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FOREWORD

This report is 4 summary of postirradiation results of
kelium -bonded uranium-plutonium carbide fuel elements irradi-
ated in EBR-II as of January 1, 1975. All of the fuel elements
included in this report were designed ard began irradiation prior
to FY 1975, The fuel elements do not necessarily reflect designs
of helium-bonded carbide fuel elements that are currently being
fabricated and irradiated in the U, S. Advanced Fuels Program,
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POSTIRRADIATION RESULTS AND EVALUATION OF RELIUMROXDED
URANIUM=PLUTONIUM CARUIDE FUEL ELEMENTS IRRADIATED IN EBR-11

INTEIUM REPORT
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ALNTRACT

An evalustion was sunde of the performance of 74 helium-bonded uraninm-
plutonium carbide uel dlements that were ireadinted in EBL-11 at 35-96 KWV 'm to
2-12 2t, 7 burmnup. Only 35 of thise eleorients ave cempleted postirradixtion ox-
aminztion. The higher failure e found in fucl clements which contained high~
densfty (> 957 theorctical density) wol thia those which containgd low=denaity
i77-917 theorctical density) wel was atributed to the Vimited ability of the high-
density fucl t5 swell inte the void apace provided in the fuel clement, lncreasing
clzidding thickness and original fuel=cladding gap size were both found to influcnce
the fadlure vates for clements comaining low=lonsity fucl. Lower cladding strain
and higher fisslongas roelease were found in bigh=burnup fuel cloments having
smear densities of <17, Fissiorgus release was usually <57 for high-donsity
fuel, but increased with burnup to 3 maximum of 377 in low-density fuel. Maxi-

mum cacterization in clements attudning 3-10 at, 7 barmup as? clad in Types 30t
or 316 sininless xteel amd Incoloy 500 rangoed from 26-%50 gm and 35-52 gm,
respoctively. Stroptiam and barium were the fission procducis nmost froquently
found in contact with the cladding st no panctrution of the clakling by uranium,
plutosiium, or fission produsts was ohserved,

1. EsTRODLUCTION

Seventy-four fucl clements contatning halinm-~
honded (U. Pu) carhide fucl. in pellet form, have been
irradiated in EBR-[] as of January 1, 1975. All of these
fuel clements have completed irradiation, but only 35 have
completed o postirradiastion cxamination, ‘Secause of the
current interest in advanced fuels, this report is intended
to provide interim resalts and evaluation for guidanee in
the design of halivm-bonded uranium-plutonium carbide
fuel cloments for future irradiation testing., Postirradia-
tion results from 13 of these fuel elements have been
reported, 1.2
have been reported in LASL annunl progress reports,

interim results from the other clements
3.1

S TRIBU T T L

The earliest of thuse experiments began in
Septombor 19G5: the last of these experimants complcied
irradiation in Docomber 1974, ‘Thesc experimonts were
designed primarily as serecning losts and contained o
large number of design varialdes ielative to the number
of fuel elements tested.  Only 66 of the fuel clements had
full-size {#5mm) fuel stacks; the remaining & had shert
i53l-mm) fuel stacks, All bul five were clad in solution-
annealed ‘ypes 304 or 316 stainless stecl oy Incoloy 360,
Other experimental parameters were:

Fuel density: 77 io 997 of theoretical
Amount of (U, Pu),Cy: 0 to 20 vol?
Thickness of cladding: 6.22 to 0,79 mm
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Puel-cladding diametral gap: 0.02 to 0.11 mm

Peak linear power: 38 to 96 k\W'm

Peak burnup: 2.0 to 11,5 at. %

Of the totzl of 71 helium-bonded carbide fuel el-
ements included in this report, 43 were unfailed at the
time of their final removal from ERR-T, All fuel el-
ements were encapsulated,

Experiment:l parameters and a suramary of the
postirradiation results for all elements are shown in
Table I. The distribution of the experiments accoding
to peak linear power and peak burnup is shown in Fig. .
Grouping of the experiments was selected so that compar-
isons could be made of elements which had similar power
and burnup combinations. The groupings selected were:

1. Peak linear power (kW m): 38-60, 61-80,

and $1-100; and

2, Peak burnup (at,7): 2-1, 4-8, 8-12

i1. POSTIRRADIATION EXAMINATION RESULTS

A Fuel Restructuring

The fuel for the helium-bonded carbide elements

that was 91 or less of theoretical density usually restruc-
tured to yield tw,, and sometimes three, concentric zones,
However, scme sections which operated at relatively low
peak linear powers (10-50 k\W./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 visible only in some fuel sec-
tions; and (3) an outer zone of fuel which showed little
change from the as-fabricated microstrueture, A typical
photomosaic illustrating these thiee 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 tuel (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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Fig. 1. Distribution of helium-bunded carbide fuel elements according to peak linear power and peak buznup.
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Photomosaic of a helium-bonded carbide fuel ele-
ment contiining ow-density fuel and irradiated
to 9. at.’ burnup at 70 kW m, (Fuel element
U1, Section G, Mount No, 3C80,)

Fig. 2,

Fig. 1), The temperature and time necessary to produce
the two lnner zones have not been determined,

The average <izes of the poruus zones und the in-
termediate dense zones, when present, were measured
from the available mosaics and are given in Table {1, The
average diameter of the perous zone is shown as a function
of average linear power in Fig, 5, Very little eorrelation
of the size of the porous zone with the calculated linear
power was fourd for those fuel sections operating at linear
powers hetween 40 and 60 k\W/m (12-18 kwW/ft), ‘The po-
rous zone ranged {vrom 0 to 0,88 of the fuel radius in these
section.. However, within this linear power runge, 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 tad fuel-cladding gaps of
0.18 - 0,37 mm had porous zones of 0.34 ~ 0. 88
(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.

