breach Kark-II
experimental driver-fuel subasseroblles operating under normal conditions In
EBR-II. Breach and subsequent fission-product release proved benign to
reactor operations. The breaches origirated on the outer surface of the
claudin/j in the root of the restrainer dimples and were lntergranular. The
Ueibull distribution of lifetime, given by

F(BU) » 1 - exp -

accurately predicts the observed minimum useful element lifetime of 10 *t.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 elements may well be increased
sontwnat by removing the restrainer dimples or replacing them with an alter-
nate design.

This work was performed under the auspices of the United States Energy
Research and Development Adrainistratien.



Introduction

Experimental Breeder Reactor II (EBR-II) is the only operating sodium-
cooled 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 mission of EBR-II. Operating at 62.5 MWt, EBR-II
generates 20 MW electrical for distribution; provides plant operating experi-
encet including experience with component reliability and servicing; and pro-
vides evidence that LMFBR's can operate sifely and at high capacity factor —
76* In calendar year 1976.

To prevent costly losses In plant operating capacity factor due to un-
timely breaches of the cladding In driver-fuel elements, a burnup Unit for
driver fuel aust be established. However, the Halt cannot be set unless the
ultimate BlnlauB useful lifetime of an element is known. Postirradiatlon
examinations generate performance data resulting from irradiation of driver
fuel to high burnup as part of a fuels qualification and surveillance prograa.
In-reactor breaches obtained by the run-to-cladding breach (RTCB) program
establish eleaent lifelines for normal and off-normal operating conditions.

The eleaent burnup at breach is used as an input parameter for the sta-
tistical analyses required to predict element lifetime and reliability. The
Helbull statistical vodel 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 Hark-II
fuel eleaents clad with Type 304L stainless steel are described in Ref. 2.

This paper characterizes the end-of-life breach in Martt-H driver-fuel
elements and demonstrates the applicability of the Weibull statistical model
In determining the lifetime of the Hark-II element. Element lifetime and
possible aechanlsa* of breach ale also discussed.

Irradiation Experlaent

Design of Mark-It Driver-fuel Elenent

The Hark-II driver-fuel element (see Fig. 1) consists of a fuel pin of
67X-enrlche4 uranlua-S wtZ fissiun* 343 aa long which Is sodlua-bonded within
Type 316 stainless steel cladding. The cladding Is fabricated froa fully
annealed welded tubing. A lover end fitting is affixed to the tubing to
position the eleaent within the subassembly. A spacer wire of Type 316 stain-
less steel la attached to the element with a 152-na helical pitch to aid in
positioning the eleaent and in distribution of the flow of the prlaary sodlua.
A top end fitting is welded to the top of the cladding after the fuel pin and
bond sodlua have been loaded. The last step In fabrication of the eleaents
la indenting the restralner dimples 13 m> above the fuel pin to restrict,
axial fuel notion.

The Hark-II eleaent Is designed to provide for 33Z radial 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

Fisslum Is .nn equilibrium concentration of fission-product elements left by
the pyrometallurgical reprocessing cycle designed and demonstrated by EBR-II
and consists of 2.6 wt £ molybdenum, 1.9 wt X ruthenium, 0.3 wt % rhodium,
0.2 wt i palladium, 0.1 wt X zirconium, and 0.01 wt % niobium.
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2.4 x 10""** o^ of argon at one atmosphere. For experimental Mark-II subass«*m-
blies Chat will be run to cladding breach, an identification tag composed oi
a unique mixture of xenon Isotopes is Included In the plenum.

Ninety-one elements are contained In a aubassembly. The subassembly duct
has an hexagonal cross section and Is made of annealed Type 304 stainless
steel. The aubasaemblies are cooled with primary sodium flawing from the
barton to Che top* 30 the peak cladding temperature is at the top of the fuel
colum.

Description of Driver-fuel Irradiations

The total experlaental irradiation program provides for irradiation of
driver-fuel Resents under nornal operating conditions as well as conditions
of high teapt mature1 high heat rating, element-element, and eleaent-subassembly
interaction. The data on which this paper is based were obtained froa incre-
mentally irradiating experimental subassemblies of Mark-It fuel eleaents to the
point of cladding breach or near cladding breach* The high burnup results are
derived from the irradiation of the "first-production" of elements to be quali-
fied for reactor use. These eleaents (about one core loading) were fabricated
at EBR-II using welded tubing for the cladding. Reference design elements clad
with seamless tubing, "second-production", are being Irradiated to high burnup
and their performance will be reported later.

