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Abstract

Two different metallic nuclear fuel alloys intendéal transmutation applications in fast
neutron spectrum nuclear reactors have been iteatliand their performance has been
evaluated after irradiation. These alloys contietevated levels of plutonium and other
minor actinides (Am, Np) compared to historicalisadiated fast reactor fuel to ascertain the
impact of these isotopes on fuel performance. ifriaeiation of these alloys was performed
at the Phénix fast reactor in France to facilitabenparisons between true fast spectrum
irradiations and pseudo-fast spectrum irradiatipe$ormed at the thermal neutron spectrum
Idaho National Laboratory Advanced Test Reactore Tinadiation tests were designated
FUTURIX-FTA DOE1 which contained a low-fertile ajland FUTURIX-FTA DOE2 which
contained a non-fertile alloy. The DOEL fuel waadiated to a measured burnup of 9.5 %
fissions per initial heavy metal atom (FIMA), andetDOE2 fuel was irradiated to a
measured burnup of 12.7 % fissions per initial lyeaetal atom. This work reports baseline
Postirradiation Examination (PIE) results for DOBRhd DOEZ2. Fuel swelling, fission
product distribution, cladding strain, fission gatease, fuel microstructure, fuel cladding
chemical interaction and minor actinide transmatatvere all evaluated. Cladding strain was
negligible and fission gas release was 52% for D@#id 69% for DOE2. The exams show
the 2 pins behaved very similar to EBR-II metafliel experience. Minor actinides seem to
not affect the performance of this candidate trartation fuel. Performance data from these
irradiations can be used to inform the feasibibfyminor actinide transmutation in future

reactor systems.
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Highlights:
- The FUTURIX-FTA experiment demonstrated potentaloys for minor actinide
transmutation

- Performance of FUTURIX-FTA metallic fuel is innk with historical experience from
other fast reactors such as EBR-II.

1. Introduction

The destruction of long lived minor actinide isaspyenerated in irradiated nuclear fuel by
transmutation in fast reactors is a goal of the SE Nuclear Technology Research &
Development program. The purpose of proposed tratatian fuel forms is reduction of the
radio-toxicity of future high level waste destinmt disposal in geologic repositories. The
objective, then, of transmutation fuel developmenta demonstrated fuel concept that
accomplishes transmutation while meeting the fegfggmance requirements of the reactor
[1,2]. The FUTURIX-FTA irradiation was a joint daboration between the Department of
Energy (DOE) in the U.S. and the Commissariat adiigie Atomique et aux Energies
Alternatives (CEA) in France. This irradiation ghti to develop and demonstrate the
technologies needed to transmute long-lived tramsaractinide isotopes of Pu, Am and Np
contained in spent nuclear fuel via fast reactonelogy. Postirradiation examination (PIE)
of irradiated fuels experiments provides data eeldd in reactor fuel performance and input
into future fuel design choices [2]. The compositioof the FUTURIX-FTA pins were
designed to test if minor actinides could be inooaged into the metallic fuel or nitride fuel
of a fast reactor without significantly changinglfperformance observed for previously well
studied fuels like U-10Zr and U-19Pu-10Zr (where thading number is weight percent).
The fuel performance of metallic fuel in fast remsthas been well documented [3—7]. Other
programs and experiments around the world are i3ge&idemonstrate the safe performance
of such advanced fuel both in metallic fuel anceotinel forms [8—11].

This work reports the baseline PIE data for the BBIX-FTA metallic fuel pins and discuss
these results in comparison with Experimental Beedgleactor 1l (EBR-II) and Advanced



Fuels Campaign (AFC) literature. Baseline PIE idel neutron radiography, position
sensitive gamma spectrometry, dimensional exanoinsti fission gas release, optical
microscopy, and chemical analysis. These exanoimsitiaddress fuel swelling, fission
product distribution, cladding strain, fission gatease, fuel microstructure changes, fuel
cladding chemical interaction and minor actinicgngmutation. Two metallic alloys were
irradiated in FUTURIX-FTA a low-fertile alloy desigted FUTURIX-FTA DOE1 and a
non-fertile alloy designated FUTURIX-FTA DOE2. kWwise two nitride compounds were
irradiated a low fertile nitride FUTURIX-FTA DOE3nd a non-fertile nitride FUTURIX-
FTA DOE4. The compositions of these irradiatiomg fuel type, and some basic predicted
irradiation conditions are given in Table 1. Th&RF the nitride fuels are reported elsewhere
[12].

2. Materials

The FUTURIX-FTA metallic fuels were fabricated daho National Laboratory (INL). Short
experimental fuel pins (rodlets) were assembledweldied at INL and shipped to CEA in
2006 where extensions were welded onto the shodg fm make them the same length as

standard Phénix fuel pins.

Table 1. Composition of the FUTURIX-FTA pins

. Predicted Predicted
Name | Fuel Type Composition Burnup Fission Density
(%FIMA) | (fissongcm®)
Metallic 34.1U-28.3Pu-3.8Am-2.1Np-31.7Z1
DOE1 low fertile [U-29Pu-4Am-2Np-30Zr] 9.1 1.99x16
Metallic 47.6Pu-10.5Am-0.3Np-41.6Zr
DOE2 non-fertile [Pu-12Am-40Zr] 155 2.46x16
Nitride low (Uo.51PLb_27Am0.14Np0.og)N
DOE3 ; 1.6 4.95x 16
fertile [(Uo.sdPW.25AMg. 15N Po.19N]
Nitride (P.gsAMo.15)N+46.5ZrN
DOE4 non-fertile [(PUo.50AMo 50 N+36ZrN] 4.1 4.78x18°

"Numbers preceding elements denote weight peragimscspt numbers represent mole
percent. This is the as-fabricated compositioloveed by the nominal composition in
brackets




The metallic fuel slugs were prepared using ancasting method where the individual
feedstock materials are melted together and honiegtnnto a “button.” The button was
melted, an uncoated quartz tube mold was dippedi liquid, and the liquid was drawn up
into the mold via suction using a syringe [13]. &ample of the final metallic fuel slugs is
shown in Figure 1.

