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H I G H L I G H T S

• EPMA and Q-ICP-MS analyses of U, Pu, and Zr in irradiated metallic fuel are within 3% of each other.
• EPMA analyses show that four compositionally distinct fuel zones exist comprising U, Pu, and Zr.
• Pu content across the pin diameter varies from a low of approximately 8 wt.% to a high of 22 wt. %.
• EPMA can quantify U, Pu, and Zr atoms lost or gained from each compositional zone.
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A B S T R A C T

The phenomena of constituent redistribution, wherein a previously homogeneous metallic fuel forms discrete, 
radially concentric compositional zones upon irradiation was investigated by examining an irradiated U-19Pu- 
14Zr fuel (where numbers represent wt. %) with a burnup of 11.5 at.% with electron probe microanalysis 
(EPMA) and quadruple inductively coupled plasma mass spectroscopy (Q-ICP-MS).

EPMA-generated U, Pu, and Zr compositional data obtained from a diameter traverse of the sample was 
converted to mass and was used to: 1) compare the overall fuel element analysis results between the two 
methods, 2) determine the number of compositionally distinct zones forming as a result of constituent redis
tribution; and 3) quantify the post-irradiation loss or gain of U, Pu, and Zr atoms in each distinct compositional 
zone.

Weight percent concentrations of U, Pu, and Zr for the overall cross section compare favorably between the 
two analytical methods, suggesting that the spatially resolved EPMA analysis complements bulk chemical 
analysis.

Among the four identified compositional zones, post-irradiation quantification of U, Pu, and Zr elemental atom 
content changes shows that the quantity of U atoms lost from the innermost zone is slightly less than the quantity 
of U atoms gained by the middle two zones, and the quantity of Zr atoms lost from the high-U third zone is 
slightly less than is gained by the two innermost zones. Pu is lost from all four zones, although the innermost zone 
and the high-U third zone lose a significantly higher percentage (> 22 %) of their initial Pu atoms than the other 
two zones. For all three elements, EPMA cannot distinguish between atoms lost due to transport to a different 
zone from atoms lost due to nuclear processes; however, the insight gained from using this process can be used to 
experiment with new modeling techniques to predict constituent redistribution in U-Pu-Zr fuels.
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1. Introduction

1.1. Metallic fuels and fast reactors

Generation-IV nuclear reactors, including the sodium fast reactor 
(SFR), are a part of a low-carbon energy generation strategy intended to 
help mitigate the deleterious effects of climate change. Advantages of 
the SFR include the reactor’s ability to act as a burner that can be used to 
transmute minor actinides thus reducing waste, or a converter (a 
breeder reactor that has a near 1:1 ratio between fissile material 
consumed and fissile material produced), or a breeder reactor in which 
excess fissile material is produced [1].

Sodium fast reactors using metallic fuels have been in use since the 
1950’s, including the reactors EBR-I and EBR-II in Idaho, and the 
FERMI-I and Dounreay Fast Reactor in the UK [2]. Reasons for the se
lection of metallic fuel include relative ease of fabrication, high thermal 
conductivity, and high fissile and fertile density [3]. In addition, pyro
processing spent metallic fuel provides the opportunity to recycle fuel in 
a proliferation resistant manner [4], thus decreasing security concerns 
and facilitating resource reclamation.

Because of these advantages, metallic fuels irradiated in fast neutron 
spectrum reactors have been studied for several decades. One notable 
behavioral phenomenon—constituent redistribution, was reported by 
Murphy et al. in 1969 [5]. Constituent redistribution occurs in the fuel 
during irradiation, rendering a previously homogeneous alloy inhomo
geneous. Depending on whether the Zr content increases or decreases in 
the fuel center, potentially deleterious effects can occur such as phase 
transformations, decreasing solidus temperatures, and local changes in 
fissile density, which can negatively impact the physical and mechanical 
properties of the fuel, leading to fuel performance problems [6].

Since this behavior was initially reported, numerous experimental 
investigations [6–9], and modeling efforts [10–16] have been devoted to 
studying and predicting this aspect of irradiated metallic fuel behavior. 
Porter et al. [7] provides a good description of the constituent distri
bution phenomenon. The following is a summary of their findings along 
with some more recent observations:

• Constituent redistribution occurs in U-Pu-Zr alloys containing more 
than 8 wt.% Pu as well as U-Zr alloys lacking Pu [11].

• Constituent redistribution in U-Pu-Zr alloys begins as early as 1.9 at. 
% burnup and becomes more pronounced with increasing burnup.

• Fuel swelling and bubble growth occur early in the irradiation pro
cess and precede elemental redistribution.

• When moving along a radius from the pin’s center to the pin’s pe
riphery, several phase-field boundaries are crossed, each of which 
has different Zr solubility. Zr solubility is controlled by temperature 
gradients found in the pin; thus, a diffusion driving force is created 
by heat flow and the chemical potential of the elements in these 
phases [7,11]. A schematic of the three phase fields identified by 
composition in a part of the pin subject to burnup of at least 1.9 at.% 

and sampled from x/L > 0.5 is shown below (Fig. 1), where L=1 
represents the pin’s full length and x represents the sample location 
as a fraction of the full pin length as measured from the bottom to top 
of the pin. At x/L > 0.5 the pin temperature is generally hotter than 
at x/L < 0.5, and it is in this hotter region in which the model 
described by Fig. 1 applies.

• The presumed γ phase, which is high in Zr, occurs in the center. For a 
U-Pu-Zr alloy containing 15 at. % Pu, this phase begins to stabilize 
with a Zr content of approximately 45 at% at 640◦C.

• At the same temperature and Pu composition, the presumed γ + ζ 
phase field, located near mid-radius, begins to stabilize with a Zr 
content of approximately 3 at.%. This zone is thought to result from 
Zr migration from that phase field toward the center and the pe
riphery, while U migrates from the center toward mid-radius and the 
cladding.

• The outer-most phase region, comprising presumed δ and ζ phases, is 
compositionally similar to the as-fabricated composition, with Zr 
concentrations increasing toward the cladding.

• Pu is either immobile or its concentration changes are insignificant 
[6,9,10,12–15].

1.2. Historical electron microprobe use on irradiated metallic fuels

Because the gas flow through proportional detectors and other 
electronics can be radiologically shielded, and because the electron 
beam interaction volume in metallic nuclear fuel is relatively small (~1 
μm 3, as modeled using Casino v. 2.51 [17]), electron probe micro
analysis (EPMA) has been used for many decades for quantitative irra
diated nuclear fuel analysis. Early examples of EPMA-based metallic fuel 
analysis include Argonne National Laboratory’s (ANL’s) late 1980’s to 
early 1990’s era constituent redistribution studies [18–21] while the 
METAPHIX studies performed by the Joint Research Center and the 
Central Research Institute of Electric Power Industry [22,23] represent 
recent high-quality work.