As~poiished section of the central porticn of a
helium-~bonded carbide fuel element containing
low=-density fuel and irradiated to 4.8 at.”. burnup
at 81 kW m, (Fuel element U159, Section .
Jount No, 2039.Y

All the fuel sections studied that operated at 40 - 90
KW. 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 fo be significantly affected by ei-
ther power level or original gap size. The size of the po-
rous zone ranged {from 0,62to 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. 5.) Al but one fw:l section in
which therc¢ +as some evidence u{ a dens: ring operated
at 60 - 70 kW. ‘2. The sections which operated above
70 K\W/m showed no evidence of the dense ring b+ this

absence may be due to the lower b.mup that these <lements




Fig. 4. Photomosaic of 2 helium-bonded carbide fuel
element containing low-density fuel and irradiated
to 1,6 at. 7 burnup at 77 k\WW/m. Note the asym-
metric swelling pattern.  (Fuel element V157,
Section C, Mount No. 2C33.)

attained. The cause of the fuel densificatiun at this loca-
tion i5 as yet unexplained.

In most cases where the ring was ohserved, this
densified rezion closely coincided with a ring of increased
fission-product activity which wus observed on 8-+ auto-
radiographs. (See Fig. 6 ) In the 60- to 70-kW'm power

range, the existence of the dense rings correlatea well with

the existence of the 8- v rings, At linear powers over
70 k\WW/m, the wn‘ense 8- ¥ rings were present in all sec-
tions, but no dense fuel rings were visible,

The fuel o, helium-bonded carbide elements that
was over 955 ol cheoretical density did not restructure in
any regular or symmatric pattern, Typical as-fabricated
microstructure of the high-density luel consisted of large
(100~ to 300-1m). dense, multigiain particles, surrounded
by smaller (5-to 50~y 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 graing, (See Figs. 7 and 8,)

There was very little tendency for the hhgh-density fuel

‘,'L T Y T Y )
E
E6- 7
~N 5p- J e [ ] o 0o o ° ]
2 ° 84 9°0°°
eal 4 -
£leg °©
- Fuel-cladding cop
© 3+ & 0.10 mm -
% a o 0 Qi8-0.37 mm
E 2 a Presenca of dense fue! ring |
g @ Partiol
i e Full -
ol ol 1 ) 1 1
40 S0 60 70 80 90

Av Linear Power (kW/m)

Fig. 5. Size of central porous gone of helium-bonded
carbide fuel elements containing low-density
fuel vs average lincar power,

to swell into void space provided by cracks in the frag-
mented fuel or by central holes provided i the as-
fabricated pellets of some fuel elements,

The small amount (~ 5 vol7) of (U, PulCy prevent
in the as-fabric: ted low-density carbide fuel was only
veeastonally detect:d after irradiation.  No evidence of
(U, Pu),C4 was observed in the cential region of the fucl,
However, metillographic detection of the (U, Pul,t,
phase is more difficult in the central reg . of this type
of fuel because of the increased porusity. Examination
of the high-density fuel which contained ~ 10 vol.

(U, Pu,Cy in element U204 showed no (U, Pu),C; depletion

in the outer repgions of the fuel pellets, In the central

Fig. 6. R-y autoradiograp: of the helium-bonded carbide
fuel element sectioi shown in Fig. 2. {TFuel

element U94, Section G, Mount No, 3C80.)
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Fig. 7. Photomosaic of a helium-bonded carbide fuel
clement containing high-density, annular fuel
pellets irrmdiated to 5,0 at,". at <7 kW m,
{Fuel element U208, Section C, Mount No, 3061,)

fuel region of this element, there wis an apparent deple~
tion of (U, PulCy3 the (U, PujyC; grains were much less
clearly delineated in the photomicrugraphs and in many
areis could nu longer he detected,

B. Cladding Deformation

Profilometry measurements were available for
all elements which received postirradiation examination,
Four profilemetry traces at 5" intervals were usually
taken for each fuel element; unly two profilometry traces
2t 90° intervals were tuken for clements UT8-U90, The
average . AD D values for each axial loeation were
piotted for each fuel element, The maximums of the av-
erage '7 AR D determined from these curves are shown
in Table [ and Fig, 9, It should he 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 6,2 at,?/, Fig, 9
shows that at burnups below 6.2 at, 7 this type of element
striained the cladding significantly more than elements
containing low-density fuel,

The maximum average ¢ AD/D values for all fuel

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

Fig, 5. Photomosaic of a helium-bonded carbide fuel
clement containing high-density, annular fuel
pellets irradiated to 7.0 at,~ at 65 kW, m,
{ Fuel element 17109, Section C, Mount No. 1BS&S,

failed or (2) were determined to be failed but had faiture
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 cf the cladding correlates well wit}
the fuel-element smear density, Elements with smear

densities of 72-8¢', theoretical had approximately half
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Fig. 9. Maximum cladding & AD/D vs peak burnup
for helium-bonded carbide fuel elements.
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Maximum cladding ~ AD D vs  peak burmup for
helium-bunded carbide fuel elements contiining
low-density fuel.

the muximum  AD D at 10 at,'” burnup as thuse with
smear densitivs of S1-wt

The mavimum cludding ovalities tor the low-density-
fueled elements ranged from 0,046 to 0, 165 mm '
(0,001~ - 06,0065 inches). A tmical profilometry trace
illustrating the size and frequency of the vralities is ~hown
in Fig, 11, No correlations between the size ouf the mux-
imum ovalities and the reactor operiting parameters, such
a3 linedr power or burnup, were found,

There was no indicaticn that either solution-
annealed Tyvpe 316 stainless steel or Ineoloy 500 was more
cffective in decreasing the maximum *© AD D of these
low-density-fueled carbide fuel elements. flowever.
there was some indication, especially fur the fuel elements
having smear densities of 31-%1° that increased cladding
strength, as indicated by increased cladding thickness,
was effective in reducing eladding deformation,

. Fission Gas Release

Fission gas release from the fuel £s a function uf
pezk burnup is shown in Fig, 12, The amount of {ission
gas released was found to increase with burnup and be
dependent un the fuel density and, in the case of low-
density-fueled elements, on the smear rensity.