The composition and isotopics of the fuel alloysswietermined by mass spectrometry.
Samples from representative casts of the fuel aboypositions were characterized for phase
formation by X-ray diffraction (XRD), microstructeirby scanning electron microscopy
(SEM), heat capacities and thermal phase transitipnDifferential Scanning Calorimetry
(DSC) and Differential Thermal Analysis (DTA) measunents, thermal expansion from
Thermomechanical Analysis (TMA) measurements, tlardiffusivity by the laser flash
method [13]. Furthermore, fuel alloy resistancéuel-cladding-chemical-interaction (FCCI)
with the AIM1 stainless steel cladding material wested with a series of diffusion couples
[13].

Figure 1.Fuel column of th84.1U-28.3Pu-3.8Am-2.1Np-31.7Zr composition prior to DOE1
fuel pin loading.

3. Irradiation experiment

FUTURIX-FTA fuel pin is a 352 mm miniature fast otar fuel rod (rodlet) with ~100 mm
fuel column and extensions welded to the top arttbboof each rodlet to allow the fuel to
be irradiated using standard, full-length Phénixdhere. Sodium was included in the fuel-
cladding gap to improve heat transport betweenfukeand the cladding and improve the
fuel thermal behavior. The fuel pin cladding is AlM14,15], an austenitic stainless steel
provided by CEA as the standard Phénix cladding! pin parameters are listed in Table 2
and the fuel pin configuration is shown Figure 2. The FUTURIX-FTA experimental fuel
pins were assembled into two Phénix fuel capsuldspéaced into adapted assemblies. Each
Phénix fuel capsule contained 19 fuel pins, 2 érpantal pins and 17 standard Phénix driver

fuel pins.



Table 2 FUTURIX-FTA Pin Parameters

Parameter Value
Cladding AlM1
Fuel Pin Inner Diameter 5.65 mm

Fuel Pin Outer Diameter 6.55 mm

Fuel Column Length 100 mm (nominal)

Short Fuel Pin Length 352 mm

Full Fuel Pin Length 1793 mm

A
v

1793 mm (70.6 in.)

A
Y

352 mm (13.9.1n.)
210 mm

MCP ¢
1 H:71 mm (2.8in.)

A4

100 mm (3.9 in.)

Intermediate Plugs Experimental Intermediate Plugs

(male and female) Sodium Level ¢01 Colymn (male and femaley -oWer Extension

Upper Extension

Figure 2. FUTURIX-FTA pin configuration and genedainensions

The metallic fuel pins, DOE1 and DOEZ2, began imtidn in May 2007 and completed
irradiation in May 2009 for a total of 235 EFPD ¢king a predicted burnup of 9.1 % FIMA
(fission per initial heavy metal atom) and 15.5 %Al respectively (Table 1 reports the
predicted burnup and fission density). No signudl fpin failure (i.e., loss of tightness) was

detected during irradiation.

The linear power heat rate history for the 2 metdiliel pins is reported in Figure 3, while in

Figure 4 the cladding temperature for beginning and of irradiation (BOI and EOI) is



reported [16]. The peak inner cladding temperatgeer exceeded 550 °C in either pin. The
temperature of the two pins varies axially primadue to the two pins not being located at
the same axial position in the core. The fueladige of DOE1 was placed at core mid-plane
with the rod extensions, while the fuel sectiorD@E2 was placed 25 cm below core mid-

plane with the rod extensions.

4607 — DOE1

440 — DOE2
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Figure 3. FUTURIX-FTA DOE1 and DOEZ2 linear powestory

550

500 +

o
F 450+ —+  DOE1BOI
~+  DOE1EOl
~+ DOE2 BOI
100 ~ +  DOE2 EOl
350 T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Level (m)

Figure 4. FUTURIX-FTA DOE1-DOE2 inner cladding teempture profile for BOI and EOI



4. PIE results and discussion

Non-destructive examinations of FUTURIX-FTA expeeints have been completed at the
INL Hot Fuel Examination Facility (HFEF), part ofie Material Fuel Complex (MFC).

Baseline non-destructive examination includes Viseamination by through-window

photography, neutron radiography, dimensional iospe, and gamma spectrometry
scanning. Furthermore, baseline destructive examms also incorporates fission gas
analysis, metallography observation, and burnupyaisa All these examinations have been
completed. Some SEM examinations have also besmpleted on DOE1 and are also

reported in Section 5.
4.1. Axial growth, Geometry retention and Cladding strain

Figure 5 shows neutron radiography of the 2 meté#liel pins. The radiographs were taken
by exposing a Dy foil for thermal neutron radiogmgpand a Cd-covered In foil for
epithermal neutron radiography. The exposed fao#stlen transferred to file and developed
[17]. Radiographs were taken at two angles apprateiy 90° apart. The radiographs from
the two angles are similar revealing no major neisyenmetric features. The fuel has begun
to creep down into the void space associated wighbbttom endplug (especially visible in
the DOEZ2 pin). This is highlighted in Figure 5atlas area between the two red arrows. This
growth is not a significant contributor to axiabgith. There is also no evidence of the fuel
slug separating from the lower end-plug. This mmeenon was known as “lift-off” and
occasionally occurred in EBR-Il pins [18,19]. Thiseep down phenomena was already
observed and studied during EBR-Il experiments, iarglreported to not cause degradation
of fuel performance or life time [20]. The bond sod above the fuel appears to be free of
any dissolved fuel material. It is possible to seme gaps between fuel slugs that generally
correspond to the original fuel slug dimensionshisTindicates very little axial growth in
these fuel slugs, approximately 0.5% for DOE1 af fBr DOE2. Little comparable data
exist for these 2 alloy compositions in literatureurthermore, there is a lack of consensus
among experts concerning how to understand thegohenon of axial growth in metallic
fuels. There is some evidence that suggests asoaltly in metallic fuel may be in part an
end effect that happens in close proximity to theamstrained, free fuel surface at the top of
the fuel column. For example, measured axial gnewut FFTF irradiations of metallic fuel
have been noted to be less than those for idemizapositions in EBR-II [21]. Compared to



