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Performance of U-Pu-Zr Fuel Cast lnto Zirconium Molds*

by

D. C. Crawford, C. E. Lahm, and H. Tsal

ABSTRACT

U-3Zr and U-20.5Pu-3Zrwere injectioncast into Zr tubes, or sheaths,

rather than into quartz molds and clad in 316SS. These elements and

standard-castU-IOZr and U-19Pu-10Zrelements were irradiatedin EBR-II to

2 at.% and removedfor interimexamination. Measurmentsof axial growth at

indicate that the Zr-sheathed elements exhibited significantlyless axial

elongation than the standard-castelements (1.3 to 1.8 % versus4.9 to 8.1

%). Fuel material extruded through the ends of the Zr sheaths, allowing

the low-Zr fuel to contact the cladding in some cases. Transverse

metallographic sections reveal cracks in the Zr sheath through which fuel

extruded and contacted cladding. The sheath is not a sufficient barrier

between fuel and cladding to reduce FCCl, and any adverse effects due to

increasedFCCI will be evidentas the elementsattain higher burnup.



i. Introduction

Current plans call for IFR fuel to be cast into quartzmolds after

reprocessingin the associatedFuel Cycle Facility (e.g. Seidel, et al.

[I]). Because the quartz molds are destroyedduring the fuel demolding

process, the quartz residuemust be treatedas contaminatedwaste and is

part of the IFR Fuel Cycle waste stream. Alternatively,if the fuel can

be cast into molds that remain intact as an integral part of the fuel

slugs (i.e., if the fuel can be left inside the molds for irradiation),

then the quartz mold contributionto the waste stream will be eliminated

[2].

This possibility is being addressed in an on-going effort to

evaluate the irradiationperformanceof fuel cast into zirconium tubes

(or sheaths) rather than quartz molds. Zirconium was chosen as the

sheath material because it is the component of the U-Pu-Zr fuel alloy

that raises the alloy solidus temperature and provides resistance

against fuel cladding chemical interaction (FCCl) [3]. Thus, the Zr

sheath material was chosen to be compatible with the U-Pu-Zr fuel. In

addition, the sheath was expected to reduce FCCI as well as provide a

mold alternative. This paper presents and discusses the irradiation

performanceof Zr-sheathedfuel elements irradiatedin subassemblyX492

to 2.0 at.% burnup in EBR-II.

2. Descriptionof experiment

Binary (U-3Zr) and ternary (U-20.5Pu-3Zr)fuel alloys were cast

into Zr tubes in fuel fabrication facilities at Argonne National

Laboratory in Idaho. The Zr tubes were roughly 4.4 mm O.D. x 0.2 mm

wall thickness; thus the sheathed slugs had the same diameter as

standard-castslugs. The Zr content of the melt was reducedto account

for the Zr in the sheath, giving the sheathed slugs the same total Zr

content as that in a standard-castslug. Metallographyof the as-cast

fuel showed that the fuel alloy and the Zr sheath interactedto form a

metallurgicalbond. The interactionlayer extendedroughly12.7 Mm into

the Zr sheath.
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The fuel elements made from the sheathed slugs were fabricated to

MK-IlIA driver fuel parameters (see Lahm, et al. [4]), with Type 316

stainless steel cladding tubes. The Zr-sheathed fuel elements and

sibling standard-cast binary and ternary fuel elements (also fabricated

to MK-IlIA parameters) were loaded into a 61-element subassembly

(designated X492) for irradiation in EBR-II. All of the ternary Zr-

sheathed elements and approximately half of the binary Zr-sheathed

elements were made from two half-length fuel slugs rather than a single

full-length slug. The remaining Zr-sheathed elements as well as the

standard-cast elements contained a single full-length slug. The nominal

design parameters for the four types of elements loaded into the

subassembly are listed in Table I.

The subassembly was irradiated in EBR-II core position 4A1 to a

peak burnup of 2.0 at.%. A pretest analysis indicated that beginning-

of-life fuel center llne temperatures would range from 600 to 682°C and

inside cladding temperatures would range from 502 to 551°C. Table II

lists the range of temperatures expected for each type of element. The

peak fast fluence for the subassembly was calculated to be

1.7 x 1022 n/cm2.

After removal from the reactor, the subassembly was taken to the Hot

Fuel Examination Facility (HFEF) in Idaho where each of the 61 fuel elements

were removed from the assembly and neutron radiographed. Metallic fuel

exhibits significant swelling if unrestrained, and the radiographs were used

to compare the axial elongation of Zr-sheathed and standard-cast elements.