The difficulty of using ANL’s legacy metallic fuel EPMA data [18–21] 
in modern applications is several-fold: 1) standards were not employed 
consistently; 2) none of the reports available to authors of the present 
study reported using peak overlap corrections. This presents a problem 
for U-Pu-Zr fuels as the U Mβ X-ray line significantly overlaps the Pu Mα 
X-ray line, meaning that measuring the Pu concentration in the presence 
of a significant U concentration without overlap correction will produce 
over-estimates of the Pu concentration; 3) Ref. [20] states specifically 
that no matrix correction algorithms were employed, while Refs. [19, 
21] make no reference to matrix correction algorithms; 4) not many 
points were acquired and those that were used a large, defocused beam 
(~40 μm diameter) to collect an “average analysis” of that region, the 
result of which is that some significant elemental concentration changes 
may not have been detected; and 5) few publicly available reports of 
EPMA analysis of irradiated U-Pu-Zr fuels exist from that era, and that 
limited set of data has been used to construct constituent redistribution 
models.

This study focuses on the EPMA analysis of irradiated 67U-19Pu- 
14Zr (where the preceding numbers indicate weight percent) fuel with 
the following objectives:

1. Measure radial element concentrations across the diameter using 
modern EPMA methods that include the use of appropriate stan
dards, peak overlap corrections, and matrix correction algorithms.

2. Use collected compositional data to define distinct compositional 
zones that formed as the result of constituent redistribution.

3. Describe the general characteristics of each zone.
4. Use this data to quantify fuel element gain or loss from each 

compositional zone.

Fig. 1. Shows the phase-field boundaries observed following irradiation in 
high-power locations within the pin [7]. See text for details.
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2. Experimental

2.1. Fuel fabrication and irradiation

Fuel for the X441 portion of the Design Parameter-1 experiment was 
fabricated and cast as described by [24]. This was a one-step process that 
combined alloy preparation and injection casting together in an argon 
atmosphere glovebox. Alloying materials were first rendered homoge
nous and were then injection-cast into ZrO2-coated quartz molds. 
Following casting, slugs were removed from molds, cut to size, loaded 
into jackets containing sodium, and then heated in a settling furnace. 
Fabricated slugs were clad in D9 austenitic stainless steel with a 75% 
smear density prior to irradiation. Compositional and available isotopic 
data for the as-fabricated alloy are shown in Table 1.

The fuel was irradiated in fast reactor EBR-II, with salient end-of- 
irradiation parameters shown in Table 2.

Additional data concerning this experiment and engineering scale 
post irradiation examination results are available from Capriotti et al. 
[25].

2.2. Sample preparation

The two fuel rod samples examined in this study were cut from the x/ 
L = 0.65 location of the rod, which is above the rod’s peak power 
location at x/L~0.5. The first radial cross section for EPMA analysis was 
mounted in a metallography mount and fixed in place with epoxy. It was 
then polished with diamond suspensions and water to a 0.5 μm final 
finish and coated with 15 nm of Al to increase sample conductivity 
during EPMA analysis. The second radial cross section was dissolved and 
examined using quadrupole inductively coupled plasma mass spectros
copy (Q-ICP-MS) to determine the chemical and isotopic composition of 
the material (see Section 2.4).

2.3. EPMA analysis

Electron probe microanalysis was performed using a Cameca SX100R 
EPMA shielded to 3 Ci of 137 Cs. Method details are available in Wright 
et al. [26] and are comparable to those employed by Ritter et al. [27]. In 
summary, quantitative analyses were conducted with a 25 keV accel
erating voltage and beam currents ranging from 40-200 nA depending 
on the type of analysis. The beam was focused, and the step size 
employed in diameter traverses ranged from 10-50 μm with attempts 
made to avoid porosity. Probe for EPMA v. 13.3.1 [28] was used to 
collect and process quantitative point data while Cameca Peak Sight (v. 
5.1) [29] and Probe Image (1.3.5.2115) [30] were used for map 
acquisition. All X-ray data was corrected for peak overlaps using Probe 
for EPMA (for points) and CalcImage v. 13.3.1 [28] for X-ray maps. 
Following overlap correction, absorbance, fluorescence, and atomic 
number corrections were performed with the PAP [31] matrix correction 
algorithm. Transuranic element mass absorption coefficients (MACs) 
came from the Farthing and Walker database [32] while MACs for lower 

Z elements came from Heinrich MAC30. Oxygen MACs came from the 
Pouchou and Pichoir database [33].

Fig. 2 shows a backscattered electron image (BSE) of the pin cross 
section illustrating the analyzed areas. X-ray maps of the diameter are 
enclosed by the large vertical black box (box 1) and are shown in Fig. 3a. 
Boxes 2-4 enclose X-ray mapped regions shown in Figs. 4, 6, and 7, 
respectively. Findings from these analyses are detailed in Section 3. 
Results from a quantitative vertical traverse extending through the fuel 
from N to S are shown in Fig. 3b. Because U, Pu, and Zr azimuthal 
symmetry was assumed, one diameter traverse was used in this work. 
Note that N, S, E, and W refer to directional annotations on Fig. 2 and do 
not relate to rod orientation in the reactor.

2.4. Bulk analysis

2.4.1. Dissolution summary
The sample intended for Q-ICP-MS was received into the analytical 

laboratory as a solid small, flat, dark, gray-colored cylinder. After initial 
observation, it was placed in a tared Erlenmeyer flask and weighed. An 
analytical blank was prepared alongside the sample to account for any 
changes to the sample due to the analytical process. To the sample and 
blank, 25 mL of plasma grade water (Ultra-Trace Fisher Scientific Water) 

Table 1 
Alloy weight percent composition with isotope 
(as available).

Isotope wt% of alloy

U-234 0.57
U-235 54.92
U-236 0.25
U-238 11.26
Pu-239 16.71
Pu-240 2.09
Pu-241 0.16
Pu-242 0.04
Zr* 14.0

* isotopic content was not available

Table 2 
End-of-irradiation data for fuel element A814 from the X441A experiment.