In general, [ission gus release was very low (< 5')
for high-density (> 957 of theoretical) fuel. The greatest
amounts of fission gas released from high-density fuel
were from two fuel elements which conttrined annular fuel
pellets; these elements, U109 and U208, released 77 and
10", respectively,
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Fig. 11, Proetilometry traces. taken '’ T, of Ups7,

a fielium -bonded carbide fuel element chad in
solution-annealed Tvpe 3168 <tainless swel,

Lovo=density (77-9¢ of theoretical) fuel releasei

a4 considerably greater amount of fission gus than high~
density fuel; the releuses mnged from 1w 37 of theoret-
teal, The smear densities of these low-density-fueled
clements were found to have 2 sigmificant effect on the
amount of fission gas released,  Fipure 12 shows that o
hicher percentage of s release was attained for ele-

nents

which had smear densities < 51 theoretical fuel

density than for elements which hadd smear densities ~ <2
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Fig. 12, Fissiou gas release vs peak burnup for

helium-bonded carbide fuel elements,
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thenvetical fuel density,  The amount of fission gas

reteased appeared W be independent of the original fuel

density if below 91 of theoretien]) amd also independent
ot power level within the minge studied (52 - 90 kKW m),
These results indizate that the relative amount of
D+ gis released is pelated b microstructerl changes
in the tuel which result in g mure spen nicrostructare in
the central pertion of the fuel,  Microstrueturil exiamina-
tivn of the fuel shaws a predomicinee of fission gus bab-
Ples at the fuel grain boupdaries, The increased mte of
wias release with burmnup is believed @y be the resulz of the
Imking up of these bubbles to form a larger volume of
connected poresity threughout the central portion of the
fuel,  Froomere 12 also indicntes thad, i the case of low-

dunsitv-facled clements having smear densities < =)

the perventage of fission s released reaches o constant

value of about 55 between Tand 1ooat, peak burnup,
I, rael-4Cladding Compatibidity

Phe matfeer effect observed in Type G316 stiinless
el oran Incaloy <o was carurization of varving
amotiits, (See Fig, 120 Photomicregmphs of the fucel
amt cladding from <even unfailed fued elements comaining
towwdensity fuel wepe awailable; asually three axial posi-
tions were represented feor each fuel clemeni. Consuder-
able vitration in the depth of the carburized zone was

heerved in many of the metillogrmphic sections stadied,
For cach secticn, the avertge depth of carburization wis
determined in the area where the grestest amount of
vitrhtirization wus evident,  The depth of carburization
wis determined o be that in which the microstructure
appenred W be significantly affected by the fuel, In gen-
eral, this bounmdary wis not clearly defined in the stainless
steels but usually well defined in Incoloy 800, The average
depths of carburization for the seven fuel elements are
listed in Table I, The average depth of carburization in
elements clad in Type 316 stainless steel and attining
maximum burnups of 4.6 - 9,6 2t,'. mnged from 36 to 72
um. The averuge depiii of carburization in elements clad
in Inceloy 800 and attaining bumups of 4.6 - 9,9 at.*
ranged from 38 to 52 ym,

only one fuel element (U'94), of the seven eval-

uated, contained single -phase fuel, The average depth of

N e 'S

Typical carburization of solution-annealed
Type 316 stainless steel in contact with (U, Pu)C
in 2 helium-~bonded carbide fuel element (U94),

Fig. 13.

carburization for this element, clad in Type 316 stain-
less steel. was 36 um after 9.4 at,% burnup, The only

element whirh had similar cladding material, irradiation

S




Fig, 14,

Reaction zone between (U, Pu) carbide fuel and
Type 316 stainless steel cladding in a helium-
bonded carbide fuel element (U9%4),

time, and cladding temperature (~ 620°C maximum) was
U93, which contained ~ 5 vol7 (U, Pu),C;, Element U93
showed a slightly kigher average deptb of cladding car-
burization, 40 ym. For two other elements clad in Type
316 stainless steel and confaining ~ 5 vol% (U, Pu),C;, the
average depths of carburization were 56 pm and 72 um,
but the maximum cladding temperatures for these el-
ements were estimated to be at least 45°C higher than
those of U192 and U%4.

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. 14,) This phase appeared to be identical to that
found in out-of-pile compatibility t'.t:sts.5 The average
depths of this phase were 1 - 4 ym in the fuel elements

&0

rig, 15.” Solid fission pmdiicts in the h.igh-inténsity 8-y
ring of a helium~bonded carbide fuel element
(U9,

clad in Type 316 stainless steel and 2 - 6 gm in those clad
in Incoloy $00. The maximum depths observed in elements
clad in Type 316 stainless steel or Incoloy 800 were 8 ym
and 10 ym, 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 um of the

fuel-cladding interface.

E. Solid Fission Product Distribution

Radiographs showed that changes in 8-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 8- y ring, particles were found which were
composed mainly of the platinum metals (Ru, Ln, and Pd)
and rare 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
These el-

ements have been found both in fuel which is in contact

in contact with the cladding were Sr and Ba.



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, 1f, Ni and Fe.
Increased o activity observed on the insid~ 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 vet been observed,

TI. 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 treads in failure rates as certain design param-
eters were varied, This was done by means of Weibull
::malysis.6 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-honded carbide

fuel element showing increased activity at the
end of fuel cracks. (Fuel element U208,
Section E, Mount No, 2C42,)

known. Inorder to at least partially compensate for these

uncertainties in the burnup level at which failures occurred,

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

values) of the data points. In tlie 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-IIL.
In the various comparisons, a confidence level

was calculated at ceririn burnup levels (usually 10 at. %)

to express the significance of the differences obtaired.

