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FOREWORD

This report is a summary' of post irradiation results of

helium-bonded uranium-plutonlum carbide fuel elements irradi-

ated in EBR-II as of January 1, 1975. All of the fuel elements

included in this report were designed and began Irradiation prior

to KY 1975. The fuel elements do not necessarily reflect designs

of helium-bonded carbide fuel elements that are currently being

fabricated and irradiated in the V. S. Advanced Fuels Program.
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ON II££1*1.1"$ AM) KVAM'ATIOX OF UKUl'M-MONOKn

URANlfM-PttTOXll'M CAItmilK Kl'fcl. KI.KMKSTS UtllAtJlATKVi IN KIM-II

INTERIM IlKI'oirr

bv

T. \V. Uuimcr, J. t . tlnrncr. .!. V. Kermk. amiJ . I., ('•men

AKSTHACT

An evaluation was made of the jHsrformanee of ?4 ttelium-bomfcd uraniunt-
plutonium carbide fuel elements thai were irrmtiitted in KIUt-11 at *MS-»s kW/m to
2-12 at.7 bumup. Only .is of tbsse elements nave completed |>osUrradistfon ex-
aminzlion. The higher failure r. sc found in fuel elements which contained nigh-
density <:• 3'." theoretical density) fuel than those which contained tow-density
(TT-oi * theoretical density) iael was attributed to the limited ability of the high-
density fuel to swell into the void space provided in the fuel element. Increasing
cladding thickness and original fttet-cla<i<Ung p p sif.e were both found to influence
the failure rates foe tlemenut containing tow-density fuel, lower cladding strain
and higher fission-gas release were found in high-burnup fuel elements having
smear densities of < *l '. Fission-gas re!ease was utmatly < at- for high-density
fuel, but increased with burnup to A maximum of :i" ' in low-density fuel. Maxi-
mum cirouriKaUun in elements attaining 5-10 at.'* burnup aw! clad in Type* 3oi
or 310 stainless steel and tncokty nod ranged from 30-80 ui» and :is-52 urn,
respectively. Sromiym and barium were the fission proc!ucitt most frequently
found in contact with the cladding but no penetration of the cladding by uranium,
ptutoiiitun, or fission pnxlujts ivnn ob^crve<l.

i.

Seventy-four fuel elements containing helium-

bonded if. Put carbide fuel, in pellet form, have been

irradiated in KBR-U as of January 1, 1975. All of iHesc

fuel elements have completed irradiation, but only its have

completed a posUrradiation examination, 'iteeausc of the

current interest in advanced fuels, this report is intended

to provide interim results and evaluation for guidance in

the design of helium-bonded uranium-plutonium carbide

fuel elements for future irradiation testing. Postirradia-

Uon results from 13 of these fuel elements have been

reported. 1.2 Interim results from the other elements

have been reported in LASL annual progress reports.

The earliest of these experiments began in

September 19C5; the last of these experiments completed

irradiation in December 1974. These experiments wore

designed primarily as screening tests and contained a

large number of design variables relative to the number

of fuel elements tested, Only GG of the fuel elements had

full-size <;M*i-mm> fuel stacks; the remaining 8 had short

<51-mm> fuel stacks. All but five were clad in sotution-

annealed Types 304 or 31G stainless steel or Incoloy 300.

Other experimental parameters were:

Fuel density: 77 to 99T of theoretical

Amount of (U. I>u)jCj: 0 to 20 volT

Thickness of cladding: 0.22 to 0.79 mm



Fuel-cladding diametral gap: 0.02 to 0.41 mm

Peak linear power: 38 to 96 k\V m

Peak burnup: 2.0 to 11.S at.';

Of the total of 74 helium-bonded carbide fuel el-

ements included in this report, 43 were iini'aiieii at thp

time of their final removal from EBR-n. All fuel el-

ements were encapsulated.

Experiment:! parameters and a summary of the

postirradiation results for all elements are shown in

Table 1. The distribution of the experiments according

to peak linear power and peak burnup is shown in Kig. I.

Grouping of the experiments was selected so that compar-

isons could be made of elements which had similar power

ami burnup combinations. The groupings selected were:

1. Peak linear power (kW m): 38-60.61-80.

and S1-100; and

2. Peak bumup (at.Hi): 2-4, 4-S, 8-12

II. POSTIRRADIATION EXAMINATION RESULTS

A. Fuel Restructuring

The fuel fcr the helium-bonded carbide elements

that was 9lri or less of theoretical density usually restruc-

tured to yield tw>>, and sometimes three, concentric zones.

However, some sections which operated at relatively low

peak linear powers (40-50 k\V m) showed very little

restructuring. These zones were (1) a central zone

which showed the greatest amount of swelling; (2) an in-

termediate zone, approximately 0.25 mm thick, of rel-

atively dense fuel which was viiiible only in some fuel sec-

tions; and (3) an outer zone of fuel which showed little

change from the as-fabricated raicrostructure. A typical

photomosaic illustrating these three zones is shown In

Fig. 2.

The porous, central zone was characterized by the

collection of fission gas bubbles in the grain boundaries of

the iuel (Fig. 3). This phenomenon has been termed

"grain-boundary" swelling and has been found to be quite

temperature dependent. In fuel sections where heat

transfer has been decreased because of fuel chips in the

fuel-cladding gap or large cracks in the fuel, a greater

amount of grain-boundary swelling was observed, and

the central zone was observed to be noticeably oval. (See
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Fie 2. Photomosaic of a helium-bonded carbide fuel ele-
ment containing low-density fuel and irradiated
to O.I at.'7 bumup at 70 k\V m, (Fuel element
I'M. Section G. Mount No. 3CS0.)

Fig. I). The temperature and time necessary to produce

the two Inner zones have not been determined.

The average ^izes of the porous zones and the in-

termediate dense zones, when present, were measured

from the available mosaics and are siven in Table If. The

average diameter of the porous zone is shown as a function

of average linear power in Fig. 5. Vcty little correlation

of the size of the porous zone >vith the calculated linear

power was found for those fuel sections operating at linear

powers between 40 and 60 kW/m (12-18 kW/ft). The po-

rous zone ranged from 0 to 0. S8 of the fuel radius in these

sections. However, within this linear power range, the

size of the porous zone can be seen to be sensitive to the

size of the initial fuel-cladding gap. The sections which

had fuel-cladding gaps of 0.10 mm had the smallest porous

zones, 0 - 0.37 (av - 0,13) of the fuel radius. In con-

trast, the sections which :ad fuel-cladding gaps of

0.18 - 0.37 mm had poruus zones of 0.34 - 0. 8S

(av 0.61) of the fuel radius. This difference is a

reflection of the lower fuel temperatures produced by the

use of a small initial bond gap.

Fig. 3. As-poiislied section of the central portion of a
helium-bonded carbide fuel element containing
low-density fuel and irradiated to 4.8 at.', burnup
at «1 kW m. (Fuel element U189. Section J.
Mount No. 2C39.t

All the fuel sections studied that operated at tio - 90

k\V m (18 - 27 kW/ft) had original fuel-cladding gaps of

0.18 - 0.37 mm. For these sections, the size of the po-

rous zone did not appear to be significantly affected by e i -

ther power level or original gap size. The size of the po-

rous zone ranged from 0.62 to 0.83 (av - 0.71) of the

fuel radius within this linear power range.

The existence of the dense fuel ring adjacent to the

central porous zone appeared to be related to a specific

power range. (See Fig. S.) A>1 but one fuol section in

which there- .'.us some evidence of a den='j ring operated

at 60 - 70 k\V v>. The sections which operated above

70 kw/m showed no evidence of the dense ring b rt this

absence may be due to the lower bvrnup that these elements

3



Fig. I. Photomosaic of a helium-bonded carbide fuel
element containing low-density fuel and irradiated
to i. 6 at. 1 burnup at 77 kW/m. Note the asym -
metric swelling pattern. (Fuel element U1S7.
Section C. Mount No. 2C33.)

attained. The cause of the fuel denslficatU.n at this loca-

tion is as yet unexplained.