Composition Burnup 
(at%)

Inner Clad 
Temperature (◦C)
*

Linear Power 
Average (kW/ 
m)

Linear 
Power Peak 
(kW/m)

U-19Pu- 
14Zr

11.53 588.69 45.3 50.6

* measured at the top of the fuel column

Fig. 2. Shows a backscatter electron image of the pin cross section with the pin 
diameter X-ray map region indicated by the long, vertical box 1. Additional 
“box” locations shown are referenced elsewhere in this work. Quantitative 
compositional point data was obtained from the N-S diameter extending 
vertically through the fuel from N to S. For descriptive ease the image has been 
annotated with compass directions, but these directions do not relate to the 
rod’s orientation in the reactor.
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Fig. 3. (a, b). a) shows quantitative X-ray maps (U, Pu, Zr, Pd, Nd) of the region shown in Fig. 2a Box 1; b) shows a quantitative elemental vertical traverse measured 
down the center of Box 1 (Fig. 2a). Distinct compositional zones 1-4 are separated by vertical dotted lines. The pre-irradiation composition of each fuel element is 
indicated by horizontal lines corresponding to the colors shown in the legend. Both diagrams are oriented with the N side to the left. 99% CI error bars are smaller 
than the symbols.
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was added, with no noted reactions. A mixture containing 25 mL of 12 M 
HCl (Fisher Scientific Optima Grade HCl) and 0.25 mL of 24 M HF 
(Fisher Scientific Optima Grade HF) was added slowly, and a reaction 
was observed (the sample turned opaque black) until approximately 5 
mL of the mixture were added. Once 25 mL of HCl/HF was added, the 
sample and blank were left to react at ambient temperature overnight. 
Flasks were then placed on a hot plate set to 177◦C and reduced in 
volume to approximately 25 mL. To the sample and blank, 25 mL of 16 
M HNO3 (Optima grade Fisher Scientific Nitric Acid) was then added, 
changing the solution color from a dark blue-green to brown. The 
sample and blank were returned to hot plate set to 177◦C and heated 
until the blank was colorless. After that, 2.5 mL of 4% boric acid was 
added to the sample and blank and then heated at 204◦C until reduced in 
volume to approximately 25 mL. Once cooled, the sample and blank 
were transferred to tared bottles and diluted to 50 mL with 2 M HNO3, 
and then the final solution weight was recorded.

2.4.2. Quadrupole inductively coupled plasma mass spectroscopy
The sample was analyzed for isotopic quantities of fission products 

and actinides using an Elan DRC2 Q-ICP-MS instrument. All dilutions 

were made on a weight-to-weight basis using calibrated analytical bal
ances in a 5% nitric acid solution (Optima grade Fisher Scientific Nitric 
Acid and Ultra-Trace Fisher Scientific Water). Dilution concentrations 
were based on the initial sample weight and elements or isotopes being 
measured.

Calibration of the instrument was performed daily, and calibration 
standards were run prior to analysis of the samples. The Zr analytical 
standard for the Q-ICP-MS calibration was prepared from a stock solu
tion (High Purity Standards 10 μg g-1) [34] and diluted to prepare 
working calibration standards with concentrations between 0 to 5 ng g-1. 
The calibration standards were made in a 5% nitric acid solution (Op
tima grade Fisher Scientific Nitric Acid and Ultra-Trace Fisher Scientific 
Water) to ensure that the matrix of the calibration standards matched 
that of the samples. Uranium and Plutonium were calibrated by using 
dilutions of certified reference material standards produced by New 
Brunswick Laboratory [35,36]; concentrations of the dilutions were 
confirmed by Multicollector-ICP-MS measurements before use in 
Q-ICP-MS. Four internal standards (Sc, In, Ho and Bi) were used in the 
analysis to account for plasma fluctuations throughout the analysis and 
were prepared by the same method as the calibration standards.

After the measurements for a given group of analytes was completed, 
a secondary (check) standard with a known concentration of the ana
lytes was measured to confirm that the calibrations were constant over 
the course of a run. The secondary standards were prepared in the same 
way as the calibration standards and were independent from the stan
dards used to calibrate the instrument. For the fission products, stock 
solutions of the secondary standards were obtained from Inorganic 
Ventures. For uranium, a natural uranium standard manufactured by 
High Purity Standards was used [34].

The signal for each isotope was measured three times from which the 
average value and relative standard deviations were calculated. The 
uncertainty in the Q-ICP-MS measurements was estimated using statis
tical software (GUM Workbench© Pro version 2.4.1.406) [37]. All re
ported uncertainties were 95% confidence interval values. Secondary 
standards were also compared to known values to ensure the instrument 
and analysis was calibrated correctly for each isotope.

3. Results

3.1. Overall observations

X-ray maps of U, Pu, Zr, Pd, and Nd are shown in Fig. 3a; Fig. 3b 
shows results from quantitative traverse point analysis down the vertical 
diameter (Fig. 2). Compositional zone designations overlay traverse data 
that are separated by vertical dotted lines. Horizontal dotted lines 
illustrate the pre-irradiation concentration for each fuel element 
(Fig. 3b). Unlike the three-zone model discussed in Section 1.1 and 
shown in [12] for an axial location of x/L= 0.67 (similar to x/L = 0.65 
for this work), these data show four distinct compositional zones. The 
magnitude of the U, Pu, and Zr compositional changes occurring within 
each zone is evident.

Fig. 3a appears to show that fuel elements U and Zr retain azimuthal 
symmetry following irradiation but Pu shows some asymmetry, For 
example, the Pu concentration on Zone 1’s north side is slightly higher 
than on its south side, and the Pu concentration at the Zone 4 fuel 
cladding interface is slightly higher than the same interface on the north 
side; however, these differences are relatively small (< 5%, relative).

The post-irradiation U concentration in the pin center (Zone 1) is 
approximately 37 wt. %, which is almost one-half of its pre-irradiation 
concentration (i.e, 67 wt. %). In Zone 3, the post-irradiation U attains 
concentrations as high as ~ 90 wt. %, which is approximately 35% 
greater than its pre-irradiation value. Zr compositional changes are 
contrary to U concentration variations. Pu composition varies across the 
pin from a low of approximately 8 wt. % in Zone 3 to a high of 22 wt. % 
near the cladding in Zone 4, while the Pu concentration in Zone 1 and 
Zone 2 averages approximately 18 wt.% and 15 wt. %, respectively. 