The lengths of the fuel slugs were measured from the radiographs and compared

to the as-fabricated slug lengths (approximately 34.3 cm). From these

measurements, axial elongation was determined. After radiography six

elements were chosen for destructive examination, while the remaining

elements were reconstituted into subassembly X492A for further irradiation.

Currently, the peak burnup of the reconstituted subassembly is approaching 6

at.%.

The six elements removed from the subassembly consisted of two

binary-sheathed elements, two ternary-sheathed elements, and a binary and a

ternary element, each standard-cast. The diametral strains for five of these
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pins were measured using helicalcontactprofilometry. Axial fission product

distributions were found using axial gamma spectrometry. Following those

non-destructive exams, plenum pressures and volumes were measured by

puncturing and back-filling the elements using the HFEF gas sampling

system [5].

One element of each type, plus an additional ternary Zr-sheathed

element, was selected for metallographicexamination at either HFEF or the

Alpha Gamma Hot Cell Facility at Argonne National Laboratory in Illinois.

All elementswere examinedat transversesections near X/L- 0.75 (where X is

the axial positionmeasuredfrom the bottom of the fuel slug and L is the as-

cast length of the slug), while the Zr-sheathed elements were additionally

examined at transverse sections near X/L- 0.25 as well as longitudinal

sectionsat the top or bottom of the fuel column or near X/L- 0.5.

3. Results

3.1 Neutronradiographexamination

Examinationof neutron radiographsof these elements revealed two

interesting observations. First, measurements taken from neutron

radiographs indicated that Zr-sheathed elements experienced

significantly less axial elongation than did standard-cast elements.

For both the sheathedand standard-castelements,the binary alloy slugs

grew more than did the ternary slugs, consistent with previous

results [3]. The axial elongationmeasurementsare summarized in Table

III. Second, fuel material apparently grew out of the ends of the Zr

sheaths. Thus the tops and bottomsof the fuel region in the elements,

as well as the interface between the two slugs in the elements with

segmented fuel, appeared to have fuel in position to contact the

cladding.

3.2. Contactprofilometry

Helical contact profilometryon the five elements (one element of

each type plus an extra binaryZr-sheathedelement) showed the diametral

cladding strainsto be similar for each type of element. The dilations

are small, as expected for low burnup fuel elements,the maximum for all



elementsbeing approximately0.020 mm above the nominaldiameter (-0.35%

diametralstrain).

3.3 Gamma scan

Only a few notablefeatureswere observed in the axial gamma scans

of the fuel elements. The Zr-sheathedelements exhibited spikes in Cs-

137 activityat the interfacebetween the slugs at core midplane as well

as at the top and bottom of the fuel column (for two of the three pins),

indicating that the openings in the Zr sheaths provided locations for

the releaseof fissionproductsand their subsequentdissolutionin bond

sodium. The non-sheathedelementsexhibitedhigh Cs-137 activity at and

immediately above the top pf the fuel column as is typical. The Zr-

sheathed fuel elements had narrow regions of relatively low Zr-95 and

Nb-95 activity near the core midplane level, probably due to the

separationof the two sheathedslugs at the slug interface.

3.4 Fissiongas analysis

An analysisof fissiongas sampled from four elements (one of each

type) indicates that the fission gas released to the plenum of each

element contains roughly75% Xe (mole percent)and 10% Kr. The sheathed

pins exhibited essentially the same gas release behavior as the

unsheathed pins (Table IV), with release fractions similar to those

reportedby Pahl, et al., [3], for low burnup elements. The two ternary

elements did have slightly higher gas release fractions than did the

binary elements. Although a similar relation between Pu content and

fractional gas release has been previously reported [6], only a small

number of elements were examined for the present work, so the relation

observedhere may be anomalous.

3.5 Metallographicexamination

Transverse sections of the Zr-sheathed elements (e.g. Figs. 1

and 2) near X/L- 0,25 and 0.75 reveal wedge-shapedlongitudinalcracks or

openings in the Zr sheath, presumably running down much of the length of

the slugs. In each section, the Zr sheath appears to have necked before

splitting. The cracks in the Zr sheath on the ternary slug coincide with



cracks that extend into the fuel alloy, which appear to be similar to those

observed in a similar section of the standard-cast ternary element

(Fig. 3). Such cracks have been previously observed in other U-19Pu-10Zr

fuel elements irradiated to 2 at.% burnup [6,7].