the literature for U-(0-26)Pu-10Zr [7], DOE1 hadrydittle growth which perhaps stems
from the higher content of Pu and Zr, while DOEhidine with axial growth at 15 %FIMA
burnup of a U-19Pu-10Zr [7,22].

There is some enhanced neutron attenuation ingitleeemal image in the central region of
DOEZ2 (Pu-10.5Am-41.6Zr) above what is expected ftbencurvature of the pin. This could
indicate either a change in bulk density in thet@@mregion of the pin or a change in
composition that has enhanced resonance neutranpgios in the central region of the pin.
Plutonium and americium isotopes have a numbeargfl resonances above the Cd cut-off
energy that could contribute to the features se@iyure 5b. This feature may indicate some
constituent redistribution has occurred. In thi®yalthe redistribution may not follow the
same well studied trends seen in U-10Zr and U-1BBAr-[4], and Pu or Am may densify in
the center of the fuel. Spatially resolved cheinaelysis of this fuel pin with SEM and
energy dispersive spectroscopy (EDS) or electrabemicro-analyzer (EPMA) would be
necessary to fully understand the observed changttenuation.
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(a) (b)
Figure 5(a). Thermal neutron radiograph (b) Epitied neutron radiograph of the fueled
region of the FUTURIX-FTA metallic alloy pins.

Cladding diametral strain was measured by the HEIEfment contact profilometer. Diameter
measurements were collected all along the pinughly 0.127 cm increments and at 6

angles spaced 30° apart. Diameter measurementsliaeted with £5 pm accuracy.

Figure 6 reports the measured diametral straifdfdE1 (Figure 6a) and DOE2 (Figure 6b).
The off-scale jumps in strain indicate the locasiari welds where the rodlets are attached to
endcaps and extensions. The rodlets are shownrlém the right and fuel zone to the left.
The fuel zone starts 1.5 cm from the bottom ofrtitet endcap. The uncertainty shown for

each measurement is 7.7 Ovhich is the 1 sigma uncertainty.

Thus while there is a consistent strain indicatedhe fuel zone of DOE1 and DOEZ2, this
strain is at the limit of the sensitivity of thestrument which cannot quantify strain below

0.1%. The slightly larger peak seen at about 9@nDOE?2 in the 30° scan is likely surface



contamination since this deformation is not seerthe other scans. In the METAPHIX

experiment [9] and EBR-II fuel pin with D9 claddifig] higher diametral strain is reported.

This might be an indication that higher Zr contant the absence of U in DOE2 limits the

anisotropic and elevated swelling behavior of alpha

0.010
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0.000
-0.001

Diametral Strain

0.010
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001
0.000
-0.001

Diametral Strain

10 15 20 25 30
Distance from bottom of rodlet endcap (cm)

(@)

35

T '|"|T

00
— 3 ()°

90°

10 15 20 25 30
Distance from bottom of rodlet endcap (cm)

(b)

35

s 1 20°
e 150°

Figure 6.Diametral cladding strain measured for DOE1 (a) 2QE?2 (b).

4.2 Solid and Semi-volatile Fission product behavior (Gamma spectrometry &
Tomography)

Gamma spectrometry was performed on both pins. glaeum portion of the pin was

scanned in 0.254 cm steps, and the fuel secti@ad pin was scanned in 0.127 cm steps for

a live time of 30 minutes. Axially distributed garanspectrometry results from selected



isotopes for the low fertile metallic fuel alloy 2 and non-fertile metallic fuel DOE2 are
shown in Figure 7 and Figure 8 respectively. Thstribution of the selected isotopes is
discussed below. The thermal neutron radiograpiyttfe specified pin is also shown in
these figures to help illustrate the location of foel and endcaps in relation to the gamma

spectrometry data.

In the HFEF Precision Gamma Scanner (PGS) [23]l fues are typically suspended
vertically using a stage that has horizontal, eattand rotational motion. Typically fuel pins
are scanned in the vertical direction with the iowdtor in the horizontal position. The
collimator is rectangular with a 2.22 cm width aamdheight that can be varied from 0.0254
cm to 0.254 cm. In addition to the typical axiahgaa spectrometry scans, it is possible to
rotate the HFEF PGS collimator from a horizontahteertical orientation. In this orientation
it is possible to move an axial level of the fuekpthe collimator and perform a series of
rotations over several angles. The resulting sgyoakr several angles can be collected and
tomographically reconstructed to provide a two disienal distribution of fission products
averaged over an axial location. This techniguefierred to as Gamma Emission Computed
Tomography (GECT). The full details of this techuegare available in [24], and other
demonstrations of this technique can be seen iarBetes [25,26].

The GECT technique was applied to both DOE1 and D®EO0.0254 cm steps over 16
equally spaced angles between 0 and 180°. Forpiosh data was collected at the mid-plane

of the fuel slug.
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Cesium

In metallic fuel, Cs isotopes produced by fissioa aften dissolved in the Na bond between
the fuel and the cladding. The Cs migrates withNla above the fuel column producing a Cs
activity spike above the fuel. There are also Ci&esppresent at the interface between
different slugs used to create the DOE2 fuel stablks is highlighted in Figure 8 with image

overlays of the neutron radiography where gapsialgh the Cs signal spikes at 4, 8 and

10.5 cm above the the bottom of the rodlet.