Fig. 4. (a–f) a) BSE micrograph of the transition between Zone 1 and Zone 3. 
Quantitative weight percent X-ray maps of the transition shown in b-f for b) U; 
c) Pu; d) Zr; e) Mo; and f) Nd. The red dotted line shown in c-e delineates the 
portion of Zone 3 that contains secondary phases from the portion of Zone 3 
where they are absent. The X-ray map and BSE image location is shown in 
Fig. 2, Box 2.
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With a factor of approximately three between the lowest and highest 
observed Pu concentrations, this work shows a significantly larger Pu 
compositional range than reported in previous works [6,9–15].

Among fission products, rare earth element precipitates, some of 
which are in oxide form, are distributed radially near the Zone 1 pe
riphery. As measured by EPMA, Am, Y, and lanthanide (Ln) elements, 
concentrated as precipitates toward the periphery of Zone 1’s outer rim 
(Fig. 3a), were found to have a stoichiometry of approximately Ln2O3 
(Table 3). Stoichiometry determinations were based on EPMA oxygen 
and Ln, Am, and Y measurements and presume that elements Am, Y, and 
Ln exist in the 3+ oxidation state. Fuel and fission product elements 
were also detected in these phases, although detection of these elements 
can also result from secondary fluorescence.

The oxygen source for this phase is not clear. Since water was used in 
the polishing process, it is possible that Ln, Am, and Y were oxidized 
during polishing. Lanthanides and Pd are concentrated in the fuel- 
cladding interfacial zone on the N and S sides of the pin (Fig. 3a).

Fig. 4 (a–f) shows an enhanced view of a portion of the compositional 
changes that occur between Zone 1 and Zone 3. Fig. 4a shows that while 
large elongate pores are present in Zone 1 and Zone 3, pores in Zone 2 
tend to be smaller and rounder. Pores in Zone 1 are commonly filled with 
lanthanide elements (Fig. 4f). Note that these Ln-rich precipitates do not 
occur with Pd (as they do closer to the cladding), but rather with O in an 
Ln2O3 stoichiometry, as determined by EPMA measurements. Pores in 
Zone 3 tend to lack lanthanide element accumulations (Fig. 4f).

Compositionally the zones are distinct, with abrupt transitions be
tween them. Secondary Zr phases, which are stabilized by O, C, and N 
contaminants present during pin fabrication [38], can be seen in Zone 1 
(Fig. 4d) but were not observed to extend into Zones 2 or 3. Two phases 
comprising Zone 3 can be seen in Fig. 4 (c–e). The less abundant of the 
two is enriched in Pu, Zr, and Mo, while the surrounding matrix phase is 
higher in U, lower in Pu and contains relatively little Zr and Mo 
compared to the former phase.

When considering U, Pu, and Zr only, the overall average element 
concentration in Zone 4 is similar to the fabrication composition. 
However, the concentration of each of those elements changes sub
stantially between the Z3-Z4 interface and the cladding (Fig. 3b). In 
addition, lanthanide elements accumulate near the cladding—some 
associated with Pd (Fig. 3a) while some appear to occur as oxides. 
Additionally, Pu and Zr increase toward the cladding while the U con
centration decreases (Fig. 3b).

ImageJ v. 1.51k [39] was used to measure porosity in each of the four 
compositional zones. A BSE image was obtained from each zone present 
in the northern radius (north portion of the black box in Fig. 2). The area 
represented by each image is shown in Table 3. Each image was 

binarized followed by manual threshold adjustment before porosity was 
calculated. Results are shown in Table 4. As a result of Zone 2 being 
thinner than the other zones, the Zone 2 analyzed area was much smaller 
than the area analyzed for the remaining zones.

3.2. Zone detail

3.2.1. Zones 1 and 2
Fig. 5 shows a BSE micrograph of the pin center. At approximately 

2300 μm in diameter, Zone 1 is relatively wider than what has been 
observed in the more commonly studied U-19Pu-10Zr systems, as this 
zone is thought to enlarge with increasing Zr content [40]. The center is 
characterized by numerous pores, many of which have elongated as two 
or more pores have merged (Fig. 5).

Morphologically Zone 2 has smaller pores than are observed in Zone 
1 and it differs chemically from Zone 1 (Fig. 3b). Fig. 3b shows the U 
concentration increases from approximately 37 wt.% to 67 wt.% be
tween Zone 1 and Zone 2 while the Zr concentration falls from 
approximately 37 wt.% to 11 wt. %. At approximately 200 μm thick, 
Zone 2 is substantially narrower than the other zones and its intra-zonal 
composition changes significantly. Between its interfaces with Zone 1 
and Zone 3, U increases by approximately 7 % (relative) while Zr de
creases by 25% (relative).

3.2.2. Zone 3
As viewed in Fig. 2, Zone 3 varies in thickness from approximately 

300 μm along the west side of the sample to approximately 390 μm on 
the south side of the sample. Zone 3 is composed of two distinct phases; 
one phase is rich in Pu, Zr, and Mo, exhibits low porosity, and tends to be 
elongated in shape with the long axis oriented approximately parallel to 
the radial direction (Fig. 6d, bright phase). It comprises approximately 
25% of the mass in the Zone 3 region. The second phase is U-rich and Zr- 
poor and comprises the remaining 75% of the non-porous mass. The 
composition of both phases is shown in Table 5. Although the analytical 
total (Table 5) for the high Zr phase is close to 100%, the analytical total 
for the high U phase is approximately 95%, which is lower than expected 
for EPMA analysis. The reason for this low total is uncertain. In addition 
to the elements listed in Table 5, elements such as La, Pr, Eu, Gd, Sm, Xe, 
I, Rh, and Pd were measured; however, concentrations of those elements 
were below the method detection limit. Wavelength scans through the 
available Rowland circle range were collected using Quartz, LiF, PET, 
and TAP crystals; however, no significant missing elements were 
observed.

3.2.3. Zone 4
Zone 4 thickness ranges from approximately 800-900 μm. Fig. 7

(a–h) shows the outer 480 μm portion of Zone 4 as it is seen on the north 
side of the pin (Fig. 3a).

Zone 4 is characterized by the presence of several different phases, as 
shown by the varying gray-scale levels in Fig. 7a and corresponding X- 
ray map images (Fig. 7b–h). At the bottom of Fig. 7b (closer to the pin 
center) U-rich phases are much more abundant than other phases but 
decrease in abundance beginning approximately 200 μm before the 
cladding is encountered (toward the top of Fig. 7b). Concomitant with 
this uranium concentration decrease, Pu and Zr concentrations increase. 
Approximately 10-20 μm before the cladding is contacted, U and Pu 

Table 3 
Shows the composition of the presumed Ln2O3 phase.