The BTCB program with "first-production" fuel consisted of six experimen-
tal subassemblles identified aa X207 through X212. Four of these RTCB sub-
assemblies, X2O8 through X211, have been irradiated to cladding breach in the
normal temperature environment to establish the normal element lifetime. These
subasseoblies reached 20.6 to 10.8 at.Z burnup (7.5 x IQ22 n/cm?, E > O.I Mt-V)
in rov-6 reactor core positions where the peak cladding temperatures rr.nged
from 590°C at beginning of life to 560°C at end of life. Subassembly X2O7 was
operated In d high heat racing position to determine the effect of this param-
eter on lifetime. This subassembly is net included In the following discus-
sions, because les cladding breach and subsequent fission-gas release sere not
characteristic of the other observer! breaches* and the breached element could
not be nondeatructlvely Identified. A leak to the top end veld was most con-
sistent with the gas-release characteristics of X2O7. Subassembly X212 was
operated In an environment of higher-than-nonaal temperature to characterize
it* performance but vaa not run to cladding breach.

Each of the subassemblles was examined for performance when burnup was
near 6 at.S and was then reconstituted with the central seven elements re-
placed to minimize both element-element and element-subassenbly Interaction.
(These interactions are being investigated In the RTCB program with "second-
production" fuel.) The four subassemblles which operated In the nornal en-
vironment were then irradiated until a cladding breach and subsequent fission-
gas release were obtained and sufficient xenon-tagged gas (3*6) could be
collected to Identify the subassevbly containing the breached element.

Experimental Results

Element Performance

The physical afctributes of the element which might affect reactor opera-
tions or safety were characterized as a function of burnup to ostaMla*> a bane-
line of normal element performance. Element diametral change, pl<*nua pressure,
fuel growth, fuel-cladding interaction, and cLidding microscrueture delineate
the features which would restrict element performance and possibly result in



cladding l>reach, "lie performance characteristics of Mark-II driver-fuel ele-
t&L-nts to 6 tit.? burnup have het-n found to be adequate and have been reviewed
txtt-nsivtly elsewhere <S,6). A brief summary ot" the characteristics of high-
tmrnup first-production Mark-fl elements follows.

The magnitude and position of maxlaun total strain is measured by elestent
profilometry. Since elements adjacent to the subassembly wall are overcooled
and exhibit less diameter increase than the inner-position elements, the te-
B U K B reported here are based on the characteristics of only the Inner-posi-
tion elements. The •aximua diametral Increase of unbreached elements Irra-
diated In X2O8 to a peak element burnup of 10.6 at.2 was 4.2 • 0.5Z. The
oaxlmua diast^tral increase for breached element:a was 4.3 • 0.62 measured at
an average elevation of 54 I 2i> ara above the core aldplane. All the eleven's
exhibited a broad peak of aaxlmua dilation above the core mldplane which
dropped off sharply at the top of the fuel column* as shown In Fig. 2. A* a
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Fig. 2. Diameter increase exhibited by Marfc-Il element 54 of sub-
asserably X208 at intermediate and high burmip. Noninal
.irolrradiation diameter 2s 4.42 am.

function of burnup the diameter Increase of /.ark II elements clad with T>pe
316 stainless steel is approximately one-third that of nonreference Mark-TI
elfineiit̂  t-la«i with Type 304L stainless steel (see Fig. 3). The fraction of
total strain due to swelling for both types of cladding la approximately tuo-
thirjs for irradiations up to b .it.", butnup. Immersion density o.-asuri-rsoiits
to determine tlit* swelling eontrihut ions near 10 at.? burnup will be perforned
soon.

At increnst-d operating temperatures, the diameter increase has been found
to be significantly larRer. At M.$ dt." burnup elenents operated at 130? of
normal '.T in X212 L-xhibited total strains of 6.1 ; 0.3*» which would be
cfiarac-t-risi ic of elements operated to a burnup of 1» at,* at normal tempera-
tures .
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Fig. 3. Maximum diameter Increase for reference-design Hark-II
elements clad with Type 316 annealed scalnless steel
and nonreference elements clad with Type 304L annealed
stainless steel.