The tomographic distribution of Cs-137 is notalite different for the two pins as shown in
Figure 9. In DOEL1 (Figure 9(a)), Cs-137 is presambss the radius of the fuel and spikes to
a high concentration at the center of the fuelsTdhstribution may be indicative of a great
deal of open porosity in the interior of the fu@h gt this level (this is confirmed by optical
microscopy in Section 4.4 of this manuscript). Hiere Cs-Na has infiltrated the porosity in
this region. In the past, a similar Cs spike wa® abserved in the fuel interior. During the
Integral Fast Reactor (IFR) program a punch elegtdischarge machine (EDM) was used to
look at several radial positions in irradiated UP2010Zr metallic fuel. When the samples
were counted the Cs profile matched the distrilbuseen in Figure 9(a). However, at the
time this result was viewed with skepticism and wast published [27]. Further
investigation into this aspect might be warrantsithis behavior could have implications on
how the thermal behavior of the fuel is modeled] @mmay be possible to infer the extent of
Na logging present in a pin by this method. Theeoled Cs distribution in DOE2 (Figure
9(b)) is quite different. It appears to be concatetl in a ring around the fuel slug as is

typically observed in other metallic fuel [6,7].



Figure 9. Cs 137 Distribution in the middle of fael zone for DOE1 (low-fertile metallic)
(a) and DOE2 (non-fertile metallic) (b).

Noble metals; Ruthenium / Rhodium

The noble metals Ru and Rh are assumed to berfuflgible in the fuel structure, and the
signal strength is a good measure of fuel density given axial location. Often Ru-103 can
be seen in PIE gamma spectrometry, but the tinpsethfrom end of irradiation to PIE was
too great for FUTURIX-FTA. The location of Ru-106 inferred from its short lived
daughter isotope Rh-106 hence the signal is oéifarned to as RuRh-106. The dip in RuRh-
106 signal at 5 cm in Figure 7 coincides with adveeen in the neutron radiography at this
height. There is a similar dip in Figure 8 at 10 that corresponds to a gap that has formed
between the two fuel slugs. Also, the spike in RURB signal at the bottom of the fuel stack
in Figure 8 appears to be due to a sharp droperaital density of the fuel that reduces the
attenuation of the gamma-rays. This spike cormedpdo the creep of fuel down into the
endplug volume seen in the neutron radiographykspae 5).

The tomographic distribution of Ru-106 for both DD&nd DOEZ2 are similar and shown in
Figure 10 and it appears to be a ring at the pernpbf the swollen fuel slug. The reduced
level of Ru-106, and by implication lower fissioate, in the center of the rodlet may have
resulted from a significant Zr redistribution irttee fuel center which is likely for DOE1 and
DOE2 based on observed Zr redistribution behavwomietallic fuels from EBR-II [4].
Additionally for DOEL, the ring distribution of RLB6 may also be indicative of the open



porosity forming in DOE1 that was indicated by @ signal. The ring of Ru may also be an
indication of Ru mobility above a certain temperatwhere the Ru is moving out of the hot
central region of the fuel into the cooler periphef the fuel. This latter possibility was
observed in an EPMA study of U-Pu-Zr irradiatedPimenix where Zr-Ru blocky particles are
found in a ring in the periphery of the hot centegdion [9].

Figure 10. Ru-106 Distribution in the middle of fiuel zone for DOE1 (low-fertile metallic)
(a) and DOE2 (non-fertile metallic) (b).

Lanthanides: Cerium / Praseodymium and Europium

The axial distribution of CePr-144 was not plotted Figure 7 or Figure 8. The axial
distribution was relatively flat. There is no euvide of significant rare earth (Ce) migration
to the fuel periphery which might indicate unexgedy high levels of fuel cladding chemical
interaction as reported in literature from Ported al'sai [21]. The relative level of Ce
migration to the fuel periphery is measured by carmg the Ce-144 activity calculated by
the 133.5 keV gamma-ray and the higher energy (6889 and 2186 keV) gamma-rays from
the daughter of Ce-144, Pr-144, that is in seced@ilibrium with Ce-144.

While europium is classified broadly as a lanthanid exhibits different behavior than the
lighter lanthanides (La, Ce, Nd). The axial dmition of Eu-154 indicates Eu has migrated
at the 2 extremities, top and bottom of fuel asnshm Figure 7 and Figure 8. This behavior

has been observed also in other experiments [2&r&8]s reported here for these alloys .



Curium

A strong gamma-ray signal was also detected from288 which is likely due to the
significant Am content in the fuel initially. It isot clear with the present PIE data if this
signal can be used to infer the position of Am he fuel or if its distribution is more
indicative of independent Cm chemistry. The Cm-24&#l distribution in DOEL is fairly
flat with the exception of a spike at 5cm and betmvél and 12 cm in Figure 7. The 5 cm
spike may indicate Am migrating into the 5 cm vadéntified early in the discussion on
RuRh-106 signal. The upper fuel column spike malciate migration of Cm or Am towards
the fuel periphery at this height. The most nadbhture in the Cm-243 signal in Figure 8 is
the signal shift at 10.5 cm where two fuel slugetmeThe shift in signal intensity between
the two slugs may indicate non-uniform Am loadimgvizeen the two slugs.

The Cm-243 tomography redistribution is shown igufé 11, and this result is also difficult
to interpret. The signal strength from DOEL1 is agtellent, but generally appears to be a
fairly constant distribution across the fuel. Loeariations in Figure 1lare likely due to
statistical variations in the collected spectrae Signal from DOEZ2 indicates a ring where no
Cm 243 is located. This may suggest some chemigghtion in the fuel that has shifted the
Am or Cm concentration away from the mid radiushef fuel.