In most cases where the ring was observed, this

denstfied region closely coincided with a ring of increasetl

fission-product activity which was observed on 3- y auto-

radiographs. (See Pig. 6 ) In the 60- to 70-kW m power

range, the existence of the dense rings correlateci well with

the existence of ĥe B- y rings. At linear powers over

70 kW/m. the infuse 8- y rings were present in all sec-

tions, but no dense fuel rings were visible.

The fuel o," helium-bonded carbide elements that

was over 95? ol" theoretical density did not restructure in

any regular or symmstric pattern. Typical as-fabricated

microstructure of the high-density fuel consisted ot large

(100-to300-um). dense, multigrain particles, surrounded

by smaller (5-to S0-um) grains. Photomosaics of different

sections of high-density fuel showed varied postirradiation

microstructures. In some sections, porosity occurred

mainly in grain boundaries surrounding the large, dense

particles while in others, the porosity was distributed

mainly around the small grainsi. (See Figs. 7 and 8,)

There was very little tendency for the high-density fuel

Fuel-cladding asp
a O.lO mm
o 018-0.37 mm

Prtttnc* ol dtnit fuel ting'
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• Full

«r SO 60 7 0 8 0
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FIR. 5. Size of central ponms «one of helium-bonded
carbide fuel elements containing low-density
fuel vs average linear power.

to ^well into void space provided by cracks in the frag-

mented fuel or by central holes provided i.i the as-

fabricated pellets of some fuel elements.

The snviU amount <~ 5 vul'Tl of (V. PiOgO, present

in the as-fabricited low-density carbide fuel was only

occasionally detected after irradiation. No evidence of

(r.l'u)»C3 was observed in the central region of HID fuel.

However, metaliographic detection of the <r. l'u),f3

phase is more difficult in the central rei:'....i of this type

of fuel because of the increased porosity. Examination

of the high-density fuel which contained ~ H> vol."

(V, Pu),C3 in element U20S showed no (I1. Pu)jC3 depiction

in the outer regions of the fuel pellets. In the central

Pig. 6. fl- y autoradiograpa of the helium-bonded carbide
fuel element sectioi shown in Fig. 2. (Fuel
element U04, Section G, Mount No. 3C80.)



l"iji. 7. I'hon> mosaic of a helium-bunded carbide fuel
elvnivnt containing high-density, annular fuel
pellets irradiated to 5.0 at, . at sT k\V m.
(Fuel element l"308. Section ('. Mount No. llC'tll.)

fuel region of this element, there was an apparent deple-

tion nf U", l'u) ;iy. the (I*. I'uljCj grains were much less

clearly delineated in the photomicrographs and in many

areas could no longer be detected.

R. Cladding Deformation

I'rofilometry measurements were available for

all elements which received postirradiation examination.

Knur pntfilomctry traces at l.'i intervals were usually

taken for each fuel element; only two profHometry traces

at no intervals were taken for elements l'TS-1'90, The

average '. AD D values for each axial location were

plotted for each fuel element. The maximums of the av-

erage ' AD D determined from these curves are shown

in Table I and Fig. 9. It should be noted that the values

of maximum '.' AD D include the diameter increases

resulting from irradiation-induced swelling.

Although there are no data for fuel elements con-

taining high-density fuel at burnups over (>.2 at.'7, Fig. 9

shows that at burnups below G.2 at.'7 this type of element

strained the cladding significantly more ttan elements

containing low-density fuel.

The maximum average ',' £ D / D values for a!l fuel

elements containing low-density fuel which (1) were un-

rig, s. I'hotomosaic of a helium-bonded carbide fuel
element containing high-density, annular fuel
pellets irradiated to 7.0 at.^ at 65k\V/m.
(Fuel element UX09. Section C, Mount No. 1BSS.

failed or (2) were determined to be failed but had failure

regions so small that their locations could not be deter-

mined are shown in Fig. 10 as a function of the peak

burnups of the fuel elements. This figure shows that the

maximum deformation of the cladding correlates well wit!

the fuel-element smear density. Elements with smear

densities of 72-80', theoretical had approximately half
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the maximum AD D at Hi at.' burnup a;; thuse uith

•imtar dvnsitit-'s nf ^1-M .

The maximum cladding ovalities fur the taw-density-

fueled elements ranged frum 0.04(5 to it. 1(55 mm '

(0.001-> - 0.00(15 inctes). A r,-pkal pttifiUimetn- t r u e

illustrating the size and frequency nf the v .alities is -!MUI\

in Fig. 11. No correlations between the size of the max-

imum ovalities ami the reactor operating parameters, such

as linear puwer or burnup. were found.

There was no indication tl-.it either solution-

annealed Type 31(5 stainless steel or lncoloy ^00 was more

effective in decreasing the maximum ' b D D of the^e

low-density-fueled carbide fuel elements. However,

there was some indication, especially for the fuel elements

having smear densities of Sl-S-1" that increased cladding

strength, as indicated by increased cladding thickness,

was effective ir: reducing cladding deformation.

C\ Fission Gas Release

Fission gas release from the fuel c s a function of

peak burnup is shown in Fig. 12. The amount of fission

gas released was found tu increase with bumup and be

dependeni on the. fuel density and, in the case of low-

density-fueled elements, on the smear density.

In general, fission gas release was very low (< 5 )

for lugh-density (> 95'7 of theoretical) fuel. The greatest

amounts of fission gas released from high-density fuel

were from two fuel elements which contained annular fuel,

pellets; these elements. U109 and U208, released 77 and

10'", respectively.

6
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Fig. 11. I'lisfili'ini'tn" t r aces , taken !Hi j | w r t . >•('1'l^T
.i helium-Winded iiirbiile fuel olcnwiu rind >n
sulution-iinnuuleil Ty|>e -ilti -<kiinless -sU.t'1.

l.nv.-.leiisity <TT-!tt' of tlieoreticaU fuel

:i considerably grea te r amount nf fission gas than hiKli-

density ftn.'l; the releases ringed I'mm I in liT of iheoret-

:cal. The s m e a r densities of these low-density-lueleil

elements were found to have a significant effect on the

.tniounti'f fission gas released. l"igui"C l^ shows th;ii a

higher p u n e n t a g e of g;is re lease was attained for e i r -

ments .vhieh had smear densit ies •; i l theoivtiual fuel

'It-n^ih- than for elements which had s m e a r densities • -*i

dense lufe!,S8i% smew density
o65 -30% dense fue:,£Bi7. smear density

e5-90'Vo dense fuel, 262% smew density "
98-59% dense fuel
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Burnup (at. %)

Fig. 12. Fissuxi gas release vs peak burnup for
helium-bonded carbide fuel elements.



theoretical fuel density. The amount of fission jpi.s

released appeared u> lie independent of tlie original fuel

density lif iieloiv '.ii ui theoretical) anil also Independent

HI puwcr level within the range studied (52 - 'JU kW int.

