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As part of the Global Nuclear Energy 
Partnership (GNEP) and the Advanced Fuel Cycle 
Initiative (AFCI), the US Department of Energy (DOE) is 
participating in an international collaboration to 
irradiate prototypic actinide-bearing transmutation fuels 
in the French Phenix fast reactor (FUTURIX-FTA 
experiment).  The INL has contributed to this experiment 
by fabricating and characterizing two compositions of 
metallic fuel; a non-fertile 48Pu-12Am-40Zr fuel and a 
low-fertile 35U-29Pu-4Am-2Np-30Zr fuel for insertion 
into the reactor.  This paper highlights results of the 
microstructural analysis of these cast fuels, which were 
reasonably homogeneous in nature, but had several 
distinct phase constituents.  Spatial variations in 
composition appeared to be more pronounced in the low-
fertile fuel when compared to the non-fertile fuel. 

I. INTRODUCTION 

The GNEP program is an international 
collaboration to develop comprehensive and proliferation 
resistant nuclear fuel cycle technologies.  As part of this 
effort, viable fuel forms of minor actinide bearing fuels 
need to be developed so that long-lived fission products 
from recycled spent nuclear fuel (SNF) can be eliminated 
in a “burner” type reactor.  Development of such 
technologies has the potential to greatly reduce the 
volume of high-level radioactive waste that will need to 
be disposed of in a permanent repository.  

Metallic fuels for were the first fuels developed 
for fast reactors and have several performance advantages 
over their ceramic counterparts 1.  Metallic fuels have 
exceptional transient behavior, excellent thermal 
conductivity and a more straight forward reprocessing 
path which does not separate out pure plutonium from the 
process stream2.  Because of their low melting point, 
binary U-Pu alloys cannot be used as a fuel in a sodium 
metal cooled fast reactor.  A variety of alloying elements 
were experimented with to increase the melting point, and 
Zr was chosen primarily because it has a low neutron 
capture cross section and also serves to suppress 
interdiffusion between the fuel constituents and the 
cladding 3.

In the recycle process, the SNF is separated into 
U, fission products and a process stream containing ~90% 

Pu and 10% minor actinides (Am, Np, Cm)4.  It is these 
constituents that will make up the transmutation fuels.  
The properties of this fuel form will most likely be 
significantly different and potentially more complex than 
traditional U and U-Pu based fuel forms.  In addition, the 
burn-up levels desired (20 at-%) in order to minimize the 
process losses associated with multiple recycle passes, 
will further challenge the fuel performance.  In order to 
establish both technical and safety cases for these fuel 
forms, extensive studies on thermophysical properties and 
irradiation performance are being conducted under the 
AFCI program.  This paper presents results on the 
microstructural characterization of as cast metallic fuels 
that are being inserted into the French fast reactor Phenix 
in order to evaluate extended burn-up fuel performance.  

II. EXPERIMENT 

Arc casting was conducted in an inert gas 
(argon) glovebox using an electric discharge plasma arc 
melter with a suction extraction casting method.  The 
feedstock materials were melted and thoroughly 
homogenized.  A ZrO2 coated quartz tube was then 
dipped into the molten liquid and the liquid was drawn up 
into the tube using a syringe.  Images of the cast fuel 
slugs are shown in Figure 1.  The slug dimensions for the 
fuels cast in this study were approximately 5 cm in length 
and 4.9 mm in diameter.  Visual inspection of the slugs 
was made following cooling and removal of the samples 
from the quartz tubes.  Slugs that were visually void free 
were transferred to a second air glovebox for 
metallographic preparation.  

Figure 1 image of as cast fuels slugs 
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Table 1  Nominal composition of fuel slug castings 
Fuel U Tolerance Pu Tolerance Am241 Tolerance Np237 Tolerance Zr 
DOE 1 35 ±5% 29 ±5% 4.0 ±10% 2.0 ±10% 30
DOE 2 0.0 0.5% 48 ±5% 12.0 ±10% 0.0 1.5% 40 

Table 2  Isotopic content of plutonium in cast alloys 
Pu238 Pu239 Pu240 Pu241 Pu242

0.05 82.54 16.5 0.57 0.34 

Four samples were analyzed in this study.  Three 
of the samples had a nominal composition of 48Pu-
12Am-40Zr but were taken from different casting heats, 
and the fourth sample had a nominal composition of 35U-
29Pu-4Am-2Np-30Zr.  Table 1 contains the nominal 
compositions and allowable chemistry limits of the 
elements in the fuels, while Table 2 contains the isotopic 
concentrations of the plutonium used for the fuels.  The 
SEM sample surface was coated with a thin layer of 
palladium to eliminate charging in the SEM before being 
transferred into the microscope.  Sample analysis was 
conducted in a Zeiss 960a SEM equipped with both 
Energy Dispersive and Wavelength X-Ray detectors.  The 
microscope was operated at an accelerating voltage of 
30kV.  Because no standards existed in the spectrometer 
software for transuranic elements, only relative 
concentrations of these elements could be determined.. 