{em)

¥

Figure 11. Cm-243 Distribution in the middle oétfuel zone for DOE1 (a) and DOE2 (b)



4.3 Fission product gas behavior

Fission gases were collected from the pins usiagtiREF Gas Assay, Sample, and Recharge
(GASR) system. Pins were punctured using a 150 WAG laser system, and a gas sample
was collected in a stainless steel bottle exteimahe hot cell. Void volume in the pin was
then determined by a series of backfills into thagtured pin and expansions into the GASR
system. The pin internal gas pressure was derioed the void volume measurement and the
initial gas pressure measurement upon punctureal Igas behavior was assumed in
determining internal gas pressure. Fission gasysisalwas performed by gas mass
spectrometry. Results of fission gas analysis pieditotal elemental composition including
He, krypton isotopic composition, and xenon isatogdmposition. A summary of results is
shown in Table 3. The combined Kr and Xe releagbasatio of the number of fission gas
atoms (Kr+Xe) measured in the plenum to the nundeiission gas atoms produced by
fission. The number of fissions in each rodlet wlasermined from ICP-MS discussed in
Section 4.5, and the number of fission gas atoradymed per fission is estimated from the
fast fission yields for Kr and Xe found in ENDF/BH\[29].

The FUTURIX-FTA pins were welded in a 75% Ar, 25% Bas mixture. The total number
of moles of gas present in the plenum can be cledlifrom the plenum pressure and the
plenum volume using the ideal gas law. The PIE arhotiAr was compared to the expected
amount of Ar in the pin from fabrication, and tlweotvalues were found to agree within less
than 4%, indicating good samples were collecte@GBBR without any contamination from
the argon atmosphere in the HFEF hot cell. Theltinguission gas releases are reasonable.
The metallic fuel fission gas release is closeht® T0%+10% release that is expected from
typical 75% smeared density U-Pu-Zr fuel behavieydnd 5 at.% burnup (or 1xZdfissions
per cni) after porosity interconnects [6,7]. The releaséue for DOEL is a little low
compared to literature, but still comparable tolirstorical band data from EBR-II, as shown
in Figure 12. The DOE2 fission gas release is éxaactline with historic expectations of
metal fuels. There are some anomalously low fisgasrelease values from the EBR-II data
at higher fission densities (4.5-6.0 fissionsitm These values are reported here for
completeness, but they are likely erroneous datargéed by a poor puncture. In general, the
fission gas release values from the FUTURIX-FTAatiet fuels are also in reasonably good
agreement with values from the AFC-1 experimentsdiated in ATR [30-32], as can also

be observed in Figure 12.



The helium release was 62 and 64% for these 2 pims. release is primarily from the
decay of the minor actinides present in this furel must be considered in high burnup minor
actinide bearing fuel pins due to its impact onnpla pressure. This release is low when
compared to literature values: METAPHIX reportetekease around 100% [8] and EBR-II
X501 experiment reported a release of 90% at buafupé %FIMA [33]. However, there is
not a large historical data base for He releasm froinor actinide bearing fuels and the

uncertainty on such measurement is quite high.

Table 3. Fission Gas Release Summary

Fuel pin Kr+Xe He
GasRelease (%) GasRelease (%)
DOE1 51.6% 62.4%
DOE2 69.3% 64.2%
100%
90%
80%
70% ®
60%
o EBRII

o
G&0%
[N
40% AFC1
@ FUTURIX
30%
20%
10%
0%
&
o &
e <

Fission density (fissions / cm3)

Figure 12. Fission gas release versus fissionityeios AFC-1 [30,31], FUTURIX-FTA
(metallic alloys), and the historic EBR-1l datab§3,6]

4.4 Fuel microstructure and restructuring

Fuel microstructure was investigated using opticaicroscopy, also referred to as

metallography. Pins were sectioned through the haogle in order to create samples for



optical microscopy. Cross-sections about 6 mnength were cut, mounted in epoxy, and
polished to a 0.25 pm finish. Optical microscopgswperformed on a Leitz MM5RT
metallograph installed in a shielded inert atmosphapha containment hot cell. Radial
cross-sections were taken from the midplane ohtigoelow midplane of the fuel column;

samples were not taken near the ends in orderdid @ossible peaking or end effects.

DOEL1 (U-28.3Pu-3.8Am-2.1Np-31.7Zr)

The cross section of DOEL1 is revealed in Figureaid@ in greater detail in Figure 14. The
microstructure reveals a porosity that is spheticahape throughout most of the fuel, apart
from the very outer periphery of the fuel wheresitsmaller and somewhat lenticular. The
circular porosity region stretches from the cemwtfethe fuel out to a radius of about 2.3 mm.
This would tend to indicate that the underlyingstay structure of the fuel material is cubic

similar toy-(U,Zr) [3,4,7] everywhere except the outer 500 pm.

The peak cladding temperature of DOE1 was predictdet approximately 550°C (as can be
seen in Figure 4), and from Reference [34] it carobserved that alloys of U,Pu,Zr have a
phase transitions into BCC phase (that is akip-t8) that occurs at temperature lower than
650°C when Pu and Zr contents are ~30 wt.%. Thasmbphysical behavior would explain

the spherical porosity wide spread to most of tied §ample and the presence of periphery
region of the fuel showing non-spherical porositiiene the irradiation temperature was
below they-U phase transition temperature. Additionally, wihe amount of central

porosity seen in Figure 13 and Figure 14, the Gwmber seen in Figure 9 appears more
reasonable. The Cs distribution indicates that &slikely dissolved into the sodium, and the

sodium has likely infiltrated into the highly pomatructures seen in the micrographs.