These results ituii-ato tluit the relative amount of

li-ncn s5»s released is related b> micriistrui'tural changes

in the Hie! which result in a nut re open nUeruslnicUire in

the centra! portion <>f the fuel. Mit:rustnictur.U examina-

tion of the fuel siniws a predominance of fission gas lub-

! Ics :tt tho fuel grain Umntlartes. The increased rale of

ii.is ix-lease \rilh .mnniji is iielievud tu lit' the result <»l tht;

liiiKinf; up uf these bubbles ti> turn a larger volume of

eonnecteil pi>n>sity thn?uRlKiut the cent nil portion «f llif

luel. Fiiiun- 1- alsn indicates tlti!. in the case of lo'.v-

• Ivnsitv-fueleil elcim-nts tttvinc -i.'ntMi" tleR.sitie.s •: "1 .

tin jH-ri-enuiuc >>f fission K;I> releaseil rvaelu*s ;i consumt

\.ttui- nf alkiut ".."i l(fti\x-en 7 and I" al, peak Imrnup.

l\i*ucl-f iailding r

f hi- ifiajw tffi-i( i.l>-;cf\f'l in T\^x- :ili"i stainless

•lied i'T in liu'oUiy »tio was eaiSmrization of vaiyins;

:ii!iotiftt>. fSve l-'iy. !,;.> I'hotitmii-ro^niplt-i uf the fuel

and i laddinu fn>m seven unfailed fuel elenients containing

l<>tt-i!ensity furl »viv available; sisually three axial posi-

Uniis AXTC represented f«>r each fuel element. Consider-

alilc variation in tin- depth of the carlnirized zone was

UsiM-\ed in many ol the metallo^mpliic -it'flions studied.

!'ir each sectii.n. the avcrau.' depth of carburization «ns

ilelermiiHril in the area ivlieiv tin' (jrcalf.st amount of

carhurizatioti was evident. The depth of carhurization

u-tfi determined to be thai in which the mUTustructure

appeared to lie sijaiifu-antly affected by the fuel. In gen-

eral, this boundary was not clearlv defined in the stainless

steels but usually well defined in Incoloy soo. The average

depths of carburization for the seven fuel element? are

listed in Table I. The average depth of carbuiization in

elements clad in Type .Tlfi stainless steel and attaining

maximum burnups of l.(i - 9.6 at. 'V ranged from 3G to 72

urn. The average depth of carburization in elements clad

in tncoby soo anU attaining bumups of I. 8 - 9.9 at. ' '

ranged from 3S to 52 um.

(inly one fuel element (lT94), of the seven eval-

uated, contained single phase fuel. The average depth of

I * •

Fig. 13. Typical carburization of solution-annealed
Type 316 stainless steel in contact with (U,Pu)C
in a helium-bonded carbide fuel element (UM).

carburization for this element, clad in Type 316 stain-

less stee!. was 3ii um after 9.4 at.1? burnup. The only

element which had similar cladding material, irradiation



Fig. 14. Reaction zone between (U, Pu) carbide fuel and
Type 31.6 stainless steel cladding in a helium-
bonded carbide fuel element (U94).

time, and cladding temperature (~<52O C maximum* was

U93, which contained ~ 5 volT (U, Pu)2C3. Element U93

showed a slightly higher average depth of cladding car-

burization, 40 ym. For two other elements clad in Type

316 stainless steel and containing ~ 5 vol% (U,Pu)2C3, the

average depths of carburization were 5G tim and 72 (im,

but the maximum cladding temperatures for these el-

ements were estimated to be at least 45°C higher than

those of U93 and U94.

The only other compatibility effect found in the fuel

elements studied was the presence of a phase found inter-

mittently on the fuel side of the fuel-cladding interface.

(See Fig. 11.) This phase appeared to be identical to that

found in out-of-pile compatibility tests. The average

depths of this phase were 1 - 4 urn in the fuel elements

Fig. 15. Solid fission products in the high-intensity 8-y
ring of a helium-bonded carbide fuel element
(U94).

clad in Type 316 stainless steel and 2 - 6 (jm in those clad

in Incoloy S00. The maximum depths observed in elements

clad in Type 316 stainless steel or Incoloy 800 were 8 jim

and 10 um, respectively. Electron microprobe examina-

tion of the out-of-pile compatibility tests identified the

constituents of this phase as U, Pu, Ni, and Fe closely

approximating a compound (U,Pu)(Ni, Fe)3. Microprobe

analysis of some irradiated fuel sections also identified

these elements in the intermetallic phase and showed iron

and nickel depletion from the cladding within 10 jim of the

fuel-cladding interface.

E. Solid Fission Product Distribution

Radiographs showed that changes in S- y activity

were associated with the restructured fuel zones. (See

Section II.A.) There was a general depletion of fission

products in the central region. (See Fig. 6.) Only Mo and

Zr were found to be undiminished in this region. In the

high-intensity B-y ring, particles were found which were

composed mainly of the platinum metals (Ru, lia, and Pd)

and rrire earths (La, Ce, Pr, and Nd). (See Fig. 15.)

Cesium and strontium were found in the outer,

unrestructured region of the fuel and, in some cases, were

detected along the surface of fuel cracks in this region.

(See Fig. 16.) The most frequently found fission products

in contact with the cladding were Sr and Ba. These el-

ements have been found both in fuel which is in contact



Fig. 16. Phase containing fission products Sr and Cs
along the surface of fuel cracks in a helium-
bonded carbide fuel element (U94).

with the cladding and in the relatively small fuel-

cladding interaction zone along with Pu. U, Ni and Fe.

Increased a activity observed on the inside surface of the

cladding at the ends of large radial cracks (Fig. 17) has

been found to be the result of the presence of americium,

as well as plutonium. However, no penetration of the

cladding by any fission products has as yet been observed.

m. EFFECT OF EXPERIMENTAL PARAMETERS ON
FUEL ELEMENT FAILURES

In the following sections, the effects of various

parameters on the failure rates of the 74 helium-bonded

carbide fuel elements were studied. The relatively large

number of design parameters in relation to the number of

fuel elements tested has resulted in a very limited amount

of statistical data. An attempt was made, however, to

identify trends in failure rates as certain design param-

eters were varied. This vvas done by means of Weibull

analysis. Some uncertainties in the results of this

analysis were introduced because all the helium-bonded

experiments tested thus far were encapsulated; therefore,

the exact burnup levels at which failures occurred are not

Fig. 17. a autoradiograph of a helium-bonded carbide
fuel element showing increased activity at the
end of fuel cracks. (Fuel element U206,
Section E, Mount No. 2C12.)

known. In order to at least partially compensate for these

uncertainties in the burnup level at which failures occuri'ed,

the lines were drawn through or to the left (lower burnup

values) of the data points. In ttie case of the high-burnup

UNC Series 1950 elements, the failures were distributed

evenly throughout the irradiation period between the last

interim examination and their final removal from EBR-n.

In the various comparisons, a confidence level

was calculated at certnin burnup levels (usually 10 at.'I)

to express the significance of the differences obtained.

This confidence level was calculated on the assumption

that the lines drawn on the VVeibull probability paper were

a true representation of the burnup levels at failure.

A. Fuel Density

Postirradiation erramination of the fuel micro-

structures revealed a significant difference between fuel

elements containing high-density (> 95? of theoretical)

fuel and those containing low-density (77 - 915 of theoret-

ical) fuel. The restructuring of low- and high-density

fuel is discussed in Section II.A. Because of these

observed microstructural differences, the failure ratios

of low- and high-density fueled elements were grouped

separately and are shown in Tables ITI and IV.
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The failure ratio was quite low for all experiments

at low burnup—only 2 failures (both containing high-density

fuel) out of 21 experiments. At burnups over 4 at.1?, the

high-density-fueled elements had a failure ratio of 14/21

(0.6r/) while the low-density-fueled elements had a failure

ratio of 15/32 (0.47). The results of a statistical treat-

ment (Weibull analysis) of the failure frequency VF peak

burnup is shown in Fig. J8.

Comparison of the failure probabilities of all ele-

ments containing high- and low-density fuel resulted in

a > 99S5 confidence that more high-density-fueled elements

would fail at 10 at. 9r burnup than those containing low-

density fuel. The higher failure frequency of the high-

density-fueled elements is believed to be related to their

relatively inconsistent postirradiation microstructural

patterns and the limited ability of this dense fuel to swell

into space provided by the original fuel-cladding gap.