This confidence level was calculated on the ussumption

" that the lines drawn on the Weibull probability paper were

a true representation of the burnup levels at failure,

Al Fuel Density

Postirradiation examination of the fuel micro-
structures revealed 2 sigrificant difference between fuel
elements containing high-density (> 959 of theoretical)
fuel and those containing low-density (77 - 91%. of theoret-
ical) fuel. The restructuring of low- and high~density
fuel is discussed in Section II.A. Because of these
observed mierostructural differences, the failure ratios
of low- and high-density fueled elements were grouped

separately and are shown in Tables I1I and IV,
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The failure ratio was quite low for al! experiments
at low burnup--only 2 failures (both ccntaining high-density
fuel) out of 21 experiments, At burnups over 4 at,. the
high-density-fueled elements had a failure ratio of 14/21
(0.6%) 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 vs peak
burnup is shown in Fig, 18,

Comparison of the failure probabilities of all ele-
ments containing high- and low-density fuel resulted in
a > 99% confidence that more high-density-fueled elements
would fail at 10 at,% 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, Pu),C,

The low-density fuels that have been irradiated in

helium-~bonded experiments have been single-phase or

10

slightly hyperstoichiometric {containing } - 5 vol7

(U, Pu),C;). The high-density fuels have bean hyperstoich-
iometric, containing 10 - 20 vol% (U, Pu),C;. Attempts
were made to determine the amount of (U, Pu),C, by
chemical, x-ray, and metallographic analyses, However,
in many cases, the amount of (U, Pu),Cy calculated from
the chemical analyses has not correlated well with the
amount of (U, Pu),C; observed by metallography.

Since the amount of (U, Pu),C; wus related to the
fuel density in the experiments studied, and since the
original amount of (U, Pu);C; cannot be accurately deter-
mined in the relatively narrow ranges used, no meaningful
correlation Letween the amount of (U, Pu),C; 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 gelected 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, 7
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 (16° hours) is lower, 61 Mba (8, 800 psi) to
83 MPa (12,000 psi).7

In a number of cases, fuel elements which were
virtually identical except for the type of cladding were
tested. In some cases, however, the [ncoloy 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 cither Incoloy §00 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, while in elements containing low-density fuel,
there were fewer failures in those clad in Type 316 stain-

less steel. Quile possibly the difference in mechanical
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Fig. 19. Distribution of helium-bonded carbide fuel elemenis according to cladding thickness

and peak linear power,

properties of these two cladding alloys may not be large
enouga to show any effect of cladding strength on railure
rate,

D. Thickness of Cladding

There were no fuel elements tested that had
cladding thicknesses between 0,45 mm and 0, 56 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 VI and for high-density-fueled elements in
Tables VIII and IX.

The overail failure ratio for low-density-fueled

elements in the 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 \Weibull probability
analysis of these data is shown in Fig, 21. The increased
failure rate between 8 and 12 at, 7 burnup, as shown by the
increased siope 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 25U ¢nrichment (60%). had a higher fluence-
to-burnup ratio than the other fuel elements tested, At
10 at. burnup, there was a > 99, 9% confidence that more
elements containing low-density fuel with < 0.45 mm thick
solution-uunealed 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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Fig. 20,
and peak burnup.

high-density fuel. Only two failures, both at the high
powet level, occurred at low burnup. Of the high- “ensity-
fueled elements attaining above 1 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. Weibull 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 50% at 7 1/2 at.% 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 that
was originally in the circumferential fuel~-cladding gap can
be transferred to space belween diametral and radial

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

12

Distribution of helium-bonded carbide fuel elements according to cladding thickness

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 frag.nents.

Figures 22 and 23 show the distribution of failed
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 X1, 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 eleinents
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. £4. The filure
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rate of low-density-fueled elements with small gaps was

significantly higher than thuse with intermediate or large

gaps.

ements with small gaps would fail at 7 at.”
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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.
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those with a large gap was » 904 at % at,'¢ burnup and
~ %04 at 10 at. ‘s burnup.

In order to include the influence of cladding thick-
ness with the fuel-cladding gap, all elements containing
low-density fuel were grouped according to cladding thick-
ness (< 0,45 mm thick and> 0,50 mm thivk) and gap size,
Fuel elements having very small gaps were eliminated
from the study and two diametral gap sizes were com-
pared: 6,10 - 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 {II.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 fajlures would occur in

elements with this gap size in < 0.45-mm selution-annealed
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Fig. 25. Percent failure vs peak burnup for helium-
bonded carbide fuel elements containing low-
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diametral gap size.
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Type 116 stainless steel or Incoluy 300 cladding than in
similar cladding > 0,50 mm thick was ©97 at 10, burnup,
The eifect of > 0, 25-mm gup sizes on the failure probabil-
ity of low-density-fueled elements with > 0,50-mm cladding
compared to those having 0.10- to 0,25~mm gap sizes was
less marked; there was only a 65 confidence that this gap
difference would result in fewer failures at 10 at,7 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 (345-mm fuel stack) EBR-II elements
containing high-density fuel are shown in Fig, 26. There
was a > 99,9 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 burnups

up to 10 at.'.
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Fig. 26. Percent failure vs peak burnup for helium-
bonded carbide fuel elements containing high-
density fuel; effect of diametral gap size.



v, SUMMA RY AND CONCLUSIONS

A, Density of Fuel

Both the failure rates and the postirradiation
examination results indicated that low-density fuel
(77 - 91% theoretical density) has a greater potential for
high burnup than high-density fuel (> 95% theoretical
density). In all comparisons of elements of simiiar clad-
dings and fuel-cladding gaps, those containing low-density
fuel had significantly lower failvre rates than those
containing high-density fuel,

Postirradia’ion examination of elements containing
high-density fuel showed that this 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 the 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 (< 57), 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 microstructure in which the central region is
rather porous and of relatively uniform density. The
fuel in this region is characterized by the collectior of
fission gas in grain boundaries and the ability to swell
into available space provided by radial cracks .~ 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 877 of theoretical. Since only a very lim-
ited study of the effect of fnel densities below 85%, bas
been attempted, it is suggested that irradiation exper-
iments be designed to include fuel of 80 - 87% theoretical,

B. Amount of Sesquicarbide

The amount of (U, Pu),C, in the experinients
studied was closely related to the density of the fuel,
Low-density fuel contained up to 5 vol% (U, Pu),C, while
high-density fuel contained from 10 to 20 vol% (U, Pu),Cy.