The element plenum pressure at operating temperature is obtained by
puncturing the elements by laser at room temperature, measuring the pressure
and voluae, and correcting the volume for thermal expansion of the bond
aodiun. The characteristic plenum pressure as a function of burnup is plotted
in Fig. C. At 10.6 at.7, burnup, the plenum pressure at the operating tem-
perature of S60cC Is 18 HPa.

As the fuel swells and comes Into contact with the cladding, an interac-
tion zone, Shown In Fig. 5, Is established due to Inter diffusion, '.he width
of the interaction zone Is greatest at the top of the fuel column; at 10.3
at.Z burnup. 13 u» of the tot«l zone thickness of 76 uo sre within the clad-
ding. The total width of the interaction zone at the core midplane Is 66 ua
with S im within the cladding.

Since no previous breaches In elements with Type J04T, cladding had oc-
curred at a fuel restrainer (2), breach of Mark-II elements in the dimple was
unexpected. The restrainer dimples, therefore, also had to be evaluated aa
to function and performance. The purpose of the restrainer is to restrict
axial fuel displacement (liftoff) and inhibit axial fuel swelling. The maxi-
mum observed liftoff of the fuel pin with respect to the bottom of the ele-
ment was found to be 3 m , and this did not Increase after a burnup of 3.2
at.X was achieved. At that burnup, fuel-cladding contact was complete. The
fuel had not yet contacted the restrainer, and fuel-cladding interaction pre-
vented further axial motion. The restrainer dimples are therefore not
necessary to prohibit fuel-pin liftoff. Swelling, hc/wever, caused the fuel
to contact rhe dimples at about 5 at.% burnup. The f:uel continued to swell
past the restrainer at a reduced rate until at 10.6 at.2 burnup, the fuel
had grovn 13 ac past the dimples. The restrainer dimples therefore restrict
fuel swelling in only a limited manner.
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Fig. 5. Fuel-cladding Interact ion resu l t ing at 10.3 at.%
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Breach Event

An increase in the i] ^Xe activity in rhe rr.nl
the first indication of br-,i>-)t of a M.irV-Il drivr-l
1 V m X e ftas results fro-*-. t\w il."-av of '' I, a sh-rt-l
soluble in the bond sodium. Since the iodine is t-a:
and into the primary systrra by the bond sodicn, a ;>i
activity signals the breach before plenum sas f-; n )
sure continues to force the tnm.i s-'dimri ,mJ . onr.iiiu
the breach until the plormn i'..is is released, c.iushi;
1 ̂  Xot and krypron Isotope activity In the rnvi-r n i

the primary si'dium also increases ,-is the bond sudiun
released. Ultimate in-re.u*mr Menti f ii-.ulon («,i)
bly is obtained by analysis of tfi« released ,x*'non t.i
porated in every fueled FBR-II oxperict-nt, The sub.;
the reactor as soon as Identification is made. Pntnt1
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Fig, 6. DIs.Tgscm!)ly of subassembly
X210 exhibiting bond sodium In one
dimple of breached elcneiit 29 (second
fron riRht) and on the cladding of
neighbor elements shnrtng the sane
coolant channel•

Fig. 7, Breached and unbrcachrtl
dimples of element 29 at 10.1 ae.£
burnnp of subasseinhly X23O. .Vote
bond sodturn including fission prod-
ucts In brer.chcd dicple on left.
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C'r.irl. ,U o n t r r Stirf.i
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<\ imp I in!; i»p«%rn t ion.
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Ti-sponso p.-irnniL-tor;
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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 X20S. The cracks origi-
nate on the outer surface anil are interj;ranular. The greater the
outward deflection of the dimple, the deeper the crack.

The experimental median rank of the cumulative failure probability, F(x),
is obtained for the set of breaches employing the binomial correction given
by Johnson (10):

FCx)
N •

(2)

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

Elements are suspended if they are removed from the test before they in-
cur breach. Therefore, ;ill unbreached elements at the end of the test and
other elements removc-J for examination during the < Tst- ot" the tt_-st are dis-
tinguished tron the t-li.-ments run to cladding breach 'Hit: my an order number
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Fi};. 12. Cross section of rlncMing ;it thp Simple plev.ntion of unhro-irhed pie
mt-nt r>5 at 10.3 a t . ' ' Imrnup of s^.Tssrmhly XJCH. The c ra r t s c r iKi -
n.itr (MI thp outer surface .ind are inC(;r^.ramilar. The greater tlie
outward lief lect ion of the •limplp, the deeper tlu- rrnol;.