Element wt% at%

Mo <0.07 ​
Ru <0.1 ​
Rh <0.07 ​
Pd <0.06 ​
U 0.59 0.17
Pu 0.50 0.14
Am 0.08 0.02
Ce 6.80 3.37
Nd 36.4 17.4
La 4.30 2.13
Pr 7.50 3.67
Eu 0.23 0.10
Gd 0.46 0.20
Sm 11.0 5.05
Ba 0.17 0.09
Zr 2.48 1.90
Y 10.6 8.23
O 13.4 57.6
sum 94.5 ​

Table 4 
Shows percent porosity for each compositional zone as measured by ImageJ v. 
1.51k [39] and the area used for the porosity analysis.

Zone Porosity % Area Dimension (μm 2)

1 32 250000
2 18 36000
3 19 204000
4 32 164800
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concentrations decrease while Zr increases. Increased Zr in the fuel re
gion in immediate contact with the cladding is the result of the fuel 
casting process wherein Zr precipitates out of the melt that is in contact 
with the quartz mold and forms a rind around the fuel periphery 
(Figs. 3b and 7 (b–d)).

The most notable change observed in this region occurs with Ln 
element behavior. Although Ln elements are present throughout this 
region (Fig. 7e), further from the cladding they appear as elemental 
lanthanide phases or in some instances they appear to be oxides 
(possibly a result of water use while polishing); however, approximately 
200 μm from the cladding, the Ln elements in solid solution combine 
into phases with Pd and Rh (Fig. 7 e–h), which can occur via the peri
tectic reaction (Eq. (1)) [41]: 

Nd (ss) + Pd (s) = Nd7Pd3 (T < 690 ◦C)                                            (1)

Discussion

4.1. EPMA-based quantification compared to ICP-MS

EPMA is a quantitative elemental analysis technique that makes it 
possible to use collected data to estimate fuel element mass changes 
between identified zones. To quantify mass movement across the pin, 
each compositional point measured along the radial traverse (Fig. 3b) 
represents a semicircular slice whose radius increases with distance from 
the pin center. Each slice’s width is equal to the distance between two 
consecutive measured points, with a thickness equivalent to the beam 
interaction volume of about 1 μm3. The weight percent elemental 
composition of the elements comprising each slice is converted to grams 
using composition-based density values reported by Janney et al. [42] Fig. 5. (a, b). a) BSE micrograph of Zone 1 at the pin center; b) BSE micrograph 

showing the porosity difference between Zones 1 and 2.

Fig. 6. (a–e). a) BSE micrograph of Zone 3 (Fig. 2, Box 3). (b–e) quantitative X-ray maps of U, Pu, Zr, and Mo, respectively.

Table 5 
Average of nine analyses in Zone 3 of the high Pu/Zr/Mo phase and five analyses 
of the high U phase with 99% confidence interval errors.

High Pu/Zr/Mo Phase ± High U Phase ±

U wt% 71.0 0.71 85.3 1.02
Pu wt% 15.8 0.24 8.82 0.24
Am wt% 0.14 0.03 <0.05 ​
Zr wt% 9.15 0.14 0.24 0.06
Mo wt% 2.26 0.05 0.19 0.06
Ru wt% 0.63 0.03 <0.03 ​
Ce wt% 0.09 0.04 0.10 0.05
Cs wt% 0.04 0.01 0.07 0.03
Ba wt% 0.04 0.03 0.09 0.04
Total 99.15 ​ 94.81 ​
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and corrected for porosity based on porosity measurements reported in 
Table 3 of this work. The U, Pu, and Zr masses obtained from each 
semicircular slice are then added together to obtain the mass of each fuel 
chemical element within that half of the pin cross section (i.e. pin center 
to the “north” cladding interface). The process is then repeated for the 
second radial traverse (i.e. pin center to the “south” cladding interface) 
and the data are combined to represent the fuel element masses in each 
zone and within the entire examined fuel cross section. See [43] for 
more details about this technique.

Although it is possible to quantify fuel element mass gain and loss 
within each zone, the results do not discriminate between mass moving 
via advection or diffusion and mass changes resulting from nuclear 
processes such as activation, capture or fission (hereafter referred to as 
“nuclear processes” (NP)). Finally, to ascertain whether the EPMA- 
computed masses for the overall fuel element analysis cross section 
were reasonable, they were compared to those obtained using the bulk 
technique Q-ICP-MS to determine the EPMA method accuracy.

Table 6 shows the overall examined pin cross section fuel element 
concentrations (wt. %) for both Q-ICP-MS and EPMA, while Table 7
shows the overall percent gain/loss between the pre- and post- 
irradiation compositions as measured by both techniques. It is note
worthy how similar the results are. Not only is Q-ICP-MS a bulk 

measurement technique while EPMA is a spatially resolved technique, 
but their respective quantitative approaches are also quite different from 
one another. Thus, it is significant that the results from the two tech
niques compare quite favorably to one another (within ~3%, relative).

4.2. Constituent redistribution

Many efforts have been made to model component redistribution in 
the U-Pu-Zr metallic system. Having observed three distinct concentric 
compositional zones in the irradiated U-Pu-Zr ternary system, numerous 
workers [6,7,10,12–15,44] have forwarded the concept that this phe
nomenon can be explained via a radial temperature gradient that gov
erns component solubility in phases and thus drives the phase 
assemblage in each compositional zone. One primary assumption these 
workers employ to simplify the modeling process is to assume that the 
Pu composition is either unchanging, or does not change significantly, 
thereby reducing the three-component system to a two-component 
system. This permits the use of a pseudo binary phase diagram [10,12,
45] in which the Pu concentration is fixed at 19 wt.%, to explain the 
component redistribution process. Using this general approach com
bined with various modeling techniques, the U and Zr radial composi
tional profiles for some historical samples have been reproduced 
successfully [6,14,45].

Before phase diagrams are discussed in detail it is important to 
preface the discussion by clarifying that although the EPMA technique 
can measure elemental composition it is unable to determine crystallo
graphic lattice parameters. Therefore, any phase identifications are 
tentative until crystallographic data can be obtained.