No experiments were designed to directly compare the

effect of (U, I'u),C, content on the fuel performance of
helium-bonded carbide fuel elements of comparable fuel
densities.

The original amount of (U, Pu),C, in the carbide
fuei can be a significant facior because of (1) its effect on
cladding carburization and {2) changes in the fuel stoich-
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 coniaining monocarbide fuel plus ~ 5 vol% sesqui~
carbide, the maximum depth of carburization was found
to be only 4 um 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 pm deeper than the el-
ement containing single-phase fuel. Some apparent deple-
tion of (U, Pu),C; 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 stoi. hiometry
of the fuel with burmup. Both F'rench8 and German9
investigators, simulating burnup in carhide fuels by the
addition of specific amounts of fissionproduct 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 (U. Pu)C + (U. Pu)yC; com-
positions, Past experience has shown that it is difficult
to detert small amounts of (U, Pu),C, after irradiation,
so the amount required for initial testing with two-phase
ca rbide fuel should be at least 10 vol%,

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 300. 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
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alloys. Advanced cladding alloys which combine high
strength with low irradintion-induced swelling appear to be
of greatest interest for helium-bonded carbide elements,

0
Be.ause out-of-pile compatibility tests5' 1

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 alluys
should be limited, An indication that satisfactory crunpat-
ibility can be achieved with alloys containing less than 50
wit? Ni was shown in a 4000 hour out-of-pile test5 at 800°C
with Hastelloy X (48 wit Ni) which resulted in a reaction
zone of only 8 um. Postirradiation examination of fuel
elements clad in Incoloy 800 (32 wt Ni) have shown inter-
mittent formation of an intermetallic to depths of 10 um
or iess.

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 205 cold-worked Type 216 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 rite
in 7.88mm-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 arve completed and tubing
hecomes avajlable, Until that time, it is recommended
that 0. 5:-mm-thick 205 cold-woracd Type 316 stainless
steel be used for near-term irradiation testing of 7, 88-mm-
diameter iuel elements.
E, Smear Density

Correlations of cladding deformation and fission
gus release with the smear density of elements containing
low-density fuel have shown that significant behavicral
differences ovcurred in fuel clements which had smear
desizities hetween 80 and 627 of theoretical, At 10at,”

hurmup, clements of 0% smeur density had approximately
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half the cladding deformation and twice: the fission gas
release compared with elements of 82¢ smear density.
This observation, although mo significant microstructural
differences were obvious from the pliotomicrographs,
leads to a recommendation that the smear density of
helium-bonded carbide elements be less than 814 of
theoretical.

F. Fuel-Cladding Gap

The design function of the fuel-cladding gap is to
provide spdce 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 II. 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. I[n general, the failure rate was lower,
regardless of fuel density, for elements which had gaps
of over 0,25 mm, Hcwever, there was some indization
that this difference was less marked in elemernts 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 propertion of fission
gas and, in turn, results in a lower overal! swelling
rate, Inorder to achieve 2 smear density of < 817 (see
Section [V.E), a fuel-cladding gap of 0,25 mm would be
needed for a 7, 88-mm-diameter fuel element containing
fuel of 877 theoretical density.

G, Recommended Fuel Element Design Parameters

Recommendations for the design of 7, 8%~-mm-
diameter helium-bonded (U, Pu) carbide fuel elements

for near-term FEBR-II testing are:



Peak linear power: 85 kW/m

Peak burnup: 12 at,"}

tuel types: (1) single-phase (U, Pu)C

(2) (U, Pu)C + (U, Pu)yCy

fuel density: 80 - 87 of theoretical

Cladding alloy: (1) 207 cold-worked Type 316
stainless steel (near-term)

{2) Advanced alloy, e.g.,

Nimonic PE-16, M-813,
Incone! 706

Cladding thickaess: 0,51 mm (0, 020 inch)

Fuel-cludding diametral gap: 0,13 -~ 0,26 mm

Smear Density: < 317 of theoretical
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TABLE I

UNFAILED HELIUM-BONDED (U, Pu) CARBIDE FUEL ELEMENTS

Max
Clad- Clad- Max Ay
Funl ding Penk Fission ding Clad- Depth ¢!
Den- Clad-  Thick- Original Smear Linear Peak Gas Av ding Carburizs -
Expmt Serlelf b sity ding e hess Diam Gap Density Przwm‘f Burny) Helease AD/D  Ovality, tion
_No. No. TG, (RT.D.)T Type (mm) (mm) (% T.D.) (kW/m)" (at. %) @& _k _(mm) {um) Status
38 -~ 60 kW/m
NitP-1 ANL ] 87 Nb-1Zr 0,33 0.20 82 83 3.8 - - - - blorage
SMP-1 ANL 0 85 31658 0,681 0.13 82 ] 2.0 4 0 - - Exam completo
uaIn UNC 1200 10 o8 316588 0.61 0.22 92 49t 3.0 <1 0.26 - - Eniun complcl.&:i
ve3 UNC 1300 5 86 31G68s 0.78 0.10 83 59t 9.6" 16 1.69 0,055 40 Extun complete
veT UNC 1300 5 88 INC800 0,75 0.10 83 55¢ 9.6% 13 1,77 0.120 52 Exam complete
U105 UNC 1300 5 ™ INCBOO 0.76 0.20 72 52t g.9% 34 0.97 0,065 3as Exam . omplete
vl UNC 1300 10 ﬂSd INC800 0.76 0.28 79 50 10.2 - - - - In exan;
L1130 UNC 1950 0 17 31658 0,65 0.25 70 39 11.8 - - - - In exam
t133 UNC 1950 0 85 31638 0,35 0.36 70 38 11.1 - - - - In exam
Ul UNC 1950 0 85 31088 0,55 0.36 % 38 11,2 - - - - In exam
U138 UUNC 1950 20 97 31688 0.56 0,36 87 44 3.6 - - - - Used for TREAT test
U138A UNC 1950 10 98 31688 0.42 0.36 88 44 7.1 - - - - In exam
U110 UNC 1950 0 hli] INCS00 0,53 0.36 81 41 10.8 - - - - In exam
U142 UNC 1950 0 a1 31688 .30 0.25 81 43 10,7 - - - - In exam
U143 UNC 1950 20 E)Gd INC800 0,53 0.36 ki 38 10,9 - - - - In exum
Ul UNC 1950 20 Bﬂd 3168S 0,56 0.36 77 38 1.1 - - - - In exam
81 - 80 kW,/m
79 UNC 1100 15 9§ 31688 0.38 0.18 93 g2+ 2.3* <1l 0.20 - - Exam complcu:h
Vds UNC 1200 15 99 INCB0O 0,56 0.25 81 61t 6,2% - 1,13 - - Exam complete’
us? UNC 1200 10 99 INC800 0,66 0.15 2 7t 3.3* 3 1,09 - - Exam ::t:nmpleha1
UBSA UNC 1200 10 98 31688 0.81 0,15 23 78+% 3.4* - 0.33 - - Exam cumplﬁ!e‘