B. Amount of (U,

The low-density fuels that have been irradiated in

helium-bonded experiments have been single-phase or

slightly hyperstoichiometric (containing ! - 5 volr;

(U,Pu)2C3). The high-density fuels have been hypeistoieh-

iometric, containing 10 - 20 vol% (U,Pu)2C3. Attempts

were made to determine the amount of (U,Pu)2C3 by

chemical, x-ray, and metallographic analyses. However

in many cases, the amount of (U, Pu)2C3 calculated from

the cheraical analyses has not correlated -.veil with the

amount of (U, Pu)2C3 observed by metallography.

Since the amount of (U, Pu)2C3 was related to the

fuel density in the experiments studied, and since the

original amount of (U,Pu)2C3 cannot be accurately deter-

mined in the relatively narrow- ranges used, no meaningful

correlation 'uetween the amount of (U, Pu)2C3 in the fuel

and the failure frequency of these fuel elements can be

made.

C. Type of Cladding

Most of the 74 helium-bonded fuel elements studied

were clad in Type 316 stainless steel (39) or in Incoloy 800

(28). All alloys used were solution annealed. Incoloy 800

was selected because it was believed that this alloy would

have somewhat better mechanical strength at elevated tem-

peratures than Type 316 stainless steel. At 700 C, the

tensile strengths of these two alloys are about equal.

Although the yield strength (0.2^) of Incoloy 800 at 700°C

is higher than that of Type 316 stainless steel, 203 MPa

(29,400 psi) to 134 MPa (19, 500 psi), the stress-rupture

strength (105 hours) is lower, 61 MPa (8, 800 psi) to

83 MT>a (12,000 psi). '

In a number of cases, fuel elements which were

virtually identical except for the type of cladding were

tested, to some cases, however, the Uicoloy 800 cladding

was up to 0,05 mm thinner than the comparable Type 316

stainless steel cladding. A list of these elements and

their final condition is shown in Table V.

Overall, there was no clear indication from this

comparison that c-'tVr Incoloy 800 or Type 316 stainless

steel is less likely to fail than the other under almost

identical conditions. In the elements containing high-

density fuel, there were fewer failures in those clad in

Incoloy 800, wiiile in elements containing low-density fuel,

there were fewer failures in those clad in Type 316 stain-

less steel. Quite possibly the difference in mechanical

10
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properties of these two cladding alloys may not be large

enougii to show any effect of cladding strength on failure

rate.

P. Thickness of Cladding

There were no fuel elements tested that liad

cladding thicknesses between 0.45 mm and 0. 50 mm, so

the elements were divided into two groups according to

cladding thickness: < 0.45 mm aud > 0.50 mm. Figures

19 and 20 show the distribution of failed and unfailed ele-

ments according to cladding thickness as a function of

peak linear power and peak burnup, respectively. The

failure ratios of the elements having < 0.45 mm and

> 0.50 mm claddings were grouped by linear power and

burnup and are shown for low-density-fueled elements in

Tables VI and VII and for high-density-fueled elements in

Tables VDI and K .

The overall failure ratio for low-density-fueled

elements in tne thicker claddings was only slightly less

(8/20, 0.40) than those in the thinner claddings (7 16,

0.44), but the majority of the elements in the thicker

claddings were irradiated to much higher burnups than

those in the thinner claddings. A W'eibull probability

analysis of these data is shown in Fig. 21. The increased

failure rats between S and 12 at. 7 bumup, as shown by the

increased slope in Fig. 21, of the low-density-fueled el-

ements with the thicker claddings reflects the failures in

the UNC Series 1950 elements. These elements, because

of their lower 235U enrichment (601). had a higher fluence-

to-burnup ratio than the other fuel elements tested. At

10 at.'•i burnup, there was a > 99.9^ confidence that more

elements containing low-density fuel with < 0.45 mm thick

solution-annealed Type 316 stainless steel or Incoloy 800

cladding would fail than similar elements clad in > 0.50-m

thick cladding.

Cladding thickness did not appear to have a signif-

icant effect on the failure rate of elements containing

11
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high-density fuel, only two failures, both at the high

power level, occurred at low burnup. Of the high- "ensity-

fueled elements attaining above 4 at.'! burnup, the failure

ratios of the elements with < 0.45-mm-thick cladding and

those with > 0.50-mm-thick cladding were equal—6/9 and

8/12, respectively. VVeibull analysis of the performance

of these elements showed that elements with either of the

two ranges of cladding thickness had a median failure prob-

ability of SO1? at 7 1/2 at.c; burnup.

E. Fuel-Cladding Gap

The fuel-cladding gap, besides influencing the fuel

temperature, provides space into which the fuel can swell.

The utilization of this space for fuel swelling is complicat-

ed by the fracturing of the fuel pellets as a result of ther-

mal stresses at start-up. Because of this, the space tliat

was originally in the circumferential fuel-cladding gap can

be transferred to space between diametral and radial

cracks. Thus, the usefulness of the original fuel-cladding

gap as space for fuel swelling is dependent on the shifting

of fuel fragments after fracture and the ability of the fuel

to swell into cracks between the fuel fragments.

Figures 22 and 23 show the distribution of Jailed

and unfailed elements according to the size of the original

diametral fuel-cladding gap and the peak burnup for low-

and high-density-fueled elements, respectively. The low-

and high-density-fueled elements are grouped by their

original diametral gap size and final burnup levels in

Tables X and XI. The gap-size groups were classified

as small (< 0.18 mm), intermediate (0.18 - 0.25 mm),

and large (> 0.25 mm).

In order to compare the performance of elements

of comparable fuel densities with respect to the size of

the original fuel-cladding gap. the data were plotted on

Weibull probability paper. The failure probability of ele-

ments containing low-density fuel with small, interme-

diate, and large gaps is shown in Fig. 2A. The failure

12
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rate of low-density-fueled elements with small gaps was

significantly higher than those with intermediate or large

gaps. There was a confidence level of 9D'. tliat more el-

ements with small gaps would fail at 7 at. than those with
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intermediate or large gaps. This trend continued, as a

lower failure rate existed for low-density-fueled elements

with large gaps when compared with those with interme-

diate gaps. Confidence that a greater number of failures

would occur in elements with an intermediate gap than in
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ltk.se with a large gap was > 90', at S at.1,' buraup and

• so1; at 10 at.', burnup.

In order to include the influence of eladdinr. thick-

ness with the fuel-cladding gap, all elements containing

low-density fuel were grouped accoixiing to cladding thick-

ness (< 0.45 mm thick and>0.50 mm thick) and gap size.

Fuel elements having very small gaps were eliminated

from the study and two diametral gap sizes were com-

pared: 0.10 - 0.25 mm, and > 0.25 mm. Since there

was only one fuel element (unfailed) that had < 0.45-mm-

thick cladding and a > 0.25-mm gap, this element was

included with the other elements having a > 0.25-mm gap.

This comparison is shown in Fig. 25. The previous con-

clusion (Section tn.D) that stronger claddings have a

significant effect on failure rates of low-density-fueled

elements was confirmed when elements having the same

gap size range (0.10- to 0.25-mm) were compared. Con-

fidence that a greater number of failures would occur in

elements with this gap size in < 0.45-mm solution-annealed

Type aid stainless steel or Incoluy sou cladding than in

similar cladding > 0.50 mm thick was "!)'. at 10', bumup.

The effect of > o.25-mm gap sizes on the failure probabil-

ity of low-density-fueled elements with > 0.50-mm cladding

compared to those having0.10- to 0.25-mm gap sizes was

less marked; there was only a 65r,' confidence that this gap

difference would result in fewer failures at 10 at.',' burnup.