The use of phase diagrams and attendant phase properties to predict 
constituent redistribution in U-Pu-Zr fuel poses significant challenges. 
Firstly, one assumption inherent to the use of phase diagrams is that the 
system under consideration is at equilibrium. Phase diagrams illustrate 
what is thermodynamically possible but do not consider the effects of 
reaction kinetics or the impact of minor chemical contamination or 
elemental substitution on phase stability or equilibrium. Moreover, line 
and point crystal defects can be induced by radiation but are not well- 
quantified for materials exposed to fast neutrons. Some workers assert 
that assuming the irradiated U-Pu-Zr system is at equilibrium is a 
reasonable assumption [15,16]; however, it is not likely that all 

Fig. 7. (a–h). a) BSE micrographs of the outer portion of Zone 4 (Fig. 2, Box 4). 
(b–h) quantitative X-ray maps of U, Pu, Zr, Nd, Y, Pd, and Rh, respectively. The 
fuel-cladding interface is toward the top of each image.

Table 6 
Overall pin fuel element analysis for the as-fabricated pin, and the post- 
irradiated pin as measured by EPMA and Q-ICP-MS. Note that post-irradiation 
analytes sum to <100% because fission products are not included. Relative 
error values represent the 95% confidence interval.

U ±

relative 
%

Pu ±

relative 
%

Zr ±

relative 
%

Fabrication 
composition (wt 
%)

67 ​ 19 ​ 14 ​

Post-irradiation 
composition 
(QICPMS) (wt%)

63.0 5 16.3 5 14.5 5

Post-irradiation 
composition 
(EPMA) (wt %)

64.8 1.1 16.4 1.7 14.3 0.5/22*

*The larger error applies to Zr concentrations < 1 wt%.

Table 7 
Shows the percentage loss/gain comparison between the as-fabricated compo
sition and the post-irradiation composition as measured by Q-ICP-MS and EPMA.

U Pu Zr

Q-ICP-MS -5.95 -14.2 3.78
EPMA -3.28 -13.7 2.14
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processes are at equilibrium. Consider the observation that by 5 at. % 
burnup, the characteristic radially driven porosity patterns are 
well-developed in irradiated U-Pu-Zr fuel, but the constituent redistri
bution process remains ongoing [7].

Secondly, phase properties and fundamental fuel properties and 
behavior are not well understood. This includes phase dependent 
diffusion coefficients and heats of transport [15]. Moreover, although 
the use of pseudo binary diagrams simplifies the modeling process, in
consistencies have been noted between the use of reported enthalpies of 
solution and the simplified diagram [15].

To illustrate some of the complications introduced by using the 
pseudo binary phase diagram, data collected from this study has been 
plotted on the pseudo binary diagram of Ogata et al. [45] (Fig. 8a) and 
Kim et al. [12] (Fig. 8b) and ternary phase diagrams of O’Boyle and 
Dwight [46] in Fig. 9 (a, b). Unfortunately, no temperature profile data 

exist for this pin; zone temperatures are estimated based on chemical 
and evident phase changes and the known inner cladding temperature 
(Table 2).

Temperatures at which various compositional zones are plotted on 
the two pseudo binary diagrams were assigned based upon where those 
zones plotted on the ternary diagrams. Zone 3 comprises two distinct 
phases, a high U phase that plots in the βU phase field and a high Zr 
phase that plots in the γ1 + γ2 + βU phase field at 660 ◦C. Note that the γ 
phase is the bcc U phase with solubility for Pu (ε phase) and bcc Zr. The γ 
phase separates into two immiscible solids—γ1 (U-rich) and γ2 (Zr-rich). 
Since the weighted average of the two phases (Z3 wa) plots on the line in 
the 660 ◦C ternary diagram where the γ phase separates, it is plausible 
that phase separation began at or around that temperature (Fig. 9a). A 
similar change appears to occur in Zone 2 at approximately 670 ◦C 
(Fig. 9b). In this case Zone 2 is situated on a phase line that separates 

Fig. 8. (a, b). Shows the compositional zones described in Section 3 plotted on the pseudo binary U-Zr phase diagram of (a) Ogata et al. [45] and (b) Kim et al. [12]. 
Pu is fixed at 19 wt. % for both diagrams. The phase decomposition observed in Zone 3 is indicated by “Zone 3 wa” (the weighted average of the two observed phases), 
“Zone 3 Zr” (the high Zr-containing phase), and “Zone 3 U” (the high U-containing phase). Other zones are indicated in the accompanying legend.
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Zone 1 in the γ field from Zone 3wa in the γ1+γ2+βU field at 670 ◦C. It is 
plausible that at approximately 670 ◦C, Zone 1 and Zone 2 became two 
distinct phases and that at 660 ◦C, Zones 2 and 3 became distinct phases. 
Since the inner cladding temperature was reported to be approximately 

589◦C (Table 2), Zone 4 is plotted on the 595◦C ternary phase diagram, 
which places it in the γ + ζ zone for both the ternary diagram (data not 
shown) and the pseudo binary diagram of Ogata et al. [45] (Fig. 8a).

In comparing the phase(s) that correspond to each zone’s composi
tion, it can be seen that the corresponding phase field is not necessarily 
the same for the CALPHAD optimized pseudo binary diagrams and the 
empirically determined ternary diagrams (Table 8).

In comparing the Ogata et al. [45] pseudo binary diagram with the 
ternary diagrams [46], Specifically, both the pseudo binary diagram 
[45] and the ternary diagram assign the γ phase to Zone 1 and γ + ζ to 
Zone 4. However, differences occur in Zones 2 and 3. In Zone 2, the 
ternary diagram distinguishes between the γ1 + γ2 and γ phase fields 
while the pseudo binary diagram [45] uses the γ phase designation only. 
The pseudo binary diagram [45] assigns the γ + ζ designation to Zone 
3wa, but the ternary diagram assigns γ + βU to that zone. Finally, Zone 
3Zr is assigned to the γ phase field in the pseudo binary diagram, whereas 
the ternary diagram designates that phase field as γ1 + γ2 + βU.

Although the pseudo binary diagrams of Ogata et al. [45] and Kim 
et al. [12] both fix Pu at 19 wt%, the phase field assignments differ 
somewhat between the two diagrams. Zones 1, 2, 3wa and 3 U are 
assigned the same field for both authors’ pseudo binary diagrams—γ, γ, 
γ + ζ, and ζ + βU, respectively. However, phase field assignments for 
Zone 3Zr and Zone 4 differ between the two authors. In general, the two 
pseudo binary diagrams assign a ζ component to phase fields (e.g. Zone 
3wa, Zone 3U) whereas βU is a more common component in the ternary 
diagrams [46].

This suggests that not only do the U-Zr pseudo binary diagrams not 
predict the same phase field assignments as the ternary U-Pu-Zr phase 
diagrams predict, but that pseudo binary U-Zr diagrams calculated by 
different workers do not necessarily agree with each other.