Although transverse sections af the standard-cast elements

indicated no FCCl, some metallographic sections of Zr-sheathed elements did

show evidence of FCCI - where fuel extruded through either the slug

interface near the X/L - 0.5 elevation or cracks in the Zr sheath.

Typically this interaction was confined to small areas, but penetrated

about 20 pm into the cladding of the ternary elements and about 10 _m into

the cladding of the binary elements.

Electron microprobe wavelength dispersive x-ray analysis (EMPA)

was performed on sections of the ternary sheathed element shown in Figures

2 and 4. This analysis determined the Zr concentration of the dense zone

in the center of the element to be roughly 0.5 wt %, depleted from the 3 wt

% Zr content of the as-cast fuel alloy; whereas the porous fuel lying

between the Zr sheath and the dense center zone typically had enriched Zr

contents of 5 to 6 wt %. At the interface between the dense and the porous

fuel zones, the Zr content was the nominal 3 wt % of the as-cast fuel. The

fuel approaching the cladding through a sheath crack was determined to have

as little as 1.1 wt % Zr, and the fuel material next to the cladding at the

slug interface in the longitudinal section of Fig. 4 was found to contain 6

wt % Zr.

Although the interaction between the fuel and the Zr sheath

appears to be small in Figures I, 2 and 3, other sections show regions of

extensive interaction. In fact, the longitudinal section in Fig. 4 shows a

region where the entire Zr sheath has apparently been attacked by

interdiffusing fuel. The Zr content at these peripheral regions varies

from 100 wt % in the undisturbed Zr sheath to 30 wt % at the inner portion

of the attacked Zr sheath. At the interface between the attacked Zr sheath

and the porous fuel the Zr content is about 11 wt %.



Measurements taken from longitudinal sections of a ternary Zr-

sheathed element indicated that the extrusion of fuel at the bottom of the

fuel column raised the lower fuel slug approximately 0.8 mm above the lower

end plug. Similarly, extrusion through the ends of the Zr sheaths at the

fuel slug interface (Fig. 4) separated the two slugs by about 2.3 mm . The

extrusion at the top of the fuel column was less severe, extending about

0.6 mm above the top of the sheath. Of the 5.2 mm axial elongation for

that element, 3.7 mm was due to the displacement of the slugs upon

extrusion of fuel through the ends of the sheaths.

4. Discussion

The two most striking results of the postirradiation examination of

the Zr-sheathed fuel are the reduced axial elongation and the wedge-shaped

cracks observed in the Zr-sheathed elements. Those results will be

discussed first followed by discussion of zone formation and the

implications of the results.

The fuel Zr-sheath interaction seen in the transverse section of the

as-cast fuel slug indicates that the bond between the fuel and the sheath

is a metallurgical bond that is uniform around the circumference. This is

probably the characteristic of the Zr-sheathed fuel that restricted axial

elongation. The Pu-containing slugs (both Zr- sheathed and standard-cast)

exhibited less elongation than the binary slugs, consistent with previously

reported results [6,7] (this distinction is observed in elements irradiated

at higher fuel temperatures). Hofman, et al. [7] suggested that higher Pu

alloys exhibit less axial elongation because the three microstructural

zones that form during irradiation have different swelling and diffusion

properties that lead to higher radial swelling. Faster radial swelling

causes the fuel slug to contact the cladding sooner in life than is the

case for lower Pu alloys, and fuel-claddlng contact restricts axial

elongation [6].

One may have expected the Zr sheaths to act as barriers to fission

gas release, thus causing the Zr-sheathed slugs to retain more fission gas.

However, the gas release fractions were the same for the Zr-sheathed

elements as for the standard-cast elements. If the wedge-shaped cracks did



in fact extend along the length of the slugs, then the cracks may have

provided a path for fast release. Whether the path for gas release was

through axial wedge-shaped cracks or simply through the exposed fuel at the

open ends of the Zr sheaths, the implicationis that the fuel porositywas

interconnectedsufficientlyto allow gas release similar to that of a non-

sheathed fuel slug, which does exhibit interconnectedporosity at this

burnup [8]. Based on the lower axial growth values for the Zr-sheathed

elements,one may not have expected interconnectedporosity.

The origin of the wedge-shaped cracks is not obvious from the

metallography. Wedge-shaped cracks have been found in standard-cast

U-19Pu-10Zrfuel slugs irradiatedto 2 at.% burnup [6,7]. So, the crack in

the ternary Zr-sheathedelement may have formed first in the fuel and then

strained the Zr sheath to failure as the crack opened wider. However, no

wedge-shaped cracks have yet been observed in standard-cast binary fuel.