In elements containing high-density fuel, the effect

of the gap size on failure rate was more pronounced than

in those containing low-density fuel. The failure probabil-

ities of all full-size (3-15-mm fuel stack) EBR-II elements

containing high-density fuel are shown in Fig. 20. There

was a > 99.9'7 confidence that a greater number of failures

would occur in elements with an original gap < 0.25 mm

than in those with an original gap > 0,25 mm at bumups

up to 10 at. 'V.

999

990

95 0
90.0

BOO
70.0
60 0
M0

a «0 0

= 300
b.
? ZOO

iao
80

60

40

2.0

1.0

i i I i i r r

Cladding Thickness. Fuel cladding
gap

O <0 45 mm, 0.10-0 25

A > 0 50 nim,0.l0~0.25

D 4M, >0 25 mm

I I I I I I 1
3 4 5 6 8 10

Peak Burnup (at.%)
20 30

99.9

990

95.0
90.0

ttO.O
70.0
60.0
5C.0

o 400

| 30.0
u.
£ 20.0

IQ0
ao

6.0

4.0

2.0

1.0

I i

Fuel- clodding gap

O < 0.25 mm

O >0 25 mm

I I I I I I I
3 4 5 6 8 10

Peok Burnup (at.%)

20 30

Fig. 25. Percent failure vs peak bumup for helium-
bonded carbide fuel elements containing low-
density fuel; effect of cladding thickness and
diametral gap size.

Fig. 26. Percent failure vs peak burnup for helium-
bonded carbide fuel elements containing high-
density fuel; effect of diametral gap size.

14



IV. SUMMARY AND C( )NCLUS1( >NS

A. Density of Fuel

Both the failure rates and the postirrudiation

examination results indicated that low-density fuel

(77 - 911 theoretical density) has a greater potential for

high burnup than high-density fuel (> 95'? theoretical

density). In all comparisons of elements of simitar clad-

dings and fuel-cladding gaps, those containing low-density

fuel had significantly lower fail"re rates than those

containing high-density fuel.

Postirradia'.ion examination of elements containing

high-density fuel showed that t>iis type of fuel appeared to

have limited ability to use the available void space

designed into the fuel element for fuel swelling accom-

modation. Neither 1 he as-fabricated central holes in the

fuel pellets nor the- radial cracks produced in the fuel

pellets at startup were effectively utilized by the high-

density fuel. The small fission gas release (< 5'"), typ-

ical of high-density fuel, also contributes to a high swell-

ing rate for this type of fuel.

Low-density fuel yields a relatively consistent

irradiated mierostructure in which the central region is

rather porous and of relatively uniform density. The

fuel in this region is characterized by the collection of

fission gas in grain boundaries and the ability to swell

into available space provided by radial cracks i-> the

fuel pellets.

The more successful irradiation results and the

more consistent microstructure of the fuel are factors

which lead to the recommendation of low-density fuel for

helium-bonded elements. The postirradiation examination

of this type of element thus far indicates that the density

be limited to 879f of theoretical. Since only a very lim-

ited study of the effect of fuel densities below 851, has

been attempted, it is suggested that irradiation exper-

iments be designed to include fuel of 80 - 87'7 theoretical.

B. Amount of Sesquicarbide

The amount of (U, Pu)2C3 in the experiments

studied was closely related to the density jf the fuel.

Low-density fuel contained up to 5 volrr (U, Pu)2C3 while

high-density fuel contained from 10 to 20 vol<? (U, Pu)2C3.

No experiments were designed to directly compare the

effect of (U, l'u)2C3 content on the fuel performance of

helium-bonded carbide fuel elements of comparable fuel

densities.

The original amount of (U,Pu)jC3 in the carbide

fuel can be a signiScant factor because of (1) its effect on

cladding carburization and (2) changes in the fuel stoieh-

iometry as burnup progresses. In the only available

direct comparison between a Type 316 stainless steel

clad element containing single-phase monocarbide fuel

and one containing monocarbide fuel plus ~ 5 vol1? sesqui-

carbide, the maximum depth of carburization was found

to be only 4 urn deeper in the cladding containing the two-

phase fuel. Other elements with similar cladding and

containing similar two-phase fuel, but having cladding

temperatures at least 45 C higher, showed maximum

depths of carburization up to 36 (im deeper than the el-

ement containing single-phase fuel. Some apparent deple-

tion of (U, Pu)2C3 has been observed in the hotter central

regions of hyperstoichiometric (U, Pu)C. This depletion

may be associated with the transfer of carbon to the

cladding but also with a possible shift in the stok hiometry
8 9

of the fuel with burnup. Both French and German

investigators, simulating burnup in carbide fuels by the

addition of specific amounts of fission-product elements,

have hypothesized that carbon activity will decrease

slightly with burnup in hyperstoichiometric (U, Pu)C fuels.

In order to determine the changes in, and the

effects of, original fuel stoichiometry on irradiation

behavior, future irradiation experiments should include

both single-phase (U. Pu)C and (V. Pu)C + (l \ Pu)jC3 com-

positions. Past experience has shown that it is difficult

to detect small amounts of (U, Pu)2C3 after irradiation,

so the amount required for initial testing with two-phase

carbide fuel should be at least 10 voKi.

C. Type of Cladding

Most of the helium-bonded carbide fuel elements

have been irradiated in solution-annealed Type 316 stain-

less steel or Incoloy 800. No difference in performance

between these two cladding alloys was apparent. However,

lower failure rates in elements containing low-density

fuel in > 0.50-mm-thick claddings compared to those in

thinner claddings indicated a need for stronger cladding



alloys. Advanced cladding alloys which combine high

strength with low irradiation-induced swelling appear to be

of greatest interest for helium-bonded carbide elements.

Beuiuse out-of-pile compatibility tests ' have

shown that high-nickel alloys, such as Inconel 625 and

Nimonic 80A, react extensively with (U, Pu)C at

700 - 800°C, the nickel content of potential advanced alloys

should be limited. An indication that satisfactory compat-

ibility can be achieved with alloys containing less than 50

wtf? Ni was shown in a 4000 hour out-of-pile test at 800°C

with Hastelloy X (48 \W{ Ni) which resulted in a reaction

zone of only 8 urn. Postirradiation examination of fuel

elements clad in Incoloy 800 (32 wtfT Ni) have shown inter-

mittent formation of an intermetallic to depths of 10 um

or less.

Until screening tests of strong, low-swelling,

advanced cladding alloys have been completed and tubing

fabricated from advanced alloys becomes available, it is

recommended that 20^ cold-worked Type 316 stainless

steel be used for near-term irradiation testing.

D. Cladding Thickness

Comparison of solution-annealed Type 316 stainless

steel or Incoloy 800 claddings of < 0.45 mm and > 0,50 mm

thicknesses indicated a significant decrease in failure rute

in 7.88-mm-diameter fuel elements with the thicker clad-

dings. Irradiation performance of low-density-fueled

carbide elements thus far dictates the use of cladding

materials which are significantly stronger than 0.51-mm-

thick solution-annealed Incoloy 800. High-strength

advanced cladding alloys of 0.51 mm thickness are rec-

ommended when screening tests are completed and tubing

becomes available. Until that time, it is recommended

that 0.51-tnm-thick 20*7 cold-worksd Type 31G stainless

steel be used for near-term irradiation testing of 7.88-mm-

diameter fuel elements.

E. Smear Density

Correlations or cladding deformation and fission

gits release with the smear density of elements containing

low-density fuel have shown that significant behavioral

differences occurred in fuel elements which had smear

ile>:2!tius lietwccn 80 and 82',' of theoretical. At 10 at.'.?

hurnup, clement? of SO', smear density had approximately

half the cladding deformation and twice the fission gas

release compared with elements of B2'l smear density.

This observation, although no significant microstructural

differences were obvious from the photomicrographs,

leads to a recommendation that the smear density of

helium-bonded carbide elements be less than 81% of

theoretical.