must thi-rufort-' be adjnsti'd nccordinply. The new inrrt-ncrit in r^nk, .*n, i s

1 * 1 + "(HiinilH'r of ' i tems rom.i in iiin) * }

I tit* U'i \i\tit v<i mem orifrr imnlnT f'̂  dot i* mined from tin1 nrw Inrrcrfnt by

T)u- p-ir.inrtcrs of thr d i s t r ibu t ion arc iintcrmincrl by l inear loast-pqiinrcs f i t
of Lhc t r.-msfnrru-il (.'qu.it ion



Method of An.ily.id

'Jhrev basic a;t-ttiov!s of 1 i tut itfe U-stiii;4 .md an.tlydi-. l u w |.M-eii .ifi'l'i'd U>
itw breach at fcHfc-ll .'Jjrk-H dr iv^-r-tuel i-Um-ms.

The first method of lifetime testing is performed by operating a set of
components to failure and ti<_-u-nainin£ the distribution «f failure times.
Owing to realtor operating limitations, this method is general ty mt:icreptal>le
for uneiieapsuLaced nuclear fuel elements, hue it has been employed very suc-
cessfully for encapsulated fuel elements (1,2). However, tlie first bij'.h-
hurnup driver-fuel subassembly to exhibit breach in the normal envirounwiu,
X20M, unintentionally ftcneratcd multiple breaches. Once the initial bre-nh
occurr«.*J, bredch in hi^h-burmtp e K-uifiitii soon fol lowi-i) but no propaftat tcm of
briMch was obsorveil. Incrodyed in reactor cover gas activity Jut» to fiss inn-
product reK-.ise pinpolntetl the tine at which oach breach evL'nt occurred, hut
the element responsible for each release could not bv decerrainuii directly. A
conservative jnd rcuouablo asbunptton is that tlie elements with ttu* liif.hust
burnup will breach first. Since the primary response parartett-r is hurnup
(i.e.! x * BL") , the b readied elet-n-nts were ordered accord ing to maximum burnup
at time of breach. The cumulative failure probability was calculated for each
ordered event after first suspending 32 of the 91 elements in the subadserobly
which !iad not achieved burnup efiuivalent to 10.12 at.% (t!ie lowest btirnup of
tt.e seven breached elements at Lliv tIce of the first breach). Table I lists
tii..« breached elements, the corresponding burnups at breach, and the cumula-
tive probabilities. The fitted U'elbull slope, or shape parameter, is very
h£ft!i, which indicates the strongly increasing probability of brearh exhibited
by the fast failure rate once the threshold for breach was surpassed.

Table I- Uuibull Analysis of lireacbed Mark-II Driver-fuel Elements
Operating in ;;ornial-*.-nvironnionc Subassembly X208

0.0135

0.0101

0.0UO

O.O63B

0.080ft

0.0974

0.1K.2

Rank

1

2

3

4

5

6

7

Element

E>5

t54

M3

E?i

V.25

Burnup, at.o Mean

10.12

10,1«

10.2h

10.27

10.28

10.30

10.31

Distribution

OrdiT N'IIB!

1.51

3.07

J.6U

fc.n
7.67

9.?0

10.73

of Breach:

Threshold Parameter, RU - 0.0a

Shape P.'ira.T.et«r, cs = 110.52

Scaling Parameter, ft = 10.5

Explanation of Variance = 0.97

A second cethud of lifetime testing, teraieil "sudden de.ith testing" by

Johnson (10), is tidVcint.'iiji'Ous '..'hun utu- is tr.fjst interesti'd in the first t'.iil-

wres ^nd the time- required to obtain additiun;il failttrus is pmhiblt ive.

Rather than obtain ins several breachi'S ov^r a writ.- r-m^o «if turnup for e It—

roents within a single swbas&ercbly, a nunhur of siib;i:;scn!,!i«>.s are irr.iill.ited

to the first breach In earli and tlwn rernlnatL-i. Siucu I!K- disiributinn of



first breaches follows the Welbull distribution, the Voibull distribution for
the tot.il population may be determined. Johnson (10) lias shown that the two-
parametL'T kVibull distribution (i.e., xQ » 0) for the total population pos-
sesses the siimo slope as the <! i stri'i'Jt ion of the first failures but th.it the
characteristic life is a factor S to the power (1/f.) times the "characteristic
life of the first failure." The first breaches obtained in the four nortGal-
envlroiunent driver subassenblits wure analyzed by the "sud*ien death" technique.
The data end results are given in Table II.