III. RESULTS AND DISCUSSION 

III. A. 48Pu-12Am-40Zr Alloy (Non-Fertile) 

For the non-fertile fuels, all three fuel slug heats 
that were nominally the same composition had similar 
microstructure.  Figure 2 is an SEM image showing two 
areas of a fuel slug cross-section, one on the perimeter 
and one in the center of the slug.  A region approximately 
50 – 150 microns in width around the perimeter of the 
sample had a microstructure evidently different from the 
interior of the fuel as illustrated in the insets of the figure.  
Large blocky precipitates found in the perimeter region 
are not observed in the fuel interior.  The origin of the 
differing microstructure is thought to come form ingress 
of oxygen and other impurities from either a ZrO2 coating 
on the quartz casting mold or the mold itself.  The rest of 
the fuel interior is relatively homogenous containing two 
phases; a secondary phase of small precipitates enriched 
in Zr and depleted in actinides surrounded by a matrix 
phase containing a high density of fine pores (revealed in 
the high magnification image shown in the inset).  

X-ray diffraction data obtained prior to the SEM 
characterization showed only the matrix phase, which was 
identified as having a cubic delta Pu structure (Fm-
3m;a=4.57).  The absence of additional phases  

(a) 

(b)
Figure 2  Backscatter electron SEM images of the non-
fertile 48pu-12Am-40Zr fuel sample: a) perimeter of fuel 
slug b) center of slug.  Inset provides higher 
magnification view showing finer characteristics of the 
microstructure. 

in the X-ray data suggests the size and volume fraction of 
the Zr rich phases in the alloy are not substantial enough 
to show up in the diffraction pattern. 
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BSE image   Pu X-ray map    Zr X-ray map  

Figure 3 X-ray maps of the microstructure in the non-fertile 48Pu-12Am-40Zr fuel perimeter showing phases enriched in Zr 
and depleted of Pu.  Bright contrast features in the maps indicate a relative enrichment of that element compared to the 
surrounding area, while dark contrast features represent the fine porosity in the fuel. 

SEM elemental X-ray maps shown in Figure 3 reveal 
the blocky precipitate in the outer rim are enriched in Zr.  
These precipitates are also depleted in actinides relative to 
the matrix.  The X-ray maps also revealed the presence of 
a Si-rich rind on the exterior perimeter of the sample and 
Si-rich precipitates throughout (Figure 4) .  This is most 
likely due to the fact that the alloys are frequently cast, 
remelted and cast again thereby distributing the Si from 
the quartz tube throughout interior of the sample. The X-
ray maps also revealed that, although having a different 
morphology than the perimeter phase, the secondary 
phase in the interior of the fuel is enriched in Zr and 
depleted of actinides relative to the matrix. 

Figure 4  Si X-Ray Map of 48Pu-12Am-40Zr fuel sample. 

III.B. 35U-29Pu-4Am-2Np-30Zr Alloy (Low-Fertile) 

As with the non-fertile fuel composition, there is 
an outer rind on the surface of the sample and a region 
~50 to 150 microns around the perimeter containing 
larger second phase precipitates.  A lower magnification 

image showing the different phase regions is shown in 
Figure 5.  Moving toward the center, the morphology of 
the precipitates in the outer perimeter zone is somewhat 
different than the non-fertile fuel being more stringer-like 
than blocky as indicated in the backscatter electron image 
of Figure 6.  The microstructure adjacent to the perimeter 
zone appears homogenous and, as with the previous 
samples, contains two phases consisting of small 
precipitates surrounded by a matrix phase as well as a 
density of fine pores.  In the central region of the slug, 
backscatter electron imaging, which emphasizes 
compositional differences, reveals a change from rather 
uniform composition in the matrix phase to minor 
compositional variations throughout the phase.  The 
second phase precipitates appear to be concentrated in the 
matrix regions having a lower Zr content.  