This microstructure characteristic can be directigmpared with the EBR-II X501
transmutation experiment [33] in which a minor aicte bearing metallic fuel alloy U-
20.2Pu-9.17r-1.2Am-1.3Np was irradiated to similaadiation conditions of 7.6 %FIMA
burnup with a calculated peak cladding temperatirg40°C. Figure 15 reports an optical
cross section image of X501 fuel. The central nediel.2 mm diameter) is much smaller in
the X501 fuel compared to DOE1 (Figure 13). Thiexpected since the Pu and Zr content of
this fuel is lower than in DOE1. This metallic all¢~U-20.2Pu-10Zr) has a phase transition



temperature to the cubic high temperature pha&8 @round 650°C [7,34] higher than what
is expected for the DOE1 cubic phase transition.

——
1000 pm

Figure 13. Montage of images of cross section oED{ow-fertile metallic).

Figure 14. Higher magnification detail of radial amustructure of DOE1 (low-fertile
metallic).



Figure 15. X501-G582 cross section optical imagkgi from [33])

Figure 16 details a small (~20um) interaction lagemany locations between the fuel and
the cladding. Optically this cannot be positivetiemtified. This may be the initiation of a
FCCI layer, or it may be an artefact of fabricatidhere was also a Zr rich layer at the edge
of the as-fabricated samples [13]. Furthermorguie 17 shows the detail of observed
secondary phases in the fuel inferred to be pretgs of rare earths with Am/Cm based on
prior irradiations of metallic fuel [35] and meialfuel with minor actinides [33].
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Figure 16. Higher magnification detail of the FG€gion from Figure 14



Figure 17. Higher magnification detail of secondglmases precipitates in DOE1

DOE2 (Pu-10.5Am-0.3Np-41.6Zr)
The cross section from DOE2 is shown in increasietpil in Figure 18, Figure 19, and

Figure 20. The cladding has several spots witlrisleind tarnishing from polishing. The
black marks on the cladding in Figure 18 should b®tmistaken for cladding degradation.
This cross section shows evidence of constituahstrédbution and phase separation. There
are several rings of microstructure present in ldL9 that suggest different phases that were
present during irradiation and these phases aetylidkriven by different thermal conditions
present in the fuel during irradiation. The Pu-&msystem is not as well understood as the
U-Zr or the U-Pu-Zr system, but many of the samseolmations made on the DOE1 cross
section can be made and tied back to known pr@sedi the Pu-Zr system. As-fabricated,
XRD of the fuel revealed the predominant microduie to bes-(Pu,zZr) [13]. During
irradiation the peak cladding temperature was al&f4°C, so it is likely that during
irradiation boths-(Pu,Zr) ande-(Pu,Zr) were present in the fuel. Both of thesaggls are
cubic and the porosity structure suggests a cutyistal structure. As in DOE1 there is a
~20um layer that is likely a Zr rich layer from fadation, or it could be a FCCI interaction



layer. There are 5 major zones of microstructur¢ghan fuel. The first three from the outer
radius of the fuel inward about 1 mm all have srpallosity and varying amounts of what
appears to be phase separation supposed by difiesbs in the microscopy which often
indicates various different levels of oxidation.raen layers oxidize faster than others
presenting a different color. In the next 750 (time, porosity of the fuel changes significantly
and becomes much larger. The color of the fuelrimalso suggests that this is a more
homogeneous phase in the fuel. This is all visiblEigure 18 and Figure 19. The interior of
the fuel has a great deal of phase separationFigare 19, one of phases is much more
susceptible to oxidation and is orange in the ctdé microscopy. The orange phase tends to
cluster and is surrounded by a lighter matrix phashe matrix phase is shown in detail at
the center of Figure 20 and has a stacked or lamsitucture. Here this phase is shown 30
pm.wide. It is assumed that the appearance of thekexd or lamellar structure is an
indication of a different chemical phase not aaté#ht crystallographic orientation in the
material. The individual lamellae are on the ordiea few um wide as highlighted in Figure
20. The lamellar structure of the matrix phassuggestive of the decompositionygU,Zr)

into aU anddUZr,. The stacked structure in this fuel could bedeeomposition of-(Pu,Zr)
into 8-(Pu,Zr) anduZr. If Zr redistribution did drive additional Zr upe temperature gradient
to the center of the fuel this explanation is afswe likely.



1000 um
——

Figure 18. Montage of images collected from crestisn of DOE2 (non-fertile metallic)

Figure 19. Higher rﬁagnification detail of radialamistructure revealed in DOE2 (non-rtile

metallic).



Figure 20. A representative detail of phase sejpargresent in the central region of DOEZ2.
The stacked or lamellar structure of a distinctiparof the matrix phase is stressed by the
red rectangle in the center of the figure.

4.5 Burnup measurement

During pin sectioning to create the microscopy daspadditional samples were taken from
near the fuel stack center and sent to the INL Wiwal Laboratory (AL) for a variety of

chemical and radiological analyses. The primargl gif the analysis is to ascertain the
burnup of the sampled material. Gamma spectronatglysis is also performed. Axial
variations in burnup along a pin, if any exist, cgmpically be scaled by comparing

gquantitative gamma spectrometry results from thed&emi-quantitative results from PGS.

Burnup is calculated from the results of mass spewttry examinations of dissolved fuel
samples. Samples are placed in a heated acidosoluitil both the fuel alloy or compound

and the cladding have dissolved. Care is takennsure complete dissolution of all

constituents which can take up to 24 hours to cetaplMetallic fuel samples were dissolved
in 9M HCI.