Therefore, the cracks present in the binary Zr-sheathedfuel likely formed

first in the sheath as the fuel swelled radially, with continued fuel

swelling splittingthe sheath. This may have been the mode of failurefor

the ternary Zr-sheathed slug as weil; i.e. the swelling fuel caused

localized necking in the Zr sheath,and the localizedstrain in the sheath

may have inducedthe crack in the fuel ratherthan vice versa.

The metallographicsectionsof the Zr-sheathedternaryelements

near X/L - 0.25 and 0.75 show the fuel to have a two-zone structure. The

inner (or center) zone is noticeably dense and has a Zr content of around

0.5 to 1 wt %. The outer zone lies between the center zone and the Zr

sheath and consists of porous fuel enriched in Zr (roughly 5 wt %). This

type of two-zone formation is similarto that seen in U-19Pu-10Zrelements

at cooler axial locations, such as near the top and bottom of an

element [8]. The hotter portions of those elements tended to form three-

zone structures,with a somewhat porous Zr-enrichedzone in the center, a

dense Zr-depleted zone near mid-radius,and a porous slightly Zr-enriched

zone lying radiallyoutward.

The Zr-sheathed fuel was irradiated at moderate termperatures and

formed a two-zone structure rather than a three-zone structure at a

relatively hot axial location (X/L- 0.75). This zone formation behavior
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is probably a result of the phase equilibriaexpected In this alloy at the

irradiation temperature. U-20.5Pu-3Zr (the Zr-sheathed fuel alloy)

contains significantlyless Zr in the alloy and may have different phases

stable at irradiationtemperaturesthan does fuel containing10 wt % Zr. A

pretest thermal analysis predicted a centerline temperature for the

sectioned element of Figures 2 and 4 near 670°C. Ternary phase diagrams

show that at 670°Cboth U-20.5Pu-3Zrand U-19Pu-Zrlie in a predominantlyy

region of the phase diagram, while at 650°C both lie in the y + I_region

[9]. However, at 660°C for example, the 10 wt % Zr alloy exists

predominantly in the Y1 + Y2 phases while the 3 wt % Zr alloy has y +

phases stable. Therefore, a U-20.5Pu-3Zrelement has less y phase in its

center zone and more _ phase than does a U-19Pu-10Zr element. This is

significant, in that the y+ I_two-phase region has previously been
v

identified as the Zr-depleted zone of a U-19Pu-10Zr element with three

zones [10]. The present resultsconsistentlyshow that the zone in the Zr-

sheathed element (i.e. the center zone) expected to have the y+ _ phases

stable at irradiationtemperaturesis also Zr-depleted.

The Zr-depleted zone in the Zr-sheathedfuel slug is potentially a

source of concern. Because the fuel alloy has less Zr initiallythan the

standard-castfuel, furtherdepletionof Zr to concentrationsless than the

as-cast 3 wt.% will lower the local solidustemperatureto values less than

that of a Zr-depleted zone in a U-IOZr alloy. Although that is not

expected to be a problemunder steadystate operation,it may be of concern

for off-normalevents.

Two potential advantages of the Zr sheath concept remain. First,

fuel elements can be cast into Zr tubes, eliminatingthe need for quartz

molds. Second, the Zr sheathsappear to reduceaxial growth (at low burnup

where most of the axial elongation occurs [3]) to strains below 2%.

Although the resultsshow that Zr sheathsin the form tested here cannotbe

a reliable barrier to FCCI, no performanceproblems due to FCCI have been

identified at low burnup. Irradiation to higher burnup is required to

assess the consequencesof low-Zr fuel making contact with cladding. If

the low-Zr fuel in the sheathed elements does in fact interact with

cladding in a manner that causes prematurefailure,then variationsof the

concept can still be pursued. For example, the Zr content of the fuel
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alloy can be increasedto an amount that reducesFCCI in regions where fuel

alloy extrudes through openingsin the Zr sheath.

5.0 Conclusions

I. Zr-sheath fuel elements irradiated to 1.8 at.% burnup

exhibit significantlyless axial growth that standard-cast

fuel elements. This is beneficial for reactor reactivity

considerations.

2. The prospects of reduced axial growth and of eliminating

quartz debris from the FCF waste stream, are sufficient to

warrant further investigationof the sheathedfuel concept.