Table II. "Sudden Death" Analysis of First Breaches of Mark-ll
Driver-fuel Eletnenrs Operating in Normal-environment

Suhassonhlies X2O8, X209, X210, and X211

Cumulative
Rank Subassembly Rurnup, at.Tr Mean Order Number Probability, F(BU)

1 X2O8 JO.3? 1 0.1599

2 X209 10.43 2 0.3837

3 X210 10.52 3 0.6143

4 X211 10.5? 4 0.8409

Distribution of First Breaches: Distribution of Total Population:

Threshold Parameter, Bl' » 0.0 Threshold Parameter, BU • 0.0

Shape Parameter, P • 49.34 Shape Parameter, B • 49.34

Scaling rar.-imctcr, n • 10.')l Scaling Paramotpr» T!« * 31.50

Explanation of Variance » 0-92 Fxplanation of Variance " 0.92

The third method useful for lifeline analysis is termed the "suspended-
set and failed-set" (10) technique. The mot'.iod is appropriate when the
nuiaber of suspended Items and failed items is known over several intervals of
the response parameter. The analysis is performed by determining the median
rantf F/\v* ^lio 1«i«?t f i i tn^A lit A«.I*K (^i4tAi^ ^A^ A1 Ann i_*l̂ Vi r-t\*i ^Arrntnnn/14 noe last failure in each failed set

in.0 at .? most accuratelv rnprr<;cnts the
expected below 10.0 n t . r .

The re l iab i l i ty , R, of a system of N elements is dotrrraincd bv the
f tincC ion

[l - F(PD]S . 00



Table III. Suspended-set and Falled-set Velbiij.1 Analysis of Breaches Incurred by Mark-II Driver-fuel

Elements Operating In Normal-environment Subassemblles x:08, X209, X210, and K211

Burnup
Interval,
ac.X

5.0 - <10.

5.0 - <10.

10.2 - <IO.

10.3 - <1O.

10.4 - <1O.

10.5 - <1O.

9

2

3

4

5

6

Total Number of
Number of Suspended
Elements Elenents

210 208

32 29

35 33

29 28

26 23

Parameters

Threshold Parameter,

Shape Parameter, B

Scaling Parameter, n

Characteristic Life,

Number of
Remaining
Elements

156

125

89

59

35

New
Increment,

t.n

2.32

2.86

3.91

6.43

9.38

Number of
Breached
Elements

2

3

2

1

3

Tvpe of Dt*crih<iti«n

Two-paranecer

Bl'o

-, +• x

Explanation of Variance

0.0

62.50

10.91

10.91

0.95

Three-pardmeter

10.0

1.94

1.53

11.53

0.9S

Kean
Order
Number

4.65

13.23

21.05

27.48

55.61

Median

Rank.

0.011?

0.0355

O,O5t>9

0.07ift

0.151S

0Z 9t
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Kig. 13, Cuniilntlve prohabl lity of breach (including 95" confi-
dence) AS a function of burnup minus threshold burnup re-
sult inR fron "suspcnd^d-spt and f.iilcd-set" analysis of
-ill M.irk-II hreiich events for "firsr-prcdnction" fuel.
The d.il.i and results of This threc-parjneter <U<;trIhur ion
are given In Table III.
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of brc^K'h ottro 10 at.' b\ir:Tip i s . i r t n i n e i l .



Table IV shows Che calculated burnup at which Che first breach In systems of
91 and 1000 eU-m^nts would be expected to occur (50£ system reliability). The
burnup which must be surpassed before the first breach can be expected to occur
(9SZ syatea reliability) and the hurrup at which tt>j breach would certainly
have occurred (5Z system reliability) are included to Indicate the expected
range of burnupa for first failure in che clementa.

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

Number Lower Bound Median Upper Bound
of (95Z Reliability), (502 Reliability), (5Z Reliability),

Elements at.5 Burnup at.2 Burnup at.X Burnup

91 10.07 . 10.16 10.30

5000 10.04 10.06 10.0?

Discussion

Characteristics of Breach

All breaches of Type 316 stainless steel reference-design Mark-II driver-
fuel elements have been located within che diaple. The fully annealed cladding
Is deformed by a maxiraua radial displacement of 36X during the dimpling opera-
tion. Optical and scanning electron microscopy have -'- sealed slip and twinning
in the dimple region- An increase tn hardness corresponding to 15Z cold work
is observed In the root of the dimple. As a result of the dimpling operation,
the inner surface of the cladding at the dimple exhibits a residual tenaile
stress as fabricated. During irradiation, the Internal load due to fuel
swelling and plenum gas pressure increases and causes reverse bending, re-
stilting in significant tensile stresses an the outer surface at the root of the
dimple.