ussc UNC 1200 10 98 31688 0.61 0.15 93 74t 3.3* 1 0.59 - - Exam l:t:lmp].e:‘e1
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Expmt
Nao,
USGA
usen
Us0C
[H01]
uez
ugss
U6
u99
Ul
U1lo
uiet

udo

uiss
11148
tr1as
1190
yoau2
um
Uz
v205
UZoa
U208

Sorie
T,
UNC 1200
UNC 1200
UNC 1200
UNC 1200
UNC 1300
UNC 1300
uNC 1300
UNC 1300
UNC 1300
UNC 1300
UNC 1930

UNC 1100
UNC 1930
UNC 1930
UNC 1930
UNC 1930
UNC 1960
UXRC 1960
UNC 1960
UNC 1960
UNC 1960
UNC 2950

e, 11.04°

10
10
10
10
N/A
0
N/A
N/A
N/A
10

«@ et

=]

10
10

Fuel
Den-
sity

o8
29
98
09
a5
L1
85
LE]
7
Dﬂd
R

Clad-
ding °
Type”
INCHO0O
INCRUD
INCRO0
INCHOU
31658
31658
INC8a0
INCS00
INCROG
{NCHa0
31888

v
Ji6ss
31658

INCa00

IRCHOO
31458
31688
31688
31688
31658
31488

TABLE 1 (CloNT)

UNFAILED HELIUM-BORDED (U, Pu) CARBIDE FUEL ELEMENTS

Peak
Linear
Power

Peak
Bumy;

(mm) {mm}) (L T.D) (kW my (at.LF

Clad-

dlng

Thick- Oviginal Smear

neRs Diam  Gap Density
0,56 0,17 93
0,56 0,08 97
[ H 0,15 93
v, 56 0,23 02
0,43 0.20 Hl
0,43 0.1R H1
4,43 0.18 a1
0,43 0.37 T
0,38 0.20 72
0.43 0.31 A1
0,50 0,18 :}]

A1 - 100 kW/m

B, 5 0,15 a3
o, 56 0.28 49
0,50 0.28 a9
Q.63 0,25 k!l
0.53 0.2H 78
0,23 0,02 R5
0,14 0.05 R
0.22 0.05 B8
0,43 0.08 RS
0,43 0.25 83
0,43 0.30 79

61t
a2t
79t
66*
ot
704
a8t
a4t
624
65

774

92+
90
20
art
90

2.7
3.5
3.6
3.0%
7.1
D,4*
T.0%
T.0m
7.3%
9.2

4.6%

3.3
2.7
2,7
4,8*
11.0
2.5
2.5
2.6
2.8

5.0%

Flasion
Gas
h-"aase
0 _
<1
<1
<1
a7
35
a1
14
37

20

<1

10
10

Max
Clad-
ding
Av
ADD
(%)
0.33
1.19
0,99
0.43
1.5
2,10
1,08
0,82
0,52

0,30

0.498
0.65

Max
Clud-
ding

Ovality,

{mm)

0,070
0,069

Av
Depth of
Carburiza-

tion

{(um} Siates

- Exam c:ompleu:i

- Exam mmplew‘

- Exam cumplf.-tci

- Exam completcl

- Exam complete

6 Exam complete

- Exam complete

- Exam complete

- Exam complete
In exam

72 Exain complete

- Exam completuh

- Storage

- Storage

46 Exam complete

In exam

Swrage

To continue in EBR-I
Storage

Storage

Exam completie

Exum camplete
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bttt g 5

gMc” (%T.D.)°

Expmt  Serie)

No, No.
HWMP-1 ANL 1]
NMP-2 ANL 0
us1 UNC 1200 16
usz UNC 1200 10
U8l UNC 1200 10
Us4 UNC 1200 10
uses UNC 1200 10
ulo06 UNC 1300 ]
Ul UNC 1300 N/A
U129 UNC 1950 0
U131 UNC 1560 0
Ul3z UNC 1850 0
U13s UNC 1950 0
viss UNC 1950 ]
U137 UNC 1950 20
Ul3g UNC 1950 20
Uldl UNC 1650 [¢]

Fuel
Den-
sity

a7
99
29
a8
98
m
98d
86
85
85
8s
85
97
97

o1

Clad-
dlnge
Type

Hast, X
Nb-~1Zr
31688
31658
INCB00
31688
31688
INCB00
INC800
31688
31688
81658
INC800
INC800
31658
INC300

316S8

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

TABLE I (CUNT)

Clad-

ding Paak Fission

Thick=- Original Smear Linear Peak Gas

ness Dinm, Gap Density Puwer( Durm? Release
{mm) {mm) (% T.D.} (kw/m)" (at, %) (%)