Aliquots of the original dissolution are diluteddasent through different inductively coupled
plasma mass spectrometry devices (ICP-MS). Samapéesent through an ICP-AES (atomic
emission spectrometry) to determine the cladding sodium weight of the sample. The
derived cladding weight is then subtracted from ltaéance measured as-received sample
mass. Samples are removed from the hot-cell antdtisugh an ICP-MS to determine the
isotopic composition of the major constituents &sdion products. In many cases there are
isobaric (same atomic number) interferences thavgmt exact identification of isotopic
species. In the fission product data, isobarierfetences were not considered significant to
the conclusions of this study, so no additionalasafions were performed to clear these
interferences. The primary isobaric interferencethe actinides are from Pu. To remove the
Pu from the solutions, they are passed throughiemdm TEVA Resin. Pu is retained in the
resin and all other actinides pass through. Thedhution and the mixed actinide (Th, U, Np,
Am, Cm) are analyzed by the ICP-MS. The ICP-MSlltsswere able to produce isotope
specific results for U-234, U-235, U-236, U-238,-238, Pu-239, Pu-240, Pu-241, Pu-242,
Np-237, Am-241, and Cm-244. The combined massmf242 and Cm-242 was evaluated
as well as the combined mass of Am-243 and Cm-Z24igiher mass minor actinides were

not measured in detectable quantities.

The determination of burnup was performed usingnteasured mass of a specific fission
product in the fuel, the cumulative fission yieldtlbat specific fission product, and the total
mass of actinides present in the sample. This odehsometimes referred to as the "Fission
Product Monitor Residual Heavy Atom" technique 83§, Burnup is calculated in % fission
per initial heavy metal atoms (FIMA) which is comglale to heavy metal depletion and atom

% burnup units used in other sources.

(N%pj (1)
BU = x100
(.)ne)

Where N, is number of atoms of a specific fission prodyctifeasured in the sample, ¥

the cumulative fission yield of fission product fand Ny is the number of atoms of
actinides in the sample. All fission yields wea&dn from ENDF/B-VII.1[29]. A benefit of
this burnup technique is that it requires no arpkoowledge of the sample. All the factors
in Equation 1 can be directly measured from masstspmetry results and no assumptions
about the pre-irradiation state of the fuel or sime of the sampled material need to be made.



For this burnup analysis the fast fission yieldgevesed in the calculation of burnup. The
feedstock uranium in the low-fertile samples wagleted U, so U-235 fission was not
considered. The burnup would be biased if onlyRne239 cumulative fast fission yields
were used in Equation (1) for burnup determinatidn. order to estimate the fraction of
fission that occurred in a particular isotope, ¢ffective fission yield for several isotopes was
assumed to be a weighted average between the ywld=u-239, U-238, Am-241, and Pu-
240. The weighted average for each sample wasndetd by finding scaling weights that
minimized the burnup spread among the six keydisgiroduct burnup indicators for this
technique (La-139, Ce-140, Ce-142, Pr-141, Nd-a48, Nd-146). Using this minimization
technique it was possible to assume that for DOE% 8f the fission came from Pu-239 and
19% came from U-238 fast fissions, and for DOE2fiabion came from Pu-239. These
assumptions are adequate for the uncertainty ofnides spectrometry data which is £5% (2
sigma). It should be noted that there would haventsme fission in the Am-241 present in
both samples, but it is not possible to estimate ftaction of Am-241 fission from the

available data.

There are six isotopes that work reliably for tii#IMS technique in the FUTURIX-FTA
fuel: La 139, Ce 140, Ce 142, Pr 141, Nd 145, add1M6. These isotopes occur on the
higher atomic number peak of the bimodal fissiolmdpict distribution. They are all
lanthanides that will readily dissolve in the s&deicacid. The differences between fission
yields are fairly small for these isotopes as wélll these isotopes are nonradioactive and
have relatively small neutron absorption crossigeatith the exception of Nd 145. Because
of its cross section, the number of Nd 145 and M@ atoms in the samples and their
respective yields are summed in the calculatiomwhup. In this calculation, the burnup
measurement for each sample was found by takingatieeage of the individual isotope
results from Equation (1) for La 139, Ce 140, C&,18r 141, and the Nd 145 + Nd 146
combined result. The uncertainty of all mass spewttry values is +5% (2 sigma), and the
derived burnup values are also considered no b#teer 5% relative uncertainty. The
measured burnup values, the measured fission genaind the burnup from simulation for
each rodlet are shown in Table 4. The low fegileDOE1 match the simulations within 5%
relative uncertainty. There is more discrepancythe non-fertile DOE2. This is not
surprising as the nuclear data associated withmnBWAm are less well known than the U data.



Table 4. Measured fission density and burnup foElD@nd DOE2

Name Composition” Simulation [16] Measured Measured
(%FIMA) Burnup Fission Density
(% FIMA) (fissions/ cm?)
DOE1 U-28.3Pu-3.8Am- 9.08% 9.53% 2.08E+21
2.1Np-31.7Zr
DOE2 Pu-10.5Am-0.3Np- 15.50% 12.67% 2.01E+21
41.6Zr

*Numbers preceding elements denote weight percautdscript numbersepresent mo
percent. This is the as-fabricated compositiontm@tnominal composition

5. Electron Microscopy

Only a limited amount of electron microscopy haserbeperformed on irradiated
transmutation fuels. The dose rates from full cresstions of irradiated fuels are typically
too high for non-remote handling or loading int@atton microscopes that are typically
operated in unshielded radiological facilities. eTtiose rates often cause issues with the
electronics in electron microscopes and their aatet detectors.