3. A 0.2 mm thick Zr sheath around a U-20.5Pu-3Zrfuel alloy

does not provide a reliable barrier against FCCI under

irradiation,but irradiationto higher burnup is requiredto

determine if this is important.
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Table I. _!ominalDesign Parametersfor Zr-sheathedFuel

IrradiationExperiments

"Binary " -Binary - Ternary Ternary
std. castI Zr-sheathed std. cast Zr-sheathed

ElementType..... ,, , i,, , , . ,, _ ii iii ii, _ ,,, i ,., iiii i,,,,,

Fuel Alloy (wt.%) U-IOZr U-3Zr U-19Pu-IOZr U-20.5Pu-3Zr

Cladding& Wire ....3"16s'S'-_ "316ss -_:316ss ' 316s'S'

..........B-ond ' " Na .....i......Na Na..... Na
,.i,, ,

.......Clad O.D. ,(mm) .... 5.8 ,,. 5.8 5.,,8,,........ 5.8, ,,

Clad Wall (mm) 0.4 0.4 0.4 0.4
i,i11 i1,,i i i ,

....Elemen_ Length (cm). 74.9 74.9 74.9 74.9

Fuel Slug O.D.E (mm) 4.4 4.4 4.4 4.4
iiill, - • iii ii ......

zr....S.heathWall (ri_m),.' _ -_ _ _ 0.2 - ......0.2,

,,.Slug Length,(cm,) 34._3 34.3/2@17.1 ,34.3 2@ 17.1

_ear Density 75% 75% 7,5%. ,75%......

Rlenum/Fuel 1.45 1.45 I.45 1.45

Voi. Ratio

(as-built) ......

I. StandardMK-IlIAdriver elements.

2. SheathO.D. for Zr-sheathedelements.
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Table II. Ranges of Beginning-of-LifePeak Centerlineand Peak Inner

CladdingTemperaturesfor Zr-sheathedFuel Irradiation

Experiment

-Binary .......... Binary ....... Ternary ' T'ernary
...... Element Type std. ' cast ' Zr-sheathed std. cast ........ Zr-sheathed

Peak Centerline (°C) 604-678 603-671 605-682 600-680
,,_ ,, , ,,, , ,, , ,, ......... , ,, , ,

Peak Inner Clad (%) 511-544 503-551 502-551 502-551
........ ,, ,, ,,, ,, ,,,,,,,, , ,,, , , , , ,,,

Table III. Summaryof Axial Growth Resultsfor Zr-sheathedand

Standard-castElements

ElementTyRe ....N,o.of,E].gmenL,ts, A.yg,% Ax. Growth Std. Dev.

U-3Zr 15 1.79 0.39
Zr-sheathed
Segmented, ,, i i,, ...........ii,, i, i i

U-3Zr 13 1.34 0.24
Zr-sheathed
UDse._meqted .............. ......

U-IOZr 13 8.07 0.51
Unsegmented....................

U-20.5Pu-3Zr 12 1.23 0.22
Zr-sheathed
Segmented ......_,...............

U-19Pu-10Zr 8 4.93 0.38
Unsegmented .......................
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Table IV. Gas ReleaseCharacteristicsfor Zr-sheathedand

Standard Cast Elements

Plenum
Pressure 1 Percent Fission

ElementI.D. Description Burnup (at .%) (psia) Gas Release 2,, ,, ,. i i , , , .....................

M918 U-IOZr 1.8 60 53
Std. Cast.... ,,..uu_ -

L490 U-3Zr 1.9 62 56
Zr-Sheathed

, ,, ,.................. .,. . -- , , - j,.,

K067 U-19Pu-IOZr 1.8 66 60
Std. Cast ........ i ,u,., i, i L, -- i ill,,,, ,L ......

K082 U-20.5Pu-3Zr 1.9 68 67
Zr-Sheathed

............

ITemperatureat approximately30°C. Includestag and fill gas.

2Assumes0.25 atoms fission gas per atom fissioned.
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Figure 1. Tranversesectionof Zr-sheathedU-3Zr elementnear
X/L- 0.75. The dark portionsof the Zr sheath are
artifactsfrom grindingand polishingof the soft Zr
material.

15



Figure 2. Tranversesectionof a Zr-sheathedU-20.SPu-3Zr
elementnear X/L-0./5. Again,the dark spots in the
Zr sheathare artifactsfrom grindingand polishing.
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, 1mm

Figure3. Tranversesectionof a standard-castU-19Pu-10Zr
elementnear X/L - 0.75.
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I mm

Figure4. Longitudinalsectionof a Zr-sheathedU-20.5Pu-3Zr
elementnear X/L - 0.50.
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