A stress analysis (11) of the dimple region indicates a stress-intensity
factor of 4.35 over the normal loading on the cladding. Any stress-assisted
jneebanism of breach will, therefore, he accelerated In the dimple region.
Stress clone, however, is not believed to be the mechanism of breach, because
ilm defects are not catastrophic.

Although the strain in tiie Jiople is difficult to measure, th*? localized
strain is estimated to be 15". Total dt.imeter increases of 4.3 t 0.5% axa ob-
tained at axial positions between the core- raidplane and the Lop of the fuel
•roiiittn ac normal ope rat ing temperatures n̂rt about ^,7. at higher temperatures.
M nee i*Q% of the increase L ypica t iy resw 1 ts from swel ling, about {**/ mechanical
jtrain can be achieved in The fueled region without incurring breach.

The Mark-It breaches oriRin.ict* on rhp outer surface and ,-ire intergranular.
Hrudch of nonrufrrc-nce Mark-n I'li-mcnts (2) jnd 'liirk-IA vH;mi.-nts f.l) ci.iri viili
Type 3O4L stainless at eel hyvc .ilso oripin-atcni nn tin* outi-r surface. The di-
rects also were intcrgranular, unu inter^ranulai stress corrosion and p.rain-
boundary carbide precipitar ion were Attributed as mot-hanisms ot brcich. ?inre
thf characr.«ri3tlcs of breach art.- very similar fur the two materials, the sane
nechanisas art* believed Co be oper.it ing. "raln-hotrmJary enhri; t]tmcnt jmi/nr
stress corrosion appear to he the dominant mechanisms. The corrosion ur em-
brittling species have not hctn rfetcrmirred. There is more than adequate time
for fission products to diffuse along the claiMine prain boundaries to the
outer cladding surface where crack initiation bopau. Final assignment of the



cause of breach must await Auger spectroscopy, tr.insnission electron micros-
copy, and swelling and mechanical-strain analysis.

m»-*ncs nave nrenciioa outside rne airopiu indicates tn-it cne coraninfjt ion 01 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 net include the restrainer dimples.

Characteristics of Lifetime

Characterization oS' fuel-element lifetime is necessary, particularly
from the viewpoint of reactor operations, to maximize fuel utilization.
High system reliability c m be maintained by establishing a burnup limit at
a burnup lower than the burnup at which the firs., breach is expected. The
Weibull statistical model provides a means of reliably quantifying these
parameters.

The breaches of Mark-It driver fuel are characteristically end-of-life
breaches In that none are observed at low or intermediate burnup, but
promptly occur once 10 at.7 burnup is attained. The growth of the defects in
each of the three dimples c-T n̂ element is closclv related to burnup. Since
the Weibull model is theoretically derived on che basis of the worst flaw in
the system and accounts for brr.irh threshold and a whole family of breach
rates* the W'eibull distribution is the best choice- to characterise lifetime.
The analysis indicates that although no breach enn be expected prior to
10 at.2 burnup, 637 of the elements will have incurred breach by 11.5 at.2-

Other criteria predicting lifetime could be established. Material
property correlations may beccme more useful as the mechanisms of breach are
further characterized. Obviously, the model and criteria must have some
physical relationship to the breach character. In addition* the correlations
must relate the following parameters to the breach defect: the operating
conditions of fluence, power, and temperature; the material properties of
composition and microstructure; and the chemical and mechanical behavior of
the irradiated material.

Conclusions

Mark-ll driver-fuel elements perForm satisfactorily with high relia-
bility to above 10 at.S burnup1 at which time breach has an ever increasing
probability of occurring. The breach originates on the outer surface of the
cladding in the root of the dimples ami is intergranular. The ultimate ele-
ment lifetime could probably be increased if the element were not dimpled.

The Vcibull statistical model accurately* predicts the minimum useful
element lifetime that was experimentally observed. This model should come
into wide use, because it can predict the reliability of a component within
i*s lifetime based upon limited real-life operating experience. Based en the
minimum useful element lifetime determined bv Weibull analysis, a reactor
core can be onor.itod within the range of required reliability.
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