3B - 60 kW/m

0,61 0,10 81 5 6.5 -
0.33 0.10 82 50 8.6
0,61 0,19 91 b7t 5.0% -
0.61 0.14 95 56t 4.7% -
0.56 0.15 94 57t 4.9% -
0.61 0.23 91 59t 5. 9% -
0.61 0,24 91 571 5.6* -
0.43 0,20 T2 69 9.9 -
0.79 0,25 79 571 7.0 2
0.65 0.41 76 38 11,7 -
9,65 0.36 76 a8 11,3 -
0,65 0,36 kL] as 11.4 -
0,83 0.36 6 a8 11.5 -
0,63 0.36 76 40 11.1 -
0.55 0,30 87 40 10,0 -
0.56 0,36 87 44 10.2 -
0,55 0,25 &4 43 10.6 -

Maox,
Clad-
ding
Av
AD/D
(%)

0,98
1.6
1.49
3.24
2,45

1.08

Max, Av
Clad- Nepth of
ding Carburiza-
Ovality, tion
{mm) {(um) Stutus
- - Strage
- - Storage

Exam complew‘
Exam complcw‘
Exam complewl
Exam complel.“i
Exain cmnph:l,ui
In exam
Exam complets
“n exam
In exam
In exam
In €xam
In exam
in exim
In exam

In exam
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TABLE [ (CONT)
FAILED HELIUM-BONDED (U, Pu} CARDBIDE FUEL ELEMENTS
Max
Clad- Clad-  Max Av
Fuel ding Peak Fission  ding Clad~ Dupth of
Den- Clad~  Thick- Orlginal Smear Linear Peak Gas Av ding Carbariza-
Expmt Serie. b sity e ding o Dess Diam Gap Density Power hux:nup nelc_ase AD D Ovality, tivn )
_No, _No,m  EM;C; (%T.D.)" Type” (mm) (mm) (3 1.D.) (kw/m) (a1, 5)6 (9 4% _(mmy {um S1atus
61 - B0 kW/m
u9s UNC 1300 5 86 INC800 0.38 0,18 82 65 9.6 - 2.69 - - In exam
U101 UNC 1300 N/A 85 INCRO0  0.43 0,02 64 774t 3.2¢ 11 1,31 - - Esam coniplete
u1o7 UNC 1360 N/A DBd 31685 0,43 0.18 45 73 6, 9% <1 - - - Exam comploe
U108 UNC 1300 N/A QBd 31688 0.43 0.36 BG 70t 7.9% 2 - - - Exam comiplete
U109 UNC 1300 N/A QSd INC800 0.43 0,36 20 87t 7.0% T - - - Exan complete
U112 UNC 1300 N/A 98d INCBOG 0,43 0,18 85 Tt 7.4% 1 - - - Exam conplete
Ull4 UNC 1300 15 sad INCBOO 0.43 0.18 85 66 9.5 - - - - In exam
B1 - 100 kW/m
u78 UNC 1100 1o 98 v-20Ti 0.A3 J.13 94 92t 3,2¢ <l 0.70 -~ - Exam camplewh
1898 UNC 1200 10 90 31888 0,61 0,05 87 88t 3,5% - 1.05 - - Exam mvmplelcl
Ul88 UNC 1930 5 85 31638 0,50 0,18 &0 90 11,0 - - - - In exum
U200 UNC 1960 5 B§ 30488 0.36 0,23 80 83t 4. 7% 18 0,31 - - Exam complete
U201 UNC 1960 5 85 304588 0,36 0,23 78 a0 7.8 - 1.21 - - In exam
v207 UNC 1960 5 90 310688 0.43 0,25 83 94 7.9 - ~ - - In exan
U209 UNC 1960 10 97(l 31688 0,43 0,30 79 22 7.9 - ~ - - In exain

a, Pu Py
Series ANL, Ull0e, U1200: T+pa ° 0,20; Series Ul300, U1930, U1850, U1960: U+pa =0,15.

hN/A: Originni M,C; vontent was not avallable,
“Theoretical density of MC = 13,45 Mg/m? (UNC Series 1950, MC = 13,49 Mg/m%), Theoretical density of M,C, = 12,72 Mg/m? (UNC Serios 1950, M;C, = 12,76 Mgsm¥).

dCored pellets with nominal 2, 0-mm-diameter central hole,

%Al cladding was solution anncaled,

lem:ur powers marked with 1 are beginning-of-life values computed using the measured burnup results, Remnining vnlues are based on EBR-I power adjustment factor
of 0.91,

ZBurnup values marked with * wera measured using the *8Nd meth>d, Remuining valuas wure computed using EBR-II powar adjustment faetor of 0,91,

hRepormd in Ref, 1.

! Reported In Ref, 2.



TABLE I

SIZE OF CENTRAL PORQUS ZONES AND INTERMEDIATE DENSE RINGS IN FUEL
SECTIONS OF HELIUM-BONCYN CARBIDE FUEL ELEMENTS CONTAINING LOW-DENSITY FUEL

Location Average Av Dism Thiclmess
Above Linear Finul of Porous Rativ of Size of Description of Dense

Element Section Centorline Power Burmup Fuel Diam Zone Porous Zone of Dense Fuel Ring

No, No. (mm) (kW/m) (at. %) {mm) (mm} to Fuel Diam Fuel Ring (mm)
U-92 o} 171 49 6.2 6,86 3.84 0,56 None -

" H -13 67 7.1 " 5.35 0,78 Partial 0.23
U-9d B 159 43 7.4 6,20 0 0.00 None -

" E 0 56 9,6 " 1,382 0.29 " -

" H -121 48 8.4 " 0 0,00 " -

= {1/3) 2.52 0.36 _
U-94 B 150 53 7.4 7.00 2/3) 2.28 -——0'33 None

" D 61 64 8,0 " 4.5 0.65 Full 0,27

" G 10 67 8.4 " 4.34 0.62 " 0,24
U-96 C 175 48 6.1 6.66 5,07 0.7 None -

" H 0 66 7.0 " 4,87 0.71 Full 0.27
uU-97 B G8& 48 9.1 6.20 o 0.00 None -

" H ~106 45 8,5 " 2,32 0,37 " -
uU-99 Cc 163 47 5.3 6.86 4.513 0.6¢ Nenc -

" H =13 2 7.0 " 5.69 0,83 " -
U-104 c 161 45 5.5 6.86 1.7° 0.5 None -

" H -19 60 7.3 " 5,00 0,73 Ppartial 0,20
U-105 B 118 42 8.5 6,20 3,75 0,60 None -