Figure 5  BSE image encompassing perimeter region and 
interior of 35U-29Pu4Am-2Np 30Zr.  

Si rich outer rind
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BSE image   Pu X-ray map    Zr X-ray map  

Figure 6 X-ray maps of the fertile 35U-29Pu4Am-2Np 30Zr fuel at the outer perimeter of the sample. 

      
   a)     b) 

Figure 7 a) Higher magnification BSE image of 35U-29Pu4Am-2Np 30Zr center region along with b) a 
Zr X-ray map showing minor variations in composition in the matrix phase. 

X-ray diffraction shows the major phase constituent of the 
alloy to be hexagonal and modeled to the -UZr2.  Strong 
X-ray peaks from other phases were not present. 

From X-ray mapping (Figure 6) of the perimeter 
zone, the second phase precipitates in this region are also 
enriched in Zr, however, depletion of actinides in this 
phase is not as evident as the non-fertile fuel.  The outer 
surface surface rind is enriched in Zr and Si, indicating 
once again as with the non-fertile fuel, constituents from 
the quartz casting mold are adhering to the fuel.   The 
higher magnification Zr X-ray map shown in Figure 7 
reveals the contrast changes in the electron image are in 
fact due to spatial variations in the Zr  concentration. 

III. C.  Non-Fertile vs Low-Fertile 

In comparing the non-fertile and fertile fuels, neither one 
has significant local heterogeneities, such as large pores 
or cavities or inclusions that would indicate non-uniform 
distribution of elemental constituents.  Although porosity 
was present in the castings of both alloys, the porosity 

was on a extremely fine scale.  Both alloys also exhibit an 
outer perimeter zone with larger Zr-rich second phase 
precipitates and smaller Zr-rich precipitates in the fuel 
interior.  Depletion of the actinide elements in the outer 
zone second phase precipitates appears less pronounced in 
the low-fertile fuels compared to the non-fertile fuels.  
The major microstructural difference between the two 
alloys is there appears to be more segregation of Zr in the 
matrix phase of the low-fertile alloy.  More detailed 
studies to quantify the compositions of the separate 
phases will need to be performed in order to clarify these 
differences.  

IV. CONCLUSIONS 

Cast metallic fuels destined for the Futurix-FTA 
irradiation experiment were examined in this study.  The 
following conclusions can be made from the study. 

1.   Both non-fertile and fertile phases contain a surface 
rind rich in Zr and Si, indicating adherence of 

1378Global 2007, Boise, Idaho, September 9-13, 2007



constituents from the ZrO2 coated quartz mold 
used for the casting the fuels. 

2.   Diffusion of mold constituents into the cast fuel 
promotes the formation of larger Zr-rich phases in 
a zone approximately 50 – 150 m around the 
outside perimeter of the fuel. 

3.   The non-fertile fuel interior consists of two phases, 
small Zr-rich precipitates within a matrix 
containing a high density of fine pores. 

4. The general characteristics of the low-fertile fuel is 
similar to the non-fertile fuel, having a Zr and Si-
rich outer rind, and an outer permiter zone 
containing larger Zr-rich precipitates. 

5. The interior of the low-fertile fuel appears to be 
composed of two regions with the principle 
difference being the matrix phase in the central 
region of the fuel has spatial variations in Zr-
content compared to the region closer to the 
outside of the fuel. 

V. ACKNOWLEDGMENTS 

This work was supported by the U. S. Department of 
Energy, Office of Nuclear Energy, Science, and 
Technology, under contract W-31-109-Eng-38 under the 
Advanced Fuel Cycle Initiative. 

VI.  REFERENCES 

1. G. L. Hoffman and L. C. Walters, Materials 
Science and Technology: A Comprehensive 
Treatment, Vol. 10 A, Nuclear Materials Part 1,
pp. 1-44, B. R. T. Frost, Ed., VCH, New York, 
NY (1994). 

2. J. E. Battles, W. E. Miller and E. C. Gay, 
“Pyrometallurgical processing of Integral Fast 
Reactor Metal Fuels”, Argonne National 
Laboratory, Report No. ANL/CP-70796, (1991). 

3. C. M. Walter, G. H. Golden, N. J. Olson, 
Argonne National Laboratory Report ANL-76-
28 (1975). 

4. “GNEP Transuranic Fuel Development Plan”, 
Idaho National Laborator, Document ID. PLN-
2453 (2007). 

1379Global 2007, Boise, Idaho, September 9-13, 2007



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