The second complication with using phase diagrams as the basis for 
model construction lies with the practice of fixing the Pu content at 19 
wt.% (~15 at. %). If the Pu concentration had remained constant at 
approximately 15 at. % during irradiation (this work), the presumed 
phase identifications for the compositional zones on the ternary dia
grams would correspond to those in Table 9 (fixed Pu). For plotting 
purposes, it is assumed that the number of moles added or subtracted to 

Fig. 9. (a, b). Shows compositional Zones 1-3 described in Section 3 plotted on 
ternary U-Pu-Zr phase diagrams of O’Boyle and Dwight [46] for temperatures: 
a) 660 ◦C (Zone 3); and b) 670 ◦C (Zones 1-3wa and as-fabricated composition). 
The as-fabricated Pu composition line is shown by the gray dotted line. The 
phase decomposition observed in Zone 3 is indicated by “Zone 3wa” (the 
weighted average of the two observed phases), “Zone 3Zr” (the high 
Zr-containing phase), and “Zone 3U” (the high U-containing phase). Other zones 
are indicated in the accompanying legend.

Table 8 
Compares the phase field corresponding to each identified zone’s U-Zr compo
sition (pseudo binary diagrams) and U-Pu-Zr composition (ternary diagram). 
The pseudo binary diagrams comes from Ogata et al. [45] and Kim et al. [12] 
while the ternary diagrams come from O’Boyle and Dwight [46].

Diagram Zone 
1

Zone 
2

Zone 
3wa

Zone 
3Zr

Zone 
3U

Zone 4

Pseudo Binary 
Diagram [45] 
(670 ◦C)

γ γ ​ ​ ​ ​

Pseudo Binary 
Diagram [12] 
(670 ◦C)

γ γ ​ ​ ​ ​

Ternary Diagram 
[46] (670 ◦C)

γ γ1 +
γ2

γ1 + γ2 
+ βU

​ ​ ​

Pseudo Binary 
Diagram [45] 
(660 ◦C)

​ ​ γ + ζ γ ζ + βU ​

Pseudo Binary 
Diagram [12] 
(660 ◦C)

​ ​ γ + ζ γ1 + γ2 ζ + βU ​

Ternary Diagram 
[46] (660 ◦C)

​ ​ γ + βU γ1 + γ2 
+ βU

βU ​

Pseudo Binary 
Diagram [45] 
(595 ◦C)

​ ​ ​ ​ ​ γ + ζ

Pseudo Binary 
Diagram [12] 
(595 ◦C)

​ ​ ​ ​ ​ γ + ζ 
+ δ

Ternary Diagram 
[46] (595 ◦C)

​ ​ ​ ​ ​ γ + ζ
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achieve a constant Pu concentration of 15.4 at% is compensated by 
dividing that number of moles in half and adding/subtracting those 
values to U and Zr at. % concentrations. When these changes are made, 
the γ1 + γ2 phases present in the quantitatively measured Pu plot change 
to γ in the fixed Pu plot. Similarly, the γ phase in Zone 3wa changes to γ1 
in the fixed Pu plot. Zone 3Zr loses the βU component in the fixed Pu plot 
while Zone 3U cannot be plotted on the fixed Pu diagram. This is because 
subtracting the necessary quantity of Zr to increase Pu leads to a nega
tive Zr concentration. When Pu is fixed at the fabrication concentration, 
the phase fields associated with each zone’s compositions gravitate to 
those with greater Pu enrichment, which does not accurately represent 
the compositions measured during this work and subsequently pre
sented here.

4.3. EPMA-calculated mass changes by zone

Section 4.1 and Table 6 demonstrated that although EPMA- and Q- 
ICP-MS-measured overall fuel cross section elemental composition for 
the irradiated U-19Pu-14Zr sample was determined with vastly different 
techniques, the results were within 3% (relative) of each other. This 
suggests that although it is difficult to quantify the total error for the 
EPMA-based technique, its error is no larger than the error for Q-ICP-MS, 
which can be determined much more easily. This is an important point 
because the data obtained by employing the technique described in 
Section 4.1 can be used to determine fuel element masses and attendant 
mole quantities to quantify atom content changes in each compositional 
zone.

In this section, U, Pu, and Zr masses for each zone as calculated by 
EPMA for Section 4.1 were converted to nanomoles to quantify atom 
gain or loss between compositional zones. Table 10 shows the pre- 
irradiated U, Pu, and Zr atom content while Table 11 shows the post- 
irradiation atom content. Table 12 shows the atom content change for 
each component in each zone.

Table 12 shows that the number of U atoms lost from Zone 1 (0.8 
nmoles) is about 10% lower than the number of U atoms gained by Zones 
2 and 3 (0.88 nmoles), suggesting the possibility that U loss from Zone 1 
accumulates in Zones 2 and 3. Pu atoms are lost from all four zones, 
though the largest percentage loss occurs with Zones 1 and 3 (-39.8% 
and -21.9%, respectively). Zr atom loss from Zone 3 (0.45 nmoles) is 
nearly equal to the quantity gained by Zones 1 and 2 (0.48 nmoles). 
Because Zr is produced from fission, an increase in the number of Zr 
atoms is expected. Zone 4 was not observed to lose Zr atoms.

What is not discernable with this work is the interplay between NP 
and mass transport. For example, although U, Pu, and Zr exhibit quan
tifiable radial concentration changes, with the assembled data in this 
work it is not possible to determine how NP influenced the radial con
centration profiles versus how mass transport processes alter radial 
concentration profiles. However, it is known that in a true fast reactor 
spectrum the radial power density is uniform because the neutron mean 
free path is much larger than the pin diameter. Therefore, the initial 
fission density in each zone should be similar.

The data assembled here provides a modern modeling framework 
that can be used to assist modelers in developing more accurate con
stituent redistribution models for irradiated U-Pu-Zr metallic fuel.

4.4. Plutonium redistribution

Numerous references [6,9,10,12–15] describe the post-irradiation 
Pu radial concentration profile in irradiated U-Pu-Zr fuels as unchang
ing, or without significant changes. This conclusion appears to result 
from early EPMA data obtained from U-19Pu-10Zr Pin T-179, which 
experienced a 1.9 at. % burnup. It is not clear whether the EPMA Pu 
measurements were flawed due to the use of measurement practices 
described in Section 1.2, or whether Pu migration had not yet occurred 
due to the low burnup, although [17] suggests the latter.