" E -1 49 9.9 " 5.44 0.98 Partial 0.24
" H -95 45 9.1 " 3.50 0.56 None -
U-187 o} 121 64 3.9 6,60 4.45ﬂ 0.87 Partial 0,14
" E 44 74 4.5 " 4.40 0.67 None -

" H 0 76 4.6 " 4,38 0.69 " -
U-189 o} 148 62 3.8 6.60 4,14 0.63 None -
" F -6 79 4.8 " 4.62 0.70 " -
" J -85 72 4.4 " 4,50 0,68 " -
u-200 C 101 72 4.2 6,60 4,82 0.73 None -
" G ~32 80 4,7 " 4,92 0.75 " -
U-206 E 70 83 4.7 6,60 4.76 0,72 None -
" J =14 87 4,9 " §5.14 0.78 " -

8 Noticeably Oval.

pet s



TABLE IO

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

GROUPED BY LINEAR POWER AND BURNUP

Power (kW/m) 38 - 60 61 - 80 81 - 100
Burnup (at. ) 24 48 B12 24 o8 812 24 48 812
No. of failures 0 2 7 0 1 1 0 3 1
No. of experiments 2 2 15 0 6 2 2 5 2
TABLE TV
FAILURE RATIOS OF HELIUM-BONDED,
HIGH-DENSITY, (U, Pu) CARBIDE ELEMENTS

GROGUPED BY LINEAR POWER AND BURNUP
Power (kW/m) 38 - 60 61 - 80 81 - 100
Burnup (at, V) 24 4-8 8-12 2-4 4-8 8-12 24 4-3 8-12
No. of failures 0 6 2 0 4 1 1+1* 1 o
No. of experiments 1+1% 7 5 2455 5 2 6+ 2 o

a
51-mm fuel stack,

23



TABLE V

COMPARISON OF FAILURES IN HELIUM-BONDED (U, Pu) CARBIDE
ELEMENTS CLAD IN TYPE 316 STAINLESS STEEL AND IN INCOLOY 800

(lkach comparison is based on elements having the same design parameters
and irradiation condition:,)

High-Density Fuel

Type 316 Stainless Steel Incoloy 800
(D Us2 (failed) U83 (failed)
(2) U84 (failed) U86
U85 (failed)
(3) U89B (failed) U0B
4) Ussc u9ocC
(5) U107 (failed) U112 (failed)
(8) 17408 (failed) U109 (failed)
(7N U137 (failed) U139 (failed)
(8) Uldd U143
Low-Density Tuel
9) U92 U9
(10) 793 u97
(11) Ug4 U98 (failed)
(12) U131 (failed) U135 (failed)
U132 (failed) U136 (failed)
U133
U134

(13) 7187 U189
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TABLE VI

FAILURE RATIOS OF HELIUM-BONDED, LOW-DENSITY, (U, Pu)
CARBIDE ELEMENTS HAVING CLADDING LEsSS THAN 0.45 mm THICK

GROUPED BY LINEAR POWER AND BURNUP

Power (kW/m) 38 - 60 61 - 80 81 - 100
Burnup (at. %) 24 4-8 8-12 24 4-8 8-12 24 4-8 812
No. of failures 0 1 1 0 1 0 3 0
No. of experiments 1 1 1 0 5 2 2 4 0

TABLE VII

FAILURE RATIOS OF HELIUM-BONDED, LOW-DENSITY, (U, Pu)
CARBIDE ELEMENTS HAVING CLADDING GKEATER THAN 0.50 mm THICK

GROUPED BY LINEAR POWER AND BURNUP

Power (kW/m) 38 - 60 61 - 80 81 - 100

Burnup (at, %) 24 4-8 8-i2 24 4-8 8-12 24 4-8 8-12

No. of failures 0 1 6 G 0 0 0 0 1

No. of experiments 1 1 14 0 1 0 0 1 2
TABLE VI

FAILURE RATIOS OF HELIUM-BONDED, HIGH-DENSITY, (U, Pu)
CARBIDE ELEMENTS HAVING CLADDING LESS THAN 0.45 mm THICK

GROUPED BY LINEAR POWER AND BURNUP

Power (kW/m) 38 ~ 60 61 - 80 81 - 100
Burnup (at. %) 24 4-8 812 24 48 g1z 24 4-8 g2
No. of failures 0 0 0 0 4 1 0 1 0
No, of experiments 0 1 0 0 4 2 2 2 0




TABLE X

FATLURE RATIOS OF HELIUM-BONDED, HIGH-DENSITY, (U, Pu)
CARBIDE ELEMENTS HAVING CLADDING GREATER THAN 0.50 mm THICK

GROUPED BY LINEAR POWER AND BURNUF

power (kW/m) 38 - 60 61 - 80 81 - 100
Burnup (at. %) 24 4-8 812 24 4-8 8-12 24 4-8 8-12
a
No. of failures 0 6 2 0 0 0 1417 0 0
a a a
No. of experiments 1+1 6 5 245 1 0 4427 0 0

251-mm fuel stack.

X 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 -12

Diametral gap (mm) <0.18 0.18-0.25 > 0.25 <£0.18 0.18-0.25 >0,25 <0,18 0,18-25 > 0,25

No. of failures 0 0 0 3 3 0 0 4 5
No. of experiments 3 1 0 3 9 1 2 8 9
TABLE X1

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

GROUPED BY BURNUP AND FUEL-CLADDING GAP

Burnup (at. %) 2.4 4-8 8 ~12

Diametral gap (mm) <0.18 0.18-0.25 >0,25 <0,18 0.18-0,25 >0.25 <0.18 0,18-0.25 >0.25

No. of failures 1112 0 0 2 6 3 0 1 2

a a
No. of experiments 5+6 1+2 3 2 7 5 0 1 [

82)-mm fuel stack,
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