F. Fuel-Cladding Gap

The design function of the fuel-cladding gap is to

provide splice into which the fuel car. swell. The utiliza-

tion of this space for carbide fuel swelling is complicated

by the fracturing of the fuel pellets as a result of thermal

stresses upon initial reactor start-up. In general, the

fuel appeared to crack in a radial direction and then move

to contact the inside cladding surface. The space that was

originally in the circumferential fuel-cladding gap was

transferred to the space between the diametral and radial

cracks. As discussed in Section in. E, low-density fuel

utilized this space for swelling to a much greater extent

than did high-density fuel.

Results of the fuel elements studied indicated that

the original fuel-cladding gap size had a significant

influence on the failure rate of both low- and high-density-

fueled elements. In general, the failure rate was lower,

regardless of fuel density, for elements which had gaps

of over 0.25 mm. However, there was some indication

that this difference was less marked in elements contain-

ing low-density fuel and having a cladding thickness of

> 0.50 mm.

The major effect of the size of the original fuel-

cladding gap may be the attainment of a microstructure

which is able to release a larger proportion of fission

gas and, in turn, results in a lower overall swelling

rate. In order to achieve a smear density of < Sl'.i (see

Section rv.E), a fuel-cladding gap of 0.25 mm would be

needed fora 7.88-mm-diameter fuel element containing

fuel of 87'V theoretical density.

G. Recommended Fuel Element Design Parameters

Recommendations for the design of 7.8S-mm-

diameter helium-bonded (U, Pu) carbide fuel elements

for near-term EBR-II testing are:

Ifi



Peak linear power: 85 kW/m

Peak burnup: 12 at.'i'

Fuel types: (1) s ingle -phase (L',Pu)C

(2) (V,Pu)C + (U,Pu)2C3

Fuel density: 80 - 87',; of theoretical

Cladding alloy: (1) 20',' cold-worked Type 316

stainless steel (near-term)

(2) Advanced alloy, e .g. ,

Nimonic PE-16, M-813,

Incone! 70G

Cladding thickness: 0.51 mm (0.020 inch)

Fuel-cladding diametral gap: 0.13 - 0.26 mm

Smear Density: < 81'.'r of theoretical
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TABLE I

UN FAILED HELIUM-BONDED (IT.Pu) CARBIDE FUEL ELEMENTS

Expmt
No.

NMP-1

SMP-1

U89D

U93

U97

U105

U113

U130

U133

U134

U138

U138A

1:110

U142

UI43

U144

Funl
Den-

se rics . sity (

No. %M8C3 <OT. P . )

ANL

A ML

UNC 1200

UNC 1300

UNC 1300

UNC 1300

UNC 1300

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

U79 UNC 1100

UUS UNC 1200

U87 UNC 1200

UB9A

U89C

UNC 1200

UNC 1200

0

0

10

5

5

S

10

0

0

0

20

10

0

0

20

20

15

IS

10

10

10

87

85

98

80

86

77

98 d

77

85

85

97

<JB

91)

91

9S

99

99

98

98

Clad-
ding
Type8

Clad-
ding
Thick-
ness
(mm)

Nb-lZr

316SS

316SS

31GSS

INCSOO

INC800

INC800

31CSS

316SS

3 lOSS

316SS

31 OSS

IN'CSOO

31.1SS

INCSOO

3I6SS

0.33

0.01

0.C1

0.78

0.75

0.76

0.76

0.55

0.55

0.55

0.56

0.42

0.53

0.50

0.53

0.56

31GSS 0.33

INC 800 0. 56

INCSOO 0.56

316SS 0.61

31GSS 0.G1

Original
Dlam Gap

(mm)

38 - 60 kW/m

0.20

0.13

0.22

0.10

0.10

0.20

0.28

0.25

0.30

0.30

0.36

0.36

0.30

0.25

0.36

0.3S

6 1 - 8 0 kW.'m

0.18

0.25

0.15

0.15

0.15

Max
Clad- Max

Peak Fission ding Clad-
Smear Linear Peak Gas Av ding
Density Power, Burnup Release AD/D Ovality.

(kWAn)f(at.%r

82

82

92

83

83

72

79

70

70

70

87

88

81

3-1

77

77

93

91

94

93

93

53

54

49+

59+

55+

52+

50

39

38

38

44

44

41

43

38

39

62-

61+

77+

78+

74 +

3.9

2.0

3.0»

9.6"

9.6*

9.9*

10.2

11.8

11.1

11.2

3.6

7.1

10.8

10.7

10.9

11.1

2.3'

6.2*

3.3»

3.4*

3.3*

1%)

4

< 1

16

13

34

ffl

< 1 0.20

1.13

3 1.09

0.3D

1 0.59

(mm)

0

0.26

1.69 0.055

1.77 0.120

0.97 0.065

Av
Depth ti.'

Carburlzi -
tlon

(urn)

-

-
40

52

38

-

-

-

-

-

-

-

-

-

-

-

-

-

_

Status

t to rage
Exam complete

E.v»m complete

E»t:n complete

Exam complete

Exam .orr.plete

In exaiti

In exam

In exaii

In exam

Used for TREAT teat

In exam

Tn exam

In exam

In exam

In exam

Exam complete

Exam complete

Exam complete

Exam complete

Exam complete



TADI.E 1 (CuNTI

I'NEAILED IIEUUM-HOHDED (I'. PU) CAI1BIDE FUEL ELEMENTS

Kxnnxl
No.

U90A

U90B

IJ9OC

U90D

U92

U N

U96

U9»

U1M

UI10

UI87

USO

UI85

i n HO

U1H9

ri9o

U3O2

li203

U204

U2OS

U200

U208

Sortfj
No.

UNC J200

UNC 1200

UNC 1200

UNC 1200

UNC 1300

UNC 1300

UNC 1300

IINC 1300

UNC 1300

UNC 1300

UNC 1930

UNC 1100

UNC 1N30

UNC 1930

IINC 1930

UNC 19.10

UNC 1W,O

USC 19(10

UNC 1900

UNC 1980

UNC 19G0

UNC 1930

I&CjN
10

10

10

10

N/A

0

N/A

N/A

N/A

10

S

15

10

10

5

5

5

5

10

10

5

10

Fuel
Den-
sity

TT.O.

0 8

99

98

99

m
HO

as

8 5

77

99d

81!

9»

97

9 7

8 5

H5

85

ar>
97"

97d

90

97d

Clad-

INC800

INCBOO

rwaoo

iNCaoo

31CSS

3 H;SS

INC800

INCHUO

INCflOO

1NC800

31GSS

V

3ifiSS

31GSS

INCHOO

INCHOO

3inss

ainss

3 KISS

3 ir.SS

316SS

310SS

tluil-
•llng
Thick-
ness
(mm)

0.58

0.50

0. 50

u.5(i

0.43

0.43

0.43

0.43

0.38

0.4.1

o.ai

0.5G

II. 50

0.5<l

0.53

0. S3

0.23

0.44

0.22

0.43

0.43

0.43

original
Dlaro Gap

(mm)

0.17

0.08

0.15

0.23

0.20

0.18

u. IB

0.37

0.20

0..13

0.18

81 - 1O0 kW/m

0.15

0.28

0.28

0.25

O.2H

0.02

0.05

0.05

0.08

0.25

0.30

Smear
Density

if T.D.)