Ref. [21] describes EPMA analysis of U-19Pu-10Zr pin DP-16, which 
experienced a ~10 at. % burnup. This higher burnup sample is similar to 
the sample examined in this work, which makes it a better comparison 
than T-179.

This Ref. [21] shows the elemental analysis of seven different points 
spanning the DP-16 fuel radius, in which Pu concentrations vary from 4 
wt. % (in a fission-product phase) to 19 wt. % near the cladding. The 
problem with these analyses is that they have not been analyzed for a 
substantial quantity of the elemental mass, which means that these an
alyses are not accurate. Accurate microanalysis (EPMA or scanning 
electron microscopy) requires that a substantial quantity of the 
elemental mass be analyzed so that matrix corrections (atomic number, 
absorption, fluorescence) can be employed correctly. In this analysis, 
elemental analytical totals ranged from 10 wt. % (in the fission-product 
phase) to 96 wt. % in the high-U region, with most totals ranging from 
70-88 wt. %); thus, the analyses show Pu variability, but it is not a 
quantitative analysis. Qualitative radial intensity profiles in DP-16 [21] 
show that Pu intensity is generally unchanged from the center to the 
cladding, except for a slight decrease in the mid-radius location. How
ever, because of the EPMA measurement practices that occurred his
torically (Section 1.2), it is not possible to determine whether this slight 
decrease represents a measurable concentration change or not.

Table 9 
Compares the phase field corresponding to each identified zone’s composition as 
plotted on U-Pu-Zr ternary diagrams with measured Pu and Pu fixed at the 
fabrication concentration. Differences are highlighted in red. The ternary dia
grams come from O’Boyle and Dwight [46].

Ternary diagram (measured Pu) Ternary diagram (fixed Pu)

Zone 1 γ γ
Zone 2 γ1 + γ2 (670 ◦C) γ (670 ◦C)
Zone 3wa βU + γ (660 ◦C) βU + γ1 (660 ◦C)
Zone 3Zr γ1 + γ2 + βU (660 ◦C) γ1 + γ2 (660 ◦C)
Zone 3U βU (660 ◦C) * (660 ◦C)
Zone 4 γ + ζ (595 ◦C) γ + ζ (595 ◦C)

* does not plot on the diagram

Table 10 
Shows the pre-irradiation fuel element zone content in nmoles. This calculation 
encompasses the entire fuel cross section area to a depth of 1 μm.

U nmole Pu nmole Zr nmole

Zone 1 1.30 0.36 0.70
Zone 2 0.46 0.13 0.25
Zone 3wa 1.10 0.31 0.59
Zone 4 3.51 0.98 1.89
Total 6.37 1.78 3.43

Table 11 
Shows the post-irradiation fuel element zone content in nmoles. This calculation 
encompasses the entire fuel cross section area to a depth of 1 μm.

U nmole Pu nmole Zr nmole

Zone 1 0.50 0.22 1.17
Zone 2 0.55 0.12 0.26
Zone 3wa 1.89 0.24 0.14
Zone 4 3.11 0.93 1.89

Table 12 
Shows the fuel element content change (in nmoles) following irradiation.

U nmole Pu nmole Zr nmole

Zone 1 -0.80 -0.14 0.47
Zone 2 0.09 -0.01 0.01
Zone 3wa 0.79 -0.07 -0.45
Zone 4 -0.40 -0.05 0.00
gain/loss -0.32 -0.27 0.03
gain/loss (%) -5.02 -15.2 0.87
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Ref. [22] shows a modern EPMA analysis of a U-19Pu-10Zr META
PHIX fuel irradiated to a burnup of 7.0 at. %. While the elemental 
redistribution pattern in this sample is quite different from that shown in 
this study, the Pu radial concentration ranges from ~8 to ~22 wt. %, 
which is comparable to that observed in the present study. If we consider 
the atomic content data presented in Tables 10–12 of this study, the 
post-irradiation Pu atomic content of each zone is lower than the 
as-fabricated content as measured both by moles of Pu and the per
centage of Pu lost due to NP or transport. This suggests that the 
assumption of Pu as a spatially invariant quantity or atomic fraction is 
incorrect and therefore warrants incorporation into constituent redis
tribution models.

4.5. Suggestions for future work

Firstly, although the EPMA-collected data and attendant calculations 
for U, Pu, and Zr atom loss/gain provide insight into mass changes 
occurring during irradiation, it is necessary to distinguish between mass 
changes resulting from transport processes versus mass changes due to 
NP. Determining the radial burnup profile (if possible) or determining 
the radial U-235/Pu-239 isotopic profile via laser ablation or secondary 
ion mass spectroscopy will help to separate the two phenomena.

For example, although the number of U atoms lost from Zone 1 is 
approximately equal to the number of U atoms gained in Zones 2 and 3, 
it is not likely that U lost from Zone 4 is due entirely to nuclear processes. 
It is more likely that each zone has experienced a combination of 
elemental radial fuel element transport and NP.

Secondly, fission products should be similarly quantified by zone 
location. This effort can provide insight into the question of what pro
portion of mass changes are due to diffusion or advection versus NP.

Finally, this data suggests modeling efforts might be improved if 
workers: 1) experiment with allowing Pu concentrations to vary as this 
data shows that it does; 2) consider the possibility that the system is 
continuing to evolve chemically as evidenced by the large compositional 
changes occurring across narrow Zone 2; 3) use modern EPMA- 
generated data sets to verify model predictions; and 4) use micro X- 
ray diffraction (mXRD) techniques to determine the phase assemblage in 
each zone, thereby ascertaining the degree to which equilibrium phase 
diagrams represent actual irradiated systems. Although transmission 
electron microscopy can be used to measure lattice parameters, the 
longer length scales afforded by mXRD are more comparable to the 
length scales represented by EPMA compositional measurements.

5. Conclusions

EPMA-based spatially resolved quantification of U, Pu, and Zr in 
irradiated U-19Pu-14Zr compares favorably to bulk chemical data ob
tained from ICP-based methods.

EPMA mass balance methods can quantify changes in the number of 
atoms of U, Pu, and Zr among the four compositional zones that char
acterize this sample, although it cannot distinguish between changes 
resulting from diffusion or advection from those resulting from nuclear 
processes.

This work demonstrates conclusively that the Pu radial concentra
tion does not remain constant across the radius as assumed previously. 
Changes are significant enough to alter the presumed phase identity in 
ternary diagrams, such that Pu should be incorporated into constituent 
redistribution models, and pseudo binary diagrams should be avoided.
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