Recently, it was possible to place a FUTURIX-FTA BDsample shown in Figure 13 in the
SEM at the INL Electron Microscopy Laboratory (EMLA montage of back-scattered
electron (BSE) imaging is shown in Figure 21. Ia tipper right hand area of this image is
some copper tape used to ground the sample ebdbtriln this figure, brighter areas indicate
areas of higher electron density associated wighdri atomic number elements. The same
pore size distribution seen in the optical micrggce also seen in the electron microscopy.
The redistribution of Zr is less readily appardmrt what has historically been seen in U-
10Zr[4] or U-20Pu-10Zr [38], although Zr redistriimn is expected to be highly composition
dependent. At magnifications higher than that used-igure 21, it is possible to observe
some Zr redistribution where the Zr concentratisnhigher in the center of the fuel.
Elsewhere in the fuel there are two observed phHwesighout the fuel. One phase is a
higher Zr phase that is approximately 35% U, 30% &hd 25% Zr. The other phase is a
lower Zr, higher U phase that is approximately 60980% Pu and 10% Zr. In the mid-
radius, these phases are larger (10-30um) thaoutiee radius where the phases are finer (1-
15um). A higher magnification BSE image is shownFHigure 22 that details the near
cladding microstructure observed throughout thel. f$everal features are indicated in
Figure 22 as key features. The cladding is AIM1liclltontains ~ 0.5 wt.% Ti. It appears the
Ti has precipitated in the cladding during irradiat Next to the cladding is a layer of U, Pu,
Zr, Si, and possibly some Am. This layer of Simsaatifact from fabrication where Si from
the quartz mold enters the fuel and was observed fabrication [13]. The Zr layer is also an
artifact from fabrication where Zr from the chaigepartially stabilized by oxygen from the
quartz forming a Zr rich layer. This was observedfabrication also [13]. There are
precipitates of lanthanides (La, Ce, Nd, and odheesr the Zr layer. However there does not
appear to be any attack of the cladding from th@nfesion product lanthanides (La, Ce,



Nd). The higher Zr phase and the lower Zr phasetiomed previously are also indicated.
The most significant feature observed in Figura2an infiltration of Am and Sm into the
cladding in much the same way that lanthandiesnd&20Pu-10Zr fuel. Both of these
elements have high vapor pressures. It is suspéaatdhis infiltration is assisted by these
high vapor pressures, but more research into teegrhenon is needed.

FUTURIX-FTA DOE1
34.1U-28.3Pu-3.8Am-2.1Np-31.7Zr
2.1x10” fissions/cm?, 9.5%FIMA

1000 pm

Figure 21. Back-scatter electron imaging of FUTUHAXA DOE1 (U-29Pu-4Am-2Np-30Zr) (low-
fertile metallic).



U, Pu, Zr, Si
Zr layer from from fabrication

fabrication
Am & Sm
Infiltration

Ti Precipitate

A e

Lanthanide.
Precipitate i -
y s 3

Figure 22. High magnification BSE detail of the DD@ow-fertile metallic) microstructure near the
cladding.

6. Conclusion

The FUTURIX-FTA irradiations experiment were perfad at the Phénix reactor in France
as a joint collaboration between the DOE in the.ldu&l the CEA in France. This program
sought to develop and demonstrate the technologesded to transmute long-lived
transuranic actinide isotopes contained in spedieau fuel via fast reactor technology.

Irradiation tests designated FUTURIX-FTA DOE1 andTR/RIX-FTA DOE2 contain pins
with low-fertile and non-fertile actinide bearingetallic alloy fuel compositions, and they
were irradiated in Phénix up to burnups of 9.5 %RKIWOE1) and 12.7 %FIMA (DOEZ2).

Baseline PIE on DOE1 and DOE2 were completed at &4t reported in this work. In
general, the results shows a behavior very sindld&BR-II metallic fuel experience. Minor
actinides seem to not affect the general performanicthis candidate transmutation fuel,
despite the fuel system growing in complexity wilie addition of Np, Am. Axial gamma
spectrometry generally behaved as expected froeratire for Cs, noble metal and
lanthanide fission products. The distribution of @s/ealed by GECT suggests some



significant Na logging in DOEL1. It was also possibb identify a Cm-243 signal which can
be related to the distribution of Am and Cm in thel. Fission gas release was in-line with
general expectations from the EBR-1l metal fuehdiation experience. The amount of He

gas released to the fuel plenum was low comparéhiied examples from literature.

The microstructure of both pins presents featuhes differ when compared to the well-
studied U-19Pu-10Zr alloy. In DOEL, spherical i covered the inner 75% of the fuel
cross section. This microstructure may be reléethe higher content of Pu and Zr in the
fuel that lowers the phase transition temperatarghe high temperature cubic phase of the
major elements (U,Pu,Zr). In DOE2, the microstruet@ppears more complex with 5
different major radial zones. The complexity af #u-Zr binary phase diagram coupled with
the complication of a significant Am content makestobservation unsurprising. The

presented microscopy is the first performed ordigted Pu-Am-Zr.

Many secondary phases / precipitates are visilsugthout the fuel samples (see Figure 17
for example). Some of these are inferred to beipitates of Am and lanthanides based on
prior irradiations and SEM data on this fuel. Thaa nature of these phases and the location

of the Am in the fuel will require further invessgon.

Other interesting results are more related to thlken contents of Pu and Zr in this fuel. Both
alloys had little axial growth (0.5% for DOE1 an&oc3for DOE2) and diametral strain
(quantified in 0.1%) compared to U-19Pu-10Zr. Thesstures might be an indication that
higher Zr content and the absence of U in DOEZ2 tigtit the anisotropic growth and high

swelling behavior of alpha-U.

More extensive SEM examinations and electron micio@ analyzer (EPMA) examinations
are required to more fully quantify the major anthon phases present. Micro-XRD and the
preparation of transmission (TEM) lamella by Focuk® Beam (FIB) would also be helpful

to fully understand this system.
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