93

97

93

92

81

81

8 1

70

72

81

81

9.1

89

8 9

7 9

78

S5

R4

fl8

US

83

7 9

Peak
Linear
I'oivorf

G l *

82*

79*

ac
(19*

701

681

0 4 *

G 2 *

05

7 7 *

1)21

91'

90

8 1 *

9 0

9-1

93

9G

95

9 0 *

8 7 *

Peak
Bumun

(0l.-I.Jr*

2.7*

3.5"

3.6*

3.0»

7.1*

9.4*

7.0*

r.o*

7.3*

9.2

4.6»

3.3*

2 . 7

2 . 7

4.8*

11.0

2 .5

2 .5

2.0

2.6

5.0*

5.0*

Fission
Gas

Iw'sase

<: 1

< 1

< 1

37

3 5

34

14

37

-

20

< 1

-

-

19

-

-

-

-

-

! 0

10

Max
Clad-
ding
Av
MJ.'D

(-*)

0.3.1

1.19

0.99

0.43

1.54

2.10

1.08

0.82

0.52

-

0.33

0.7G

-

-

0.3G

-

-

-

-

-

0.48

0.G5

Max
Clad-
ding
Ovality,

(mm)

-

-

-

-

0.04G

0.105

0.095

0.050

0.053

0.075

-

-

-

0.003

-

-

-

-

-

0.070

0.069

Av
Depth of

Carburiza-
tion

-

-

-

-

36

-

-

72

-

-

-

46

-

-

-

-

-

5"

Status

Exam complete

Exam complete

Exam complete

Exam complete

Exam complete

Kxam complete

Kxam complete

Exam complete

Exam complete

In exam

Exiin complete

Exam complete

Storage

Storage

Exam complete

In ex.im

Storage

To continue in EBH-n

Skirngc

Storage

Exam complete

Exam complete



TABLE I (CONT)

FAILED HELIUM-BONDED (U.Pu) CARBIDE FUEL ELEMENTS

Exprat
No.

HWMP-1

NMP-2

U81

U82

U83

U84

U85

U106

U l l l

U129

U131

U132

U135

U136

U137

U139

U141

Series
No.a

ANL

ANL

UNC 1200

UNC 1200

UNC 1200

UNC 1200

UNC 1200

UNC 1300

UNC 1300

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

UNC 1950

0

0

10

10

10

10

10

5

N/A

0

0

0

0

0

20

20

0

Fuel

0JiT.D.)C

84

84

97

99

99

98

98

77

98d

86

85

85

85

85

97

97

91

Clad-
,d lng e

Type

lluat.X

Nb-lZr

318SS

316SS

INCBOO

316SS

316SS

INC 800

INC 800

316SS

316SS

316SS

INC800

INC800

316SS

INC 800

316SS

Clad-
ding
Thick-
ness
(mm)

0.51

0.33

0.61

0.61

0.50

0.61

0.61

0.43

0.79

0.55

0.55

0.55

0.53

0.53

0.55

0.56

0.55

Original
Dtum. Gap

(mm)

38 - 60 kW/m

0.10

0.10

0,19

0.14

0.15

0.23

0.24

0.20

0.25

0.41

0.36

0.30

0.36

0.36

0.36

0.36

0.25

Smear
Density

81

82

91

95

94

91

91

72

79

76

76

78

76

76

87

87

6*

Peak
Linear
Power,

(kw/m)

54

56

571

561

571

S9t

571

59

57t

38

38

38

38

40

40

44

43

Peak
Burnup

0.5

6.6

5.0*

4.7*

4.9*

5.9"

5.6*

9.9

7.0*

11.7

11. i

11.4

11.5

11.1

10.0

10.2

10.6

Max.
Clad-

Pisslon ding
Gas Av

Release AD/D
(%) 1%)

-

0.9B

1.51

1.89

3.24

2.45

1.08

2

-

-

-

-

-

-

-

Max.
Clad-
ding
Ovality,
(mm)

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

_

Av
Pepth of

Carburiza-
tlon

(um) Status

Storage

Storage;

Exam complete

Exam complete

Exam complete

Exam compleU-

Exam cooiplete

]n exam

Exam complete

"n exam

In exam

In exam

In osaii

In exam

In exam

In exam

In exam



TAHT.F I (COST)

FAILED HELIUM-BUNDED (U,Pu) CARDIHi: FUEL ELEMENTS

Expmt
No.

U98

U101

U107

U108

U109

U112

U114

U7B

U89B

U18B

U200

U20I

U207

U209

Series
No. 4

UNC 1300

UNC 1300

UNC 1300

UNC 1300

UNC 1300

UNC 1300

UNC 1300

UNC 1100

UNC 1200

UNC 1930

UNC 1900

UNC 1900

UNC 1960

UNC 19G0

5

N/A

N/A

N/A

N/A

N/A

15

10

10

5

5

5

5

10

Fuel
Den-
sity

80

B5

osd

98d

98 d

98 d

3Bd

98

09

85

80

S5

90

97"

Clad-
ding

1° Type"

INC 800

INC800

316SS

316SS

INC 800

1NC8O0

1NCR00

V-2QT1

31CSS

31G.SS

304 SS

30-1SS

31GSS

316SS

Clad-
ding
Thick-
ness
(mm)

0.3B

0.43

0.43

0.43

0.43

0.43

O.M

0.53

0.61

0.50

0.3G

0.30

0.43

0.43

Original
Dlam Gap

(mm)

61 - BO kW/m

0.18

0.02

0. IB

0.311

0.30

0.18

0. IB

81 - 100 kW/m

J.I3

0.05

0.18

0.23

0,23

0.25

0.30

Smear
Density

<<* T.D.)

82

64

85

80

80

65

85

Si

97

60

80

79

83

79

l>eak
Linear
Power

(kW/m)

05

77 t

7 2 '

70t

87 +

741

GG

921

BBt

90

831

90

9-1

92

Peak
Isurnup

<at.'1)B

9.6

5.2*

G.9*

7.3*

7.0*

7.4*

9.5

3.2"

3.5»

11.0

•i.7*

7.B

7.9

7.9

Fission
Gas

Release
Cti

-

11

< 1

2

7

•- 1

-

< 1

-

-

18

-

-

-

Max
Clad-
ding
Av
ton

2.59

1.31

-

-

-

-

-

0.70

1.05

-

0.31

1.21

-

-

Max
C iai!-

Ovality,
(mm)

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Av
Dfplh of

tiun
(uml

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Status

In cxnm

Exam e.iiv.pletc

Exam compliie

Exfl-iTi Complete

Exa.1 complete

Kxtim ei»n-.plete

In exftiM

ENIUTI complete

Exam complete

In UXHTYt

Iu\am eonplete

In exam

In exam

In exam

S e r i e s ANL, U1100, U1200: r r—- = 0.20; Sories U1300, U1930, U1B50, U1900: r ~ - = 0 . 1 5 .
U+Pu U+Pu

N/A; Original MjC3 eontent was not available.

"Theoretical density of Me = 13.45 Mg/m3 (UNC Series 1950, MC = 13.49 Mg/m1). Theoretical density Df MJCJ = 12. r<2 Mg/ni1 (UN'C Series 1950. MjC, = 12. 70 Mg tp').

Cared pellets with nominal 2.0-jnm-dfamcter central hole.

All cladding was solution annealed.

Linear powers marked with * are beginnlng-of-llfo values computed using the measurod bumup results . Remaining values are based on EBR-H pxm'Or adjustment facic>r
of 0 .91.

Bumup values marked with # wero measured using the UBNd method. Remaining values were computed using EBR-n power adjustment factor of 0 .91 .

Reported in Rcf. 1.

Reported In Ref, 2.



TABLE a

SIZE OF CENTRAL POROUS ZONES AND INTERMEDIATE DENSE RINGS IN FUEL

SECTIONS OF HELIUM-BONDCT CARBIDE FUEL ELEMENTS CONTAINING LOW-DENSITY FUEL

Element
No.

U-92

U-93

U-94

U-96

U-97

U-99

U-104

U-105

U-187

U-189

U-200

U-206

Section
No.

C
ir

B
E
II

B

D
C

C
II

B
H

C
H

C
H

B
E
H

C
E
11

C
F
J

C
G

E
J

Location
Above

Centorline
f m m )

171
-13

159
0

-121

150

61
10

175
0

OS
-106

103
-13

l l i l
-10

11B
-1

-95

121
44

0

146
-6

-95

101
-32

70
^ 4

Averago
Linear
Power
(kW/m)

49
G7

43
56
48

53

64
67

48
66

48
45

47
62

45
60

42
49
45

64
74
76

62
79
72

72
80

83
87

Bumup
Ut .%)

5.2
7.1

7.4
9.6
8.4

7.4

9.0
9.4

5.1
7.0

9.1
8.5

5.3
7.0

5.5
7.3

8.5
9.9
9.1

3.9
4.5
4.6

3.8
4.8
4.4

4.2
4.7

4.7
4.9

FilKll
Fuel Diam

(mm)

G.86

6.20

7.00

6.86

6.20

6.86

6.86

6.20

6.60

6.GO

6.60

6.60

Av Diam
of Porous

Zone
(mm)

3.84
5.35

0
1.82

0

(1/3) 2.52
(2/3) 2.28

4.54
4.34

5.07
4.8Y

0
2.32

a
4.54
5.69

a
3.70
5.00
3.75
5.44
3.50

4.4 5"
4.40
4.58

4.14
4.62
4.50

4.82
4.92

4.76
5.14

Ratio of Size of
Porous Zone
to Fuel Diam

0.56
0.78

0.00
0.29
0.00

0.30
0.33
0.65
0.62

0.74
0.71

O.OO

0.37

0.0G
0.83

0.54
0.73

0.60
O.SB
0.56

0.67
0.67
0.69

0.63
0.70
0.68

0.73
0.75

0.72
0.78

Description
of Dense
Fuel Ring

None
Partial

None

None

Full

None
Full

None

None

None
Partial

None
Partial
None

Partial
None

None

None

None

Thickness
of Dense
Fuel Ring

(mm)

0.23

-

0.27
0.24

0.27

-

-

0.20

0.24

0.14

-

-

" Noticeably Oval.



TABLE IH

FAILURE RATIOS OF HELIUM-BONDED,

LOW-DENSITY, (U, Pu) CARBIDE ELEMENTS

GROUPED BY LINEAR POWER AND BURNUP

Power (kW/m) 38 -60 61 - SO

Burnup (at.'i) 2-4 4^8 8-12 2-4 4-8 3-12

No. of failures 0 2 7 O i l

No. of experiments 2 2 15 0 6 2

81 - 100

2-4 4-8 8-12

0 3 1

2 5 2

TABLE IV

FAILURE RATIOS OF HELIUM-BONDED,

HIGH-DENSITY, (U,Pu) CARBIDE ELEMENTS

GROUPED BY LINEAR POWER AND BURNUP

Power (kVV/m)

Burnup (at.r,)

No. of failures

No. of experiments

2-4

0

1+Ia

38 -

4-E

6

1 7

60

! £1-12

2

5

2-4

0

2+5

61 - 80

4-8

4

a 5

8-12

1

2

2-4

1+1

fi+2

81 - 100

4-S t

a 2

0

0

51-mm fuel stack.
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TABLE V

COMPARISON OP FAILURES IN HELIUM-BONDED (U,Pu) CARBIDE

ELEMENTS CLAD IN TYPE 316 STAINLESS STEEL AND IN INCOLOY 800

(Each comparison is based on elements having the same design parameters
and irradiation conditions,)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

High-Density

Type 316 Stainless Steel

U82 (failed)

U84 (failed)

U85 (failed)

U89B (failed)

U89C

U107 (failed)

i'xO8 (failed)

U137 (failed)

U144

Low-Den?!*y

U92

U93

U94

U131 (failed)

U132 (failed)

U133

U134

U187

Fuel

Incoloy 800

U83 (failed)

U86

U90B

U90C

U112 (failed)

U109 (failed)

U139 (failed)

U143

r"uel

U96

U97

U98 (failed)

U135 (failed)

U136 (failed)

U189

24



TABLE VI

FAILURE RATIOS OF HELIUM-BONDED, LOW-DENSITY, (U,Pu)

CARBIDE ELEMENTS HAVING CLADDING LEbS THAN 0.45 mm THICK

GROUPED BY LINEAR POWER AND BURNUP

Power (kW/m)

Burnup (at. %)

No. of failures

No. of experiments

2-4

0

1

38 - 60

4-8 i

1

1

8-12

1

1

2-4

0

0

61 - 80

4-8

1

5

8-12

1

2

2-4

0

2

81 -

4-8

3

4

100

8-12

0

0

TABLE VII

FAILURE RATIOS OF HELIUM-BONDED, LOW-DENSITY, (U,Pu)

CARBIDE ELEMENTS HAVING CLADDING GREATER THAN 0.50 mm THICK

GROUPED BY LINEAR POWER AND BURNUP

Power (kW/m)
Burnup (at.',?)

No. of failures

No. of experiments

2 ^

0

1

38 -
4-8

1

1

60

8-12

6

14

2-4

0

0

61 -
4-8

0

1

80

8-12

0

0

2^1

0

0

81 -
4-8

0

1

100

8-12

1

2

TABLE Vm

FAILURE RATIOS OF HELIUM-BONDED, HIGH-DENSITY, (U, Pu)

CARBIDE ELEMENTS HAVING CLADDING LESS THAN 0.45 mm THICK

Power (k\V/m)

Burnup {at.9,)

No. of failures

No. of experiments

GROUPED BY LINEAR POWER AND BURNUP

38 - 60 61 - 80

2-4 4-8 8-12

0 0 0

0 1 0

2-4 4^8 8-12

0 4 1

0 4 2

81 - 100

2-4 4-8 8-12

0 1 0

2 2 0
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TABLE K

FAILURE RATION OF HELIUM-BONDED, HIGH-DENSITY, (U, Pu)

CARBIDE ELEMENTS HAVING CLADDING GREATER THAN 0.50 mm THICK

GROUPED BY LINEAR POWER AND BURNUP

Power (kW/m) 38 - 6 0 61 - 80 81 - 100

Burnup (at.%) 2^ 4^8 8-12 2-4 4-8 3-12 2-4 4-8 8-12

No. of feilures 0 6 2 0 0 0 1+1 0 0

No. of experiments 1+1 6 5 2+5 1 0 4+2 0 0

a51-mm fuel stack.

TABLE X

FAILURE RATIOS OF HELIUM-BONDED, LOW-DENSITY, (U,Pu) CARBIDE ELEMENTS

GROUPED BY BURNUP AND FUEL-CLADDING GAP

Burnup (at.%) 2 - 4 4 - 8 8 - 1 2

Diametral gap (mm) < 0.18 0.18-0.25 > 0.25 < 0.18 0.18-0.25 > 0.25 < 0 . l 8 0.18-25 > 0.25

No. of failures 0 0 0 3 3 0 0 4 5

No. of experiments 3 1 o 3 9 1 2 8 9

TABLE XI

FAILURE RATIOS OF HELIUM-BONDED, HIGH-DENSITY, (U,Pu) CARBIDE ELEMENTS

GROUPED BY BURNUP AND FUEL-CLADDING GAP

Burnup (at.<7c) 2 - 4 4 - 8 8 - 1 2

Diametral gap (mm) < 0.18 0.18-0.25 > 0.25 < 0.18 0.18-0.25 > 0.25 < 0.18 0.16-0.25 > 0.25

No. of failures l + i a 0 0 2 6 3 0 1 2

No. of experiments 5+6 lt-2 3 2 7 5 0 1 6

a51-mm fuel stack.

US GOVERNMENT PRINTING OFFICE 1978—fl77-3«